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The Integration of Fuel Cells in the Maritime Sector for a Greener Future

Manfred Limbrunner, Proton Motor Fuel Cell GmbH, Puchheim/Germany,
m.limbrunner@proton-motor.de

Abstract

This paper explains the different materials in fuel cells and their limitations. The paper also gives a
comparison between graphite fuel cells and metallic bipolar plated fuel cells. It details the different
opportunities for hydrogen storage and challenges with current fuel cell systems. An outlook on fuel
cells and their development in regard to innovative technology and costs will offer a deeper insight
into the green future of fuel cells.

1. Introduction

As more and more coastal areas and ports become subject to strict environmental regulations (such as
SECA (Sulphur Emission Control Area) and ECA (Emission Control Area)), IMO (2018,2020), it is
important to push and advance the development of sustainable and environmentally friendly technolo-
gies in the maritime sector. In this development, fuels cells will play an increasingly important role as
they work efficiently, quietly and without emissions (if fuelled by hydrogen and oxygen).

Between 2008 and 2014, the world’s first fuel cell ship named “FCS Alsterwasser”, https://en.
wikipedia.org/wiki/Zemships, Fig.1, operated in Hamburg with a fuel cell system developed and
designed by Proton Motor, Fig.2. Note that the operation was terminated due to insufficient demand
for hydrogen as a fuel in 2014, leading to a closing down of the hydrogen fuelling station for
economic reasons.

PEM (Polymer Electrolyte Membrane) fuel cells, e.g. Barbir (2012), for the maritime electric
propulsion systems and the multiple ways these can be integrated into the maritime sector offer a
variety of opportunities for a greener and sustainable future.

Fig.2: Tourist boat “FCS Alsterwasser” in operation on Lake Alster in Hamburg
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Fig.2: “FCS Alsterwasser” arrangement including Proton Moto fuel cells, source: ZEMSHIPS

The fuel cells for the FCS "Alsterwasser” were specially developed for maritime applications. They
are characterized above all by the fact that they are very powerful and also vibration resistant. The
ship was equipped with two fuel cell systems, each with 48 kW of power, which drive the engine via
the battery's intermediate storage with an output of up to 100 kW (approximately 130 HP). Previous
maritime applications of fuel cell technology were limited to submarines and very low-powered
vessels with an engine output of less than 5 kW. The ZEMSHIPS project demonstrated that larger and
more powerful ships can also be powered by fuel cell systems.

2. Fuel cell working principle

A fuel cell is a device that converts the chemical energy bound in the molecular bonds of hydrogen
and oxygen into electrical energy. In the PEM (Polymer Electrolyte Membrane)- technology, gaseous
hydrogen (Hy) is used as a fuel and is reacted with oxygen (O2) from the air to pure water. Other
reaction products in the cell are electricity and heat.

In contrast to conventional internal combustion engines, coal-fired power plants and nuclear power
plants, no toxic, radioactive or climate-damaging by-products are produced or emitted. If the
hydrogen used comes from renewable sources, e.g. by electrolysis of water with electricity generated
from wind or solar energy, this technology has zero carbon footprint. This makes the fuel cell an ideal
component of a sustainable energy supply today and in the future.

Core components of a PEM fuel cell are the so-called bipolar plates (BPP), a gas diffusion layer
(GDL) and the electrochemically active polymer electrolyte membrane with a thin catalyst layer
(CCM = catalyst coated membrane), Fig.3.

The purpose of the bipolar plates is to guide the reaction gases (hydrogen and oxygen) uniformly over
the entire active area to the catalyst layer via a specific channel structure (the flow field). A bipolar
plate, as the name implies, consists of the two poles of a single fuel cell: the hydrogen-carrying anode
plate (the negative (-) pole) and the cathode plate (the positive (-) pole) for supplying the reaction air.
In between, a further cooling flow field for the removal of reaction heat can be integrated. Another
purpose of the bipolar plate is the removal of the resulting reaction water in the chemical reaction.

The gas diffusion layer (GDL) between the bipolar plate and CCM is responsible distributing the
reaction gases evenly from the channels of BPP on to the catalyst layer of CCM and the removal of
product water from the catalyst into the channels of BPP.
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The few microns thick polymer electrolyte membrane (CCM) has the task of separating the two gas
spaces (H2 und Oy). For this purpose, it is largely gas-tight and electrically insulating, but can very
efficiently transport protons and water.
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Fig.3. Working principle of PEM fuel cell
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On both sides of the membrane is a thin layer of a catalyst that allows the reaction of oxygen and
hydrogen at the low temperatures prevailing in the fuel cell. Small amounts of platinum metal ("5
mg/cm?) are generally used as the catalyst material. The catalyst-coated polymer electrolyte
membrane is thus the heart of a fuel cell, because it is here that the actual electrochemical reaction
takes place, consisting of the two partial reactions:

Anode: 2H, - 4H* + 4e
Cathode: O, +4H* + 4e- —- 2 H,0O
Total: 2H,+ O, — 2 H,O

On the anode side protons (H*) and electrons (e7) are separated. As the protons pass through the
polymer electrolyte membrane to the cathode side, the electrons are forced through an external circuit.
This creates an electrical potential and the electrons can perform (electrical) work along their path. On
the cathode side, the protons along with the electrons react with the oxygen from the air to form pure
water when the circuit is closed. As the reaction is exothermic, the heat of reaction can also be
extracted from the cooling liquid.

In order to achieve greater performance and to be able to use the fuel for energy supply on meaningful



levels, several of these individual cells are interconnected to form a fuel cell stack. Here, each bipolar
plate represents the cathode of one cell and the anode of the subsequent cell. This in turn represents
the heart of a fuel cell system.

The active area of a cell determines the current of the fuel cell system by the number of simultaneous
reactions and thus the number of flowing electrons. The corresponding voltage results from the
number of interconnected individual cells.

In addition to the specific design of the individual components, Proton Motor know-how also includes
the construction of a complete fuel cell system around the core component cell stacks. The stack is
embedded in a module consisting of hydrogen, cooling and air management components as well as
hardware and software and a sophisticated safety concept. Due to the modular structure of the Proton
Motor fuel cell systems, simple integration into a higher-level system is possible. This allows us to
address the diverse conditions in stationary, mobile or maritime use, resulting in a tailor-made concept
for the respective application.

Advantages of fuel cell technology are:

No harmful emissions

High efficiency

Use of waste heat possible

Low noise

No vibration

Low wear of the components

With off-grid or emergency power supply, the bridging time is limited only by hydrogen
supply (tank capacity)

o Fast refueling possible (unlike batteries)

3. Latest developments for future ships

Following an order in December 2019, Proton Motors received a further order from Fincantieri to
deliver a fuel cell system with 144 kW fuel cell power to be installed into Fincantieri’s 25 m long
demonstrator and testing vessel ZEUS (Zero Emission Ultimate Ship), Fig.4, which will be
exclusively powered by Proton Motor’s fuel cell system.

Fig.4: ZEUS, source: Fincantieri
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Fuel Options for Decarbonizing Shipping

Volker Bertram, DNV, Hamburg/Germany, volker.bertram@dnv.com

Abstract

This paper surveys key options for fuels to decarbonize shipping, including LNG, biofuels, synthetic
fuels such as methanol and ammonia, as well as hydrogen. Key features, pros and cons, selected pro-
Jjects, and references give an introduction in layman’s terms, intended as simple introduction to this

rapidly evolving field.
1. Introduction

“Decarbonization” is not just a recent buzzword, it is on many political agendas, including (most nota-
bly for us) IMO’s agenda. The larger goals as such are clear, but what exactly do we have to achieve in
the short and medium term and how do we collectively achieve this best is still very much subject to
debate in scientific, business and political circles.

In essence, there are four enabling levers to decarbonize shipping:

1. Low/no-carbon fuels addressing the problem at the source — The problem is that these fuels
generally will be significantly more expensive than Heavy Fuel Oil (HFO), the standard ship-
ping fuel of pre-2020 times. Future no-carbon fuels may include nuclear fuels.

2. Economic frameworks (market-based measures), such as CO, compensation schemes or taxes/
surcharges for CO, emissions respectively carbon-content of fuels. These will make traditional
carbon-based fuels more expensive.

3. Wind-assisted ship propulsion (WASP) — The idea of using renewable energy sources directly
for ship propulsion is not new, but has been enjoyed exponential growth in installations over
the past few years after decades of being rather dormant. Business cases are difficult to establish
due to the highly nonlinear nature of exploitable wind conditions.

4. Energy saving measures — The first two levers will make fuel more expensive. This is likely to
motivate renewed scrutiny of energy-saving measures in design and operation. While there is
little media focus on this lever, it is likely to be the dominant contributor to decarbonizing
shipping in the short term (i.e. next 10-20 years), not least as many energy saving measures pay
for themselves.

In the following, we will focus on the first lever, namely “new” fuels that are to be considered in the
context of decarbonizing shipping.

2. Coming to terms with fuels

In general, any substance which in a chemical reaction with an oxidizer (typically oxygen from the
surrounding air) releases heat is a fuel. Carbon is a fuel. It reacts with oxygen in complete reaction to
CO;, (carbon dioxide), releasing 53 kJ/g in the process. (Coal has roughly half this calorific value, as it
contains not just carbon, but various contaminants like water, sand, sulphur, etc.) Hydrogen is also a
fuel, reacting with oxygen to H,O (water), releasing 143 kJ/g in the process, roughly 2.5 times more
than carbon.

Hydrogen and carbon have the ability to form chains (hydrocarbons), methane CH4, Ethane C;Hs, etc.
Higher percentage of hydrogen means generally better, more energy content, fuel. The longer the chain
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in hydrocarbon fuels, the heavier the fuel, the more viscous the fuel, the lower the calorific value, and
the higher are temperatures to get the fuels to turn liquid or to evaporate. In other words, at room tem-
perature, short chains are gaseous, medium chains liquid and long chains solid. Each of the three states
of matter has its implications for fuels:

o solid (keeping its shape) is the worst, as it cannot be pumped. (When ships used coal as fuel,
much of the crew was needed to shovel the fuel to the engines.)

e liquid (dense, but adapting to shape) is the best, as it allows using odd spaces for tanks and
relatively small volume for tanks.

o gas (fills shapes, but at low density) is pumpable, but at least for storage, we prefer to liquify
these fuels to achieve higher density and, thus, enable smaller tanks.

Fuels can be fossil or renewable. Fossil fuels were formed millions of years ago and most fuels used in
shipping have been fossil: coal, crude-oil derived products, and natural gas. Renewable fuels include
wood (the oldest fuel used by mankind), refuse (the largest contributor to renewable energy is waste
incineration), agricultural residues and specifically grown biofuels. Electricity could be in either cate-
gory, depending on the way it is generated, using fossil fuels or renewables.

3. Fuel options

“The choice of energy converter and onboard fuel storage is one of the most critical decisions a ship-
owner needs to take today”, DNV (2020). Many stakeholders in the industry call urgently for clear
instructions on what to do, which fuel and machinery to plan for. Unfortunately, the best we can offer
are educated guesses, with transparent reasoning of factors influencing our predictions, and update our
predictions and roadmaps as we move ahead. DNV does this in its Energy Transition Outlook - Mari-
time Forecast to 2050, with its 4" edition being the most recent update, DNV (2020). In this report, we
look at different socio-political scenarios and perform sensitivity analyses. While no clear recommen-
dation for one single fuel can be given, the report in its latest edition is recommended for detailed
studies.

With new developments there comes new jargon. See the Appendix for a quick introduction to what
colours for (colourless) fuels mean, and a few other terms for the brave new world of fuels for decar-
bonizing shipping.

3.1. LNG

Liquefied natural gas (LNG) is natural gas (predominantly methane, CH.) that at -163°C turns liquid,
requiring only ~1/600th the volume of its gaseous state for storage. Still, compared to HFO, you need
approximately twice the tank capacity (factor depends on choice of tank design) for LNG or accept half
the range. LNG as a fuel technology is mature, benefitting from decades of experience with shipping
LNG as cargo in LNG carriers and rules and regulations in place. We also have natural gas reserves for
many decades, i.e. a comparatively abundant supply. Bunkering infrastructure is relatively (to other
alternatively fuels) well established. Continued efforts for a global roll-out of LNG bunkering infra-
structure are needed, but depend on political and economic signals which have been less encouraging
recently.

Natural gas is a fossil fuel, contributing to the CO; footprint. IMO assigns a 12% lower emission factor
(per ton of fuel) to LNG compared to HFO in the computation of EEDI, EEXI or EEOI. And considering
the calorific value, we get frequently quoted ~25% lower CO- emission for LNG. However, this con-
siders only the ship itself, or the “tank-to-propeller” carbon footprint. If we consider the overall carbon
footprint from fossil fuel source to propeller (“well-to-propeller”), Fig.1, any significant advantage for
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Greenhouse Gas (GHG) emission over traditional ship fuels is lost, Fig.2, especially if considering me-
thane slip, as methane is 80 times worse for global warming than CO; (over a 20-year horizon).

LNG is an important bridging technology for the next one or two decades. DNV (2020) predicts a sig-
nificant decline by 2050, possibly phasing out, of all fossil fuels, including fossil LNG. However, we
may use methane as a fuel for longer, then in form of biogas or synthetic gas.

Well-to-Tank
Offshore Pipelineto Refinery Fuel tanker Receiving Distribution
gas/oil onshore terminal network
production refinery

| *ﬁi od -@-% —~

Tank-to-Propeller

.+ Emissions to Air? _ b

Environmental Footprint?
Fuel used
for propulsion

Fig.1: Carbon footprint of fuel with well-to-tank (blue) and tank-to-propeller (green) consideration
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Fig.2: Associated carbon footprints for various fuels
3.2. Methanol

Methanol (a.k.a. methyl alcohol, CH3OH) is a colourless, volatile and flammable hydrogen-rich liquid
fuel. Methanol has been advocated as alternative fuel particularly in northern European countries, with
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pilot projects in shipping since 2016, Lundgren and Wachsmann (2014), Andersson and Salazar (2015),
Ellis and Tanneberger (2015), Igbal (2017), Bakhtov (2019).

Methanol is a clean fuel, with emissions similar to LNG. It is thus a low-carbon fuel, meeting all sulphur
and nitrogen oxide emission regulations even in ECAs (Emission Control Areas). The technology for
methanol as a fuel is mature. The machinery infrastructure is similar to traditional fuels, for (dual-fuel)
diesel engines and piping, and fuel storage in integral atmospheric tanks is possible, Fig.3. The handling
for the crew is thus easy; safety and health issues of Methanol can be addressed by operational guide-
lines and are not cause for major concerns.

However, methanol is not produced in large quantities worldwide and outside the North Sea and Baltic
Sea area, the infrastructure to bunker methanol in ports is scarce and insufficient for many trade routes.
Methanol is more expensive than traditional fuels and requires roughly twice the tank capacity for same
range. Thus, current Methanol technology appears to be a bridging technology to a zero-carbon future,
where carbon would be recycled or captured, i.e. using bio-methanol or so-called blue methanol.

Fig.3: Methanol is a low-carbon fuel option with mature éhnology for machinery, piping and tanks
3.3. Biofuels

Biofuels can be derived from edible crops, non-edible crops, or algae. Typical biofuels are bio-metha-
nol, bioethanol, and biogas. The technology to produce biofuel is mature and biofuels are largely com-
patible with marine diesel engines. While biofuel production capacity is increasing worldwide, it gen-
erally makes more sense for an overall lower carbon footprint to use the biofuels close to where they
are produced, i.e. for land-based transport if the biofuels are produced inland. There are also ethical
questions for biofuels concerning use of agricultural land at the expense of food production, particularly
in regions with populations suffering from malnutrition or even hunger.

For a detailed discussion of biofuels for shipping, see Hsieh and Felby (2017) who conclude that “larger
scale introduction of biofuels requires involves a directed effort between engine manufacturers, biofuel
suppliers, ship owners and infrastructure (port) operators.”

An interesting perspective are algae-based biofuels, Alam et al. (2012), De Nijs (2018). Algae can be
cultivated in uncultivable areas and in offshore farming, avoiding competition with food production and
biofuel production for land-based transport. However, algae-based biofuel production is still subject to
research and development, needing at least another decade to become industry-mature.

3.4. Synthetic Fuels

Synthetic gaseous and synthetic liquid fuels are man-made fuels that are created using energy input.
The lifecycle GHG emissions depend on the production pathway for both principal source materials as
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well as the electricity used for the synthesis. Synthetic fuels containing carbon can at best be carbon
neutral, meaning that captured carbon dioxide used in the fuel production is again emitted when the fuel
is used. A variety of synthetic fuels is possible to be produced, e.g. synthetic methane, diesel, kerosine,
methanol. The principle advantage for these is that existing infrastructure for fuel distribution and in-
stallation for fuel storage and use can be used without modifications. The manufacturing process for
“blue” synthetic fuels (using renewable energy and carbon dioxide capturing) is still costly.

3.4.1. Ammonia

Ammonia (NHs) is a prime contender for zero-carbon fuel in future shipping, Eckle et al. (2019), De
Vries (2019), Hansson et al. (2020). It is used as a building block in fertilizers, as feedstock for refining
processes, and pharmaceutical products, making it a typical bulk cargo. Ammonia is rich in hydrogen,
but easier to handle than liquid hydrogen in terms of production and distribution. With a boiling point
of -33°C, moderate cryo-technology or pressure (8.6 bar at 20° C) suffice to liquefy ammonia for stor-
age and transport. Typical LPG technology is suitable for handling of ammonia, i.e. the storage tech-
nology is mature and widely available.

Ammonia is widely available with large-scale production facilities worldwide (due to the high demand
in fertilizers). Ammonia is synthesised using hydrogen and nitrogen. Most of the ammonia produced
today is “brown” ammonia, using steam methane reforming involving CO; emission in the process. If
the CO is captured, “blue” ammonia can be produced (see appendix). When hydrogen is produced
using electrolysis and renewable energy, “green” ammonia is the result.

Machinery for ammonia as a fuel is in prototype maturity, with both MAN and Wértsil& testing dual-
fuel diesel engines for ammonia, Fig.4, and 2 MW fuel cells are tested in the ShipFC project, https://
maritimecleantech.no/project/shipfc-green-ammonia-energy-system/. Larger conceptual designs for
ammonia-fuelled ships have been presented, Fig.5, De Vries (2019).

Ammonia poses health and safety risks: Ammonia is corrosive to skin, eyes and lungs and flammable
in air in 15-28% concentration. However, these risks are manageable. Humans have a low thresholds
for detecting the pungent odour of ammonia in much lower than critical concentrations. Operational
guidelines and procedures are well established as ammonia has been handled by crews for a long time
as cargo. For ammonia as fuel, some additional safety measures will be needed, but this should not
prevent, or even delay, the introduction of ammonia as a ship fuel.

Fig.: Ammonia-fuelled conceptual ship design

Fig.4: Dual-fuel diesel for ammonia on test bed,
source: Wértsila for a tanker, De Vries (2019)

3.4.2. Hydrogen

Hydrogen (H>) is a zero-carbon fuel, that requires extremely temperatures (-253°C; liquid hydrogen
LH2) or high pressure (350-700 bar; CH2) for storage and transport. It can be used as fuel in combustion
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engines (often in combination with diesel, as in a Belgian pilot project of CMB, Hoecke et al. (2021),
Fig.6) or fuel cells. In 2021, Global Energy Ventures (GEV) announced a project for a CH2 tanker,
Fig.7. Both CMB in Belgium and the German MariGreen R&D project, NN (2018), have investigated
hydrogen as fuel for inland water vessels.

Fig.7: CH2 ship project, Source: GEV

While ammonia is likely to be more widely adopted as shipping fuel, hydrogen will play a major role
in future fuels as a building block in some likely contenders, such as e-methanol, e-ammonia, or blue
ammonia, DNV (2020).

3.5. Nuclear fuels

Nuclear ship propulsion is used today in large navy ships, submarines and ice breakers. Nuclear pow-
ered cargo ships are history, Freire and De Andrade (2015). Rigorous safety standards, lack of trained
personnel and negative public image have relegated nuclear power for cargo shipping to an obscure
backseat in discussions for decades, mainly of academic interest, Gravina et al. (2013). The urgent need
to reduce the carbon footprint in relatively short time may lead to a renaissance in nuclear power pro-
duction on land, but how realistic is nuclear energy for shipping? The question is at least worth debating
for long-term options past 2050.

With a new generation of small and modular fission reactors being designed, start-up companies re-
consider nuclear cargo ships and claim that such solutions may commercially be attractive. Potentially
even fusion reactors could power ships in the long-term, with better safety, no radioactive waste and
lower fuel cost.

For medium-term scenarios, nuclear power plays mainly an indirect role for shipping, in the production
of (pink) e-fuels. Significant research and development would be needed for compact and lighter reac-
tors, auxiliary machinery, design and operational safety regulations, and training for nuclear powered
ship operation. The technology cannot and should not be ruled out, but will play no major role for the
2050 horizon.

4.  Certain uncertainty

The Danish Nobel prize laureate Niels Bohr is credited with the aphorism: “It’s difficult to make pre-
dictions, especially about the future.” For future shipping fuels, this certainly applies. Only the uncer-
tainty seems to be certain.

With all the disclaimers and pointing out the difficulties of predictions, DNV’s energy transition out-
look, DNV (2020), sees e-ammonia, blue ammonia, and bio-methanol among the top contenders for
2050, but this may change in future updates of the outlook. We refer to DNV (2020) for an in-depth
discussion of the many uncertain factors influencing such predictions, such as raw material and
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electricity prices, governmental interference (taxes and subsidies) and regulatory frameworks. Predic-
tions for fuel prices vary widely, Fig.8, but obviously affect take-up by the industry significantly.
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Fig.8: Predicted high and low prices for fuels by 2050, DNV (2020)

The uncertainty is a challenge for all stakeholders, but not a stranger to our industry. There are tried and
proven strategies to manage uncertainty. Recipes for success in uncertainty are flexibility and (design-
ing for) fast response. You can also prepare for the general direction and trends. For future shipping
fuels, this means:

e \We can be certain that future fuels will be more expensive than past fuels. Fuel efficiency will
gain in importance, in design and in operation. If you charter your ships out, expect charterers
to focus more on fuel efficiency and to monitor ship performance more closely.

e Most of the discussed future fuels will require more tank capacity for same range and same
general design. Again, fuel efficiency improvement may mitigate to some extent, but most
likely concessions on tank space or range will be unavoidable in future designs.

o Design for flexibility in the machinery system (main and auxiliary engines, piping, tanks) to
ease transitions to future fuels, e.g. with dual-fuel diesel engines, high-temperature fuel cells
accepting a wider range of fuels.

e Monitor the technical, regulatory and economic developments for decarbonization closely to
avoid being caught offside by any changes.
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Appendix: Decoding the colour code of fuels and other terminology

The decarbonizing discussion has its own jargon. As always, jargon is practical for concise communi-
cation when you understand it, and annoying when you don’t understand it.

Biofuels are rather straightforward and virtually everybody understands the basic concept. Sometimes,
they are dubbed as ‘green’ fuels, as ‘green’ has become synonymous with environmentally friendly.

E-fuels are synthetic fuel generated from water, air, CO-, etc., which are chemically split and recom-
bined to form fuels like methane (“e-LNG”), ammonia, hydrogen, etc., with electric energy as input to
the process. Most of the future fuels under current discussion are synthetic fuels. Although the fuels are
generally colourless in reality, they appear with a whole rainbow of colours in texts and on presenta-
tions, depending on the how they were generated. Let’s look for example at hydrogen:

e “Brown hydrogen” is produced using ‘dirty’ coal through coal gasification (sometimes also
called ‘black’)

e “Green hydrogen” is produced using renewable energy, such as from wind power
e “Pink hydrogen” is produced using nuclear energy

e “Yellow hydrogen” is produced from solar power (but may also be called ‘green’)
e “Grey hydrogen” is produced from natural gas, leaving carbon waste

e “Blue hydrogen” is like grey hydrogen, but with CCS (carbon [dioxide] capture & storage,
where the CO; is captured and stored, e.g. pumping it in liquefied from deep below the ocean
bed; see e.g. https://northernlightsccs.com)

e “Turquoise hydrogen” is hydrogen from natural gas using methane pyrolysis (also known as
low-carbon hydrogen)

e “Orange hydrogen” is a blend of blue, grey, or green hydrogen
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Visions and Sobering Reality in Maritime ICT

Volker Bertram, DNV, Hamburg/Germany, volker.bertram@dnv.com

Abstract

This paper presents a critical review of key ICT technologies used in the maritime industries. The
techniques are Virtual Reality, Digital Twin, Big Data, Artificial Intelligence and Unmanned Ships.
Each of these terms is frequently used and came with grand visions. In this paper, we look behind the
high and mighty terms and see the sober reality behind. Often it is a case of false labelling or relabel-
ling of more mundane, down-to-earth ICT applications.

1. Introduction

We are living in a phase of ‘digital transformation’. There is wide consensus on that, but beyond that,
things become muddy and hazy. When did this phase start? How long do we expect it to last? And
what is digital transformation, as opposed to digitization and digitalization? | suspect digital
transformation is ‘groovy’, as nobody has been able to explain to me what exactly ‘groovy’ means
either.

Most of us survive on poorly understood buzzwords, some of us thrive on them. If feeling
disadvantaged, you may resort to agile internet-based tools in the industry 4.0 eco-system like
https://www.makebullshit.com/. More advanced tools probably exist where you can feed in some
keywords and out comes an impressive buzzword phrase. But your management may have beaten you
to it already.

But often, it is also a case of taking a great idea, and starting by necessity on a much smaller scale. As
in: “In the future, we shall boil the ocean, but as a proof-of-concept implementation of limited
functionality, I will make a coffee.” In other cases, marketing (including scientific self-marketing) has
cleverly redefined goals to present success stories: “We define advanced calculus here as the ability to
add two arbitrary positive one-digit numbers.” Or intelligence as the ability to memorize 5 items, as in
person, woman, man, camera, TV.

In the following, let’s have a look at some of these new high and mighty terms and see how far reality
lags behind the visions created when these buzzwords were originally coined.

2. Buzzwords or more?
2.1. Big Data

Enter the first buzzword: Big Data. Let’s have a look at the definition of Big Data: “Big data is a field
that treats [...] data sets that are too large or complex to be dealt with by traditional data-processing
application software.” But most of the time, “much data” is meant when “Big Data” is used. As an
example, we may collect automatic performance monitoring data from ships, and use some statistical
analysis on those. 50 ships in our fleet, recording every 15 s a data set, each record consisting of 10
real numbers (speed, power, draft, trim, etc.). This makes some 1,000,000,000 numbers, or 4 GB in
single precision. That can be transported on a plain USB stick and can be processed with standard
software. It may take a while to open in Excel on a standard laptop, but reading and processing the
data would be standard fare for a computer scientist. So, by definition, it shouldn’t be called Big Data.
You don’t need distributed computers, working on subsets of the data to handle them at all,
exchanging intermediate data to converge to a common result. As you would, for example, if it really
were Big Data. Very likely, there are no Big Data applications in naval architecture and very few in
shipbuilding and shipping.
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In most cases, we have data-based analyses to derive information for decisions, Fig.1. But that sounds
so mundane that one can understand the temptation to resort to the mighty “Big Data” incantation. |
plead guilty to have fallen into that trap myself, Krapp and Bertram (2016). Processing Gigabytes or
even Terabytes of data does not in itself justify using the term Big Data, as we can process such
amounts with conventional software and hardware. It may still be smart to use hierarchical data
processing, especially when processing data from ship-board sensors before transmitting processed,
and much more aggregated data via expensive internet channels to shore-based offices, but that is
another story.
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Fig.1: Processing Gigabytes or even Terabytes of data does not in itself mean “Big Data”
2.2. Artificial Intelligence

Another key buzzwords of our time is Artificial Intelligence, or A.l. as we really cool dudes call it.
Alan Turing might be called the father of the concept of Artificial Intelligence, as he connected
“computing” with “intelligence” in Turing (1950). He proposed a machine (computer) that would
converse so intelligently with humans that we wouldn’t be able to tell whether it is a machine or a
human. So far, all attempts to pass this Turing Test have failed. But it was John McCarthy, who
coined the expression “Artificial Intelligence” in 1955, and the term was widely adopted and favored
over other contenders (machine intelligence, thinking machines, cybernetics, automata theory,
complex information processing) after the 1956 Dartmouth workshop. But even back then, A.l
experts couldn’t exactly define A.l.

Wikipedia defines A.l. as “intelligence demonstrated by machines, unlike the natural intelligence
displayed by humans and animals”. The Oxford Dictionary defines A.l. as the development of com-
puter systems able to “perform tasks normally requiring human intelligence”. So, is it like human
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intelligence, or is it not? And what is human intelligence? Scientist still struggle with a clear
definition of natural intelligence. But we have some common perceptions. Einstein was intelligent.
And generally people who get Nobel prizes in physics must be very intelligent. So are top mathemati-
cians, chess champions or world-class players of Go, a 2500 year old board game sometimes called
the Chinese chess.

But in 2016, the computer program AlphaGo beat some high-ranking professional Go players. The
event made the world news, not least because AlphaGo had learned “by itself”, using artificial neural
nets, a key technology of machine learning and thus A.L. In short, “self-taught A.l. computer beats
best human”, and it (he?) had learned the game from scratch within 40 days. So, did we witness the
coming out of a super-intelligence that would in due time mean the end of mankind, as many
Hollywood movies have suggested? Not really. If AlphaGo were our child, we would start worrying.
Five years later, AlphaGo still hasn’t shown any interest in learning anything else, say tic-tac-toe, or
chess or Cluedo; it hasn’t shown any signs of common sense or come up with any smart ideas, or
whatever we would associate with an intelligent child. On a human 1.Q. test, A.l. software generally
fares catastrophically badly, getting scores around 40, where below 70 is a sign of mental retardation.
Ask “Which animal goes moo?” and AlphaGo will give it a pass.

We could try to argue that it is “alternative” intelligence. And indeed, if we re-define what we
consider intelligent as an impressive feat performed and beyond what the human mind can do, A.l. fits
the bill. But so does traditional computing. Adding up 1 million numbers without making a mistake,
within seconds. If we look at the biggest part of A.l., namely machine learning and its applications
(including voice and pattern recognition), it used to be called “numerical statistics”. That sounds
immediately less groovy and less threatening than Artificial Intelligence, but you could put the A.l.
sticker on any numerical statistics paper or application. Same thing, new label.

Numerical statistics is immensely powerful and, given enough and the right data, it can yield very
powerful insight and enhance many applications in our field in the hands of intelligent engineers.
Over the past two decades of COMPIT, | myself have presented many such possible applications,
Fig.2, Bertram (2000), Mesbahi and Bertram (2000), Bertram et al. (2016), Bertram and Herradon
(2016), but we should see A.l. as a sober engineering tool and not expect true intelligence as in
Einstein’s out-of-the-box thinking from it. It is time to demystify A.l., Bertram (2018).
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Fig.2: Artificial Intelligence is in most cases numerical statistics, immensely sensible like roomy
underwear, but now with a sexier label

2.3. Unmanned ships

The vision of unmanned ships has been a recurrent theme at COMPIT for almost 20 years now,
Bertram (2003). But the whole theme really took off with an interview Oskar Levander (then Rolls-
Royce) gave to the Financial Times in December 2013. The story went viral on the Internet and in
print media, and invoked visions of large-scale unmanned shipping being imminent, Fig.3: “Accord-
ing to Rolls-Royce Marine, by 2030 autonomous ships will be a common sight on the oceans,”
https://www.raconteur.net/technology/autonomous-ships/.
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Fig.3: Vision of large-scale unmanned shipping Fi.4: Likely reality, unmanned small ferries and
by 2030, source: Rolls Royce tugs by 2030

Over time, not only ships got smarter, but also the maritime community. Most people now are more
precise in their terminology, distinguishing between ‘unmanned’ (no crew on board, but under human
command from a shore-based control centre) and ‘autonomous’ (controlled by software that acts
independently, even if crew is on board; e.g. avoiding collisions if the crew does not act). While
autonomous technology develops dynamically, the timelines and expectations for unmanned ships
have sobered down significantly, e.g. Bertram (2016), Kooij and Hekkenberg (2019).

Unmanned ships need highly reliable systems on board, as there is no one on site to fix failures or
perform maintenance. This is difficult to imagine with classical diesel propulsion with its many
moving parts, even if cleaner fuels are used. In essence, the unmanned ship will be electrically
powered. This makes the powering the limiting factor, rather than the information & communication
technology. The key question is then: Can the ship take the kWh hurdle? How much power needs to
be installed (mainly a matter of size and speed) and how far does the ship have to go before it can get
recharged/refuelled. A containership with 50 MW power installed and a range of two weeks before
refuelling would require excessive e-power and battery weight, Fig.4.

Even if we are much, much more modest, there remain significant hurdles to operating unmanned
ships. The most advanced project today for unmanned cargo shipping is the ‘MV Yara Birkeland’.
The ship has a capacity of 120 TEU and a service speed of 6 kn; i.e. the vessel is very small and very
slow for a containership. The longest route it is intended to sail is 30 nm, thus very short. All this
lowers the KWh hurdle to a tiny fraction of what a 10000 TEU containership, sailing at 17 kn between
Hamburg and Singapore would need. Still, the vessel is at 25 million USD an estimated 3 times as
expensive as a conventional ship of the same size would cost. Without massive subsidies from the
Norwegian government, it would not have been built. The subsidies can be justified as research
funding and the technical achievements still command respect, but the kwWh hurdles and economic
hurdles remain.

By 2030, we will see unmanned ships in civilian applications, but mainly for short-distance ferries,
tugs, fire-fighting boats, maybe offshore supply vessels. We will also see autonomous ‘smart’ systems
on board many ships, supporting nautical tasks and cargo supervision, for example. But it will
probably take another 20-30 years before we see wider adoption of international (e.g. transpacific)
unmanned cargo shipping, Bertram (2016). Another case where the vision is far ahead of reality.

2.4. Digital Twin

Enter the ‘Digital Twin’, another recent buzzword. Wikipedia defines a Digital Twin as “a real-time
digital replica of a physical device”. Siemens elaborates on this to give “a smart (dynamic), virtual
representation (model) of the physical product, production process, or product's utilization. It has the
required accuracy and fidelity to predict actual, physical performance”, Fig.5. In simple terms, the
vision was some IT model with the look and feel of the real deal. Not only would it look like its
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physical twin (this would be mere Computer-Generated Imagery or Virtual Reality), but it would
behave like its physical twin and evolve in time like it. The Digital Twin of a ship would lose strength
in time as it rusts, slow down as the hull gets fouled, vibrate according to the propeller and engine
excitation, etc.
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Fig.5: Digital Twin vision Fig.6: Typical hydrodynamic simulation model

Industry reality is much less ambitious. We now use the term “Digital Twin” where some years ago
we would have used “simulation”, e.g. Bertram (2004), Peric and Bertram (2011), Bertram and Peric
(2013). Digital model (for simulation) would be much more appropriate as a term, Cabos and Rostock
(2018). The discrepancy between vision and reality is so large that one could speak of false labelling:

e Most often, ‘Digital Twins’ model geometrically only a small part of the real counterpart, e.g.
only the underwater hull and propeller for hydrodynamic simulations, Fig.6.

e Most often, ‘Digital Twins’ simulate only one specific behaviour, e.g. calm-water propulsion,
seakeeping in waves, static strength of steel structure, vibration of structure, etc. For each ap-
plication, another model is needed due to different requirements of the numerical methods
and different purposes of the simulations.

e Most often, ‘Digital Twins’ do not evolve in time. Instead, now we see expressions such as
‘design Digital Twin’ or ‘production Digital Twin’, indicating that this twin will expire once
its real counterpart is delivered to the ship owner.

2.5. Virtual Reality

The term ‘Virtual Reality” was coined by Jaron Lanier in the late 1980s. His vision for fully
immersive Virtual Reality (VR) was a digital technology that allowed users to experience artificial
environments as the real world, to the point where the difference between the virtual world and the
real world could no longer be realised. You see, you hear, you smell, you taste, you feel. In short, the
vision was akin to the Holodeck in Star Trek, the Holy Grail of the Virtual Reality community. You
get kicked and your ribs break — and you hear the crack and you hurt, Fig.7.

Fig.7: The Holy Grail of VR: The Holodeck; Fig.8: Current realit, (maybe) 3D viewing & walk-
you get kicked, your ribs break around with some high-res graphics
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Beier (2000) described how this grand vision got reduced to something much more modest and
tangible, namely a 3D computer model with walk-around capabilities: “The term Virtual Reality
initially referred to [... fully] immersive systems. With time, the meaning of VR broadened and, as of
today, VR is also being used for semi-immersive systems, [...] even non-immersive systems, like
monitor-based viewing of three-dimensional objects.”

The down-to-earth VR is useful for many applications in our industry, mainly in understanding and
selling designs to training and marketing, Figs.9 and 10. Many papers in 20 years of COMPIT bear
witness to that. But if we take a closer look at how much VR is really used in industry, beyond the
smoke screen of marketing appearances and feasibility studies, the uptake of the technology, even in
its much more mundane re-definition, is sobering for any VR afficionado, Bertram and Plowman
(2018). The vision is still far ahead of reality.

BOOTH #3963

Fig.9: Training application of VR Fig.10: Marketing application of VR, source:
Lloyd’s Register
2.6. Other

But wait, there is more to come... Marketing is always ahead of the game and the engineers and
programmers in the R&D departments. Just a few examples shall be given:

e 3D printing (additive manufacturing) came with grand visions. “The ONR (Office of Naval
Research) of the US Navy published a report to explore the possibility of producing the whole
ship using 3D printing,” in Matsuo (2018). Possibly you could, but would it yield ship
structures of same strength at lower prices than current welding technology? The maritime
applications so far are for structures with low strength requirements, such as boats, Fig.11,
where fibre-reinforced plastics and wood are also options.

Fig.11: 3D printed boat Fig.12: 3D printed demo model, Source: SARC

The best arguments for 3D printing in the maritime industry are for spare parts of limited
lifetime, where a broken part in some machinery can be 3D printed on board as a quick repair
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to continue operation. As a marketing gadget or as scaled-down model for discussion with
customers, 3D printing may come in handy, Fig.12, Koelman (2013). Afficionados of a
technology focus on what is feasible, not what makes economic sense. And even the 3D print-
ing afficionados admit “that the vision of 3D printing an entire ship is (still) somewhat into
the future,” NN (2017).

e Enter Industry 4.0. “Industry 4.0 refers to the transformation of industry through the intelli-
gent networking of machines and processes with the help of information and communication
technology (ICT). The term is used interchangeably with the 'fourth industrial revolution' in
industry,” https://www.i-scoop.eu/industry-4-0/. Which sounds good, except that at least in
the maritime industry the factories (shipyards) are mostly too small to recover the required
investment into further robotization and the unfortunate policies of closed data formats
creates interfacing barriers, Danese and Vannas (2020). Fast internet connections of ‘things’
are fairly useless, unless the ‘things’ can communicate in a common language to exchange
information. We have promising ideas, but they will take time to enter the industry and take
hold in daily practice. The vision is once again far ahead...

e Enter PLM. “In industry, product lifecycle management (PLM) is the process of managing the
entire lifecycle of a product from inception, through engineering design and manufacture, to
service and disposal of manufactured products,” Wikipedia. Of course, this can be
synchronised in an agile solution, etc. But apart from the mandatory inventory of hazardous
materials (IHM), the reality is that a ship has at least two lives in terms of product data
models: It grows from inception (= concept design) to manufacture (= shipyard assembly) and
then dies, with a minimum of information passed on to the customer (= ship owner), often in
the form of paper. During service (=operation), we may see occasional creation of new island
solutions for product models, but these most often also die when the ship is passed on to a
charterer or sold to the next owner. But if we redefine ‘disposal’ as meaning ‘delivery’ by the
shipyard, we have some nice PLM solutions on the market.

| am sure that the list could be continued with many more examples of where we have boastful claims
and visions far ahead of industry reality.

3. Conclusions

The glass is half full or the glass is half empty. All technologies discussed have progressed in the past
20 years, and often we have also progressed towards a realistic understanding of what is (at present)
meant by a certain buzzword, what it can do, and what its limitations are. Realistically, we should also
be resigned to the use of more new buzzwords for concepts that have been around for a long time, and
to marketing departments promising us far more than production can actually deliver. Let’s be
grateful for the occasional contribution to this conference that takes a sceptical point of view and is
not fooled by the misuse of widely accepted buzzwords.
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Internet of Ships - Just a Philosophical Approach?

Rodrigo Pérez Fernandez, SENER, Madrid/Spain, rodrigo.fernandez@sener.es

Abstract

The aim of this paper is to explain how to implement a technological revolution in the design and
production phases in order to build efficient, safe and sustainable vessels. In a decentralized sector,
like naval, where often the engineering and production are in different locations and where critical
decisions cannot wait, the Internet of Ships (10S) or connection through the network of critical compo-
nents in the design / shipbuilding, starts to glimpse as something that the sector cannot obviate. The
idea is to monitor all those parts in which early detection of events allows us to make the right decisions.
In this sense, the available sensors during the early stages of construction of the ship, allow us to
identify if the construction of the boat is completely according to the design we have created with CAD.
If we can reduce materials or use another material, if we must change anything according with naval
architecture calculations... The continuous monitoring integrated with a naval design CAD will reduce
costs and avoid mistakes and make decisions in real time from the shipyard, design offices or from
remote locations. Shipbuilding process, generates a lot of information and data, which a priori makes
it seem impossible to have all this data in real time, but the new processors, simpler and smaller, with
a good connection to the Internet, make it possible. The growth of the 10S is linked to the increase of
Information and the management of big data, with the property that somehow loS identifies Information
and direction and order to a specific purpose, while the concept of big data is more generic. The pos-
sibilities are countless, but the beginning is the same. It must begin in the initial design. It is necessary
to consider what is needed to correctly fulfill the mission of the atomic elements. These requirements
must be configurable in the initial design from where it will be extended to relations between each of
them with other entities. CAD is one of the first steps, because it is where begins to collect systematically
the concept of each component. That is why it is necessary to provide CAD tools to carry out the design
for loS.

1. Introduction to the future of the shipbuilding CAD systems

There are several fields where CAD systems could improve in the near future. However, here the focus
is on functionalities that are being improved right now. E.g. in hull forms fairing, the global shape
modelling or the advance continuity and capping could transform complex surfaces with excellent
results, less interaction, high accuracy, and full control. These techniques shorten dramatically the
design time, from days to minutes while obtaining excellent results, Pérez and Penas (2015).

Another area of improvement concerns one of the most time-consuming tasks in outfitting design, the
routing of pipes, HVAC ducts and cable trays. Automatic routing options minimize this time, but
without reducing the robustness of the design. Automatic routing provides simple solutions, with
optimization of material, and several algorithms exist. But the matter is not only to consider existing
elements for future routings; it is also necessary to assign priorities, and eventually handle automatic
modifications of existing elements as a consequence of new ones. The complexity of the problem
explains that there is not yet fully satisfactory solution for the automatic routing in practice. Current
solutions provided by CAD systems solve partial problems, offering already significant support.

Another area where the CAD companies are active is Virtual Reality. The objective is to create a user-
friendly environment in order to review, audit, obtain metrics such as the progress of a project, etc. This
type of review process of the model does not need to use tools for designing, just a simplified tool
allowing easy access (viewer). In Fig.1, a 3D visualization model is reviewed in a software, where the
authorized designers/engineers could have all the project information. These navigators allow access
for reading 3D information in order to load the component tree of any customer project to obtain
information about any item. Other basic tools available in these programs have different modes,
allowing navigation commands to take action such as measuring distances or angles, creating sections
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to access internal components, etc. The interface with the program is via a mouse, but Virtual Reality
opens windows of opportunities, with globes, glasses or helmets.

Fig.1: 3D representation of a ferry in a complete CAD tool

Advanced browsers allow incorporating human models in order to study ergonomic aspects, creating
highlights and textures for advanced renders, movements of components to perform simulations, etc.
Browsers can connect to the database of a project in order to access information in real time. Sometimes
there is a need to take information from an on-line database and if there is an Ethernet network through
the shipyard, it is possible to implement a shared computer with a viewer that allows connecting to a
project. If there is not an accessible database, viewers should be able to read files with the project
information required for 3D modelling of the product and component data with optimal performance.
So far it was prevalent to implement viewers on laptops, because laptops are usually equipped with
processor and graphics cards that allow navigating through the entire project. In recent years there has
been a breakthrough in mobile devices like tablets or smartphones. This hardware progressively
incorporates new processors that enable enhanced graphics. On the software side, operating systems
have been developed specially adapted for such devices (such as Android or 10S) allowing interfacing
naturally by touch gestures.

The widespread use of these devices nowadays has precipitated its use by software companies. Software
developers have taken their time preparing oriented solutions and among those that allow us to have
project plans or 3D models on tablets or others electronic displays. In modern projects, there is the
need, for technicians, to carry these devices to work better, with a quickly access the 3D model of the
project, with all parts information and construction drawings needed. A wi-fi connection would allow
connecting to an information server to be updating the information needed, mainly in files, as for
example: 3D models, classification, or production drawings, between others. Another advantage of
mobile devices is that the user interface might interact with the project model or parts using gestures
just as everybody does every day with smartphones. One implementation line of navigator’s evolution
would incorporate augmented reality technology. It would be helpful for production technicians to
scroll through the project and pointing the camera of their mobile device to a particular component to
obtain information from it and have the actual image of the same 3D design model displayed. This is
possible through the use of markers that help the device to position itself within the project and also for
the use of QR codes.

CAD systems must handle the information necessary for creating a collision-free design and for
generating all production and assembly information, but not only this. The 3D model information is, at
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the same time, necessary for other activities and other departments involved in the construction of the
ship, as planning, purchasing, subcontracting, accounting, etc. It is common that several design agents
collaborate in the same project; so, it is necessary that 3D model information should be shared between
them to serve as reference. The paradigm of this problem appears when two or more design agents
collaborate in the same project, using different CAD tools. In this case, the CAD systems must provide
data exchange between them, leading to different degrees of integration, like visualization, spatial
integration and cross manufacturing, depending on the characteristics and size of 3D model information
transferred. At least, it should be geometry and key attributes. A worldwide format for data transfer has
not yet been found. Despite recognized international standards, in most cases we see dedicated formats
or particular adaptations from standard ones. Transfer of 3D model information could produce loss of
performance due to different geometrical approaches to represent elements in both CAD systems. In
this case, special solutions must be adopted in order to minimize this impact.

Another recent milestone is the integration between different CAD systems and Product Lifecycle
Management (PLM) tools, e.g. the FORAN Product Lifecycle Management (FPLM) tool with a neutral
architecture. In this case, all the information generated in the CAD may be transferred to a PLM and
may be subject to all processes: control, configuration and releases lifecycle and process management.
FPLM consists of a series of tools and features that enable bidirectional integration between different
modules of the CAD and PLM tools. The solution is based on standards such as XML, Web Services
and Common Object Request Broker Architecture (CORBA). Fig.2 shows an example of tool
integration. The colors highlight parts or elements that are or are not to be transferred to PLM.
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Fig. 2: Example of integration between a CAD system and a Project Lifecycle Management tool

There are many advantages of using CAD in shipbuilding: ease of design, speed of construction, use
and reuse of information, etc. It is expected that in the future CAD tools will advance further and allow
greater information management and virtual access through smart devices. In general, CAD systems
provide tangible benefits while the process is optimized, reducing design time and production, and
therefore costs.

2. What is loT and how to be applied on the software world?
10T is the abbreviation of Internet of Things which is known as technology and process of connecting
objects to internet. The objective is to make objects exchange data with internet and among each other,

Benayas and Pérez (2018).

The concept 10T was born in the research center Auto ID in MIT abound 1999 in research for realizing
the object identification using radio frequency (RFID) which is the main idea of Kevin Ashton. The
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idea of the research was to identify all the objects and all the people in some way permitting some of
the objects could exchange data with others through internet. The object identification was the
prerequisite of IoT.

Humans interact with objects in a more or less direct way. But if the objects are allowed to interact
among each other, it would be possible that the objects themselves can exchange data for their own
needs. This would create a network of Smart Objects that they can interact independently in the context
of its mission. This network is known as IoT. The “Intelligence” property of objects or devices does
not need to be complex and exhaustive. For example, a refrigerator would require a way of
measurement of the elements which can get information of the refrigerant and request recharge when
it is lower than required. These examples clearly show what is intelligence of the devices.

To make connectivity it is required to meet certain requirements among which exclusive identification
is one of the requirements. But more importantly, it is necessary to determine whether the object is
connected to the global network. The object will be related to its mission, but also be related to the
needs of the object such that the object can fulfill its mission.

The connectivity of objects requires several technical properties: hardware, the connection method and
software. Hardware are physical devices that are “intelligent” and software are intelligent programs for
the object and connection method is way with which objects can communicate through physical devices
or virtual devices (for instance radio frequency, wireless etc.). Obviously, this is a very simply
description of connection, but it is enough for illustrating the components involving in this concept.

The following four aspects can identify whether a product is connected to the 10T:

Be able to monitor the use and function of the product or object.

Be able to be operated remotely or designed appropriately for their use.
Be able to be diagnosed predictively, repaired or improve its performance.
Combination of the above.

There is enormous potential growth. In this area and it can induce extraordinary potential economic
growth. Report from the McKinsey Global Institute titled “disruptive Technologies: Advances that will
transform Life, Business, and the Global Economy”, McKinsey (2013) concludes that the economic
impact of 10T in 2015 has a potential annual growth of 2.7-6.2 billion dollars. Furthermore, it predicts
that 80%-100% of the market of manufacturing will use 10T applications with an economic impact of
0.9-2.3 billion dollars, McKinsey (2015).

All economic sectors will be affected by this revolution. It will be the software world without any doubt,
and it will be also the case for the shipbuilding. The ship itself and all its elements will join the
connection. What can be done is an extraordinary field.

The meaning of objects in loT should not only be limited to physical objects. The concept can be
extended to those programs called “virtual objects” and do not have a physical element in the world no
objects exist. Accordingly, we can know what the programs for 10T should be. In particular, how should
the programs be oriented in the world of loT.

We can find several origins of the 10T programs. When a program suddenly stops working and indicates
that there is a problem and that if we want to transmit the diagnostic information to the supplier. That
is an emergent 10T, although in this case requires user’s acceptance. In other levels this acceptance is
configurable, and it will be automatic.

These concepts can be applied not only to objects and devices but also to their own CAD programs.
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3. A new concept - The internet of ships

According to Juniper Research’s latest report, the number of [oT devices in 2021 will reach the eye-
opening 46 billion. For comparison, this is a 200% increase compared to 2016. Many more will arrive,
very fast and it seems that 2021 will be the year in which we will see the definitive takeoff of 5G. This
revolution that began a few years ago has aroused enormous interest in all industries and in some of
them already works with apparent normality.

Nowadays it is possible to order directly from our refrigerator as soon as it detects that we need our
regular products or smart lamps that light up alone when needed lighting.

The world goes on steadily toward what will be undoubtedly one of the most important revolutions in
the history of humanity.

We could define the 10T as consolidation through the network of networks a network that staying a
multitude of objects or devices, that means, to connect all things of this world to a network, we are
talking about vehicles, appliances, mechanical devices, or simply objects such as shoes, furniture,
luggage, measuring devices, biosensors, or anything that we can imagine.

At its core, IoT is simple: it’s about connecting devices over the internet, letting them talk to us,
applications, and each other. But 10T is more than smart homes and connected appliances, however. It
scales up to include smart cities — think of connected traffic signals that monitor utility use, or smart
bins that signal when they need to be emptied — and industry, with connected sensors for everything
from tracking parts to monitoring crops.

In this context the question is if the naval sector is ready for this revolution. Is it possible that this
traditional and conservative sector moves into this technology?

There is already evidence that the shipbuilding industry is no stranger to these developments and is
already connected to the Internet some components of ships, Fig.3.

Fig.3: 3D model with access to the different components of the ship connected to IoT

As there are smart homes, there are new smart ships that will be equipped with a network of sensors
that capture a range of voyage information, including:


https://www.theguardian.com/technology/2014/may/22/milton-keynes-trials-public-internet-of-things-network
https://www.theguardian.com/technology/2015/apr/20/internet-of-things-traffic

Location

Weather

Ocean current

Status of on-board equipment and cargo

Ship owners can monitor the vessel’s status in real time and apply analytics to current and historical
data to make decisions that enable them to run more efficiently, saving time and fuel.

Sensors and IT technologies are facilitating the introduction of new applications at sea, like energy
distribution, water control and treatment, equipment monitoring in real time...

The aim is to take this technological revolution also acting in the design and production phases in order
to build efficient, safe and sustainable vessels.

In a decentralized sector, like naval, where often the engineering and production are in different
locations and where critical decisions cannot wait, the Internet of Ships (10S) or connection through the
network of critical components in the design / shipbuilding, starts to glimpse as something that the
sector cannot obviate.

The idea is to monitor all those parts in which early detection of events allows us to make the right
decisions.

In this sense, the available sensors during the early stages of construction of the ship, allow us to identify
if the construction of the boat is completely according to the design we have created with CAD. If we
can reduce materials or use another material, if we must change anything according with naval
architecture calculations. ..

The continuous monitoring integrated with a marine design CAD system will reduce costs and avoid
mistakes and make decisions in real time from the shipyard, design offices or from remote locations.

Nowadays CAD solutions can be used in a pocket tools, making it the indispensable ally in this new
technological revolution, Fig.4.

Fig.4: 3D model on a virtual prtable solution like tablets or smartphones
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Shipbuilding process generates a lot of information and data, which a priori makes it seem impossible
to have all this data in real time, but the new processors, simpler and smaller, with a good connection
to the Internet, make it possible.

The data management is, however, only one side of the coin of the 10S. Energy efficiency is a
fundamental aspect also in new devices that connect to the network.

But 10S not only covers the stages of design or production of the boat. Once the sensors are in the
components whose information want to monitor, we will be able to obtain information throughout the
life of the ship.

10S is presented as a solution capable of detecting when a component on a boat is close to fail and must
be replace, when we take the boat to repair when we have to paint again, when corrosion has reached a
certain limit ... and all this from our pocket tool and early enough to avoid late or unforeseen
performances.

10S reaches this sector to ensure profitable production, or safe, efficient and sustainable process for all
types of fishing vessels, tugboats, tankers, charges, ferries, dredgers and oceanographic ...

4. The loS in a cad shipbuilding environment

How this revolution could affect the shipbuilding world? Could we consider the concept 10S, Mufioz
and Pérez (2017)?

The ship projects are developed with CAD platforms, but every day we are looking for integrated
development of the product involving all its Life Cycle. CAD system integrated with PLM and from
the PLM we can conceive all the design but also control the production and include the use of the vessel.

The PLM can contain information of all systems of the vessel and also all its components. If the
components are designed for the 10S it will have technology that allows to share their situation,
diagnosis, functionality with the PLM system which distributes the initial design.

The PLM system can use this information for knowing whether they are working properly or if we can
improve its performance. It is also possible to identify whether it is necessary to make maintenance of
the object or if it is necessary to replace it because its life ends or because it's working wrongly. It will
be possible to determine and evaluate its performance comparing to other similar components or
comparing to it different operating periods. It will also be possible to know how their performance
affects the functioning of the whole product, i.e., the vessel. Furthermore, if the connection of the
objects is realized with its PLM, Pérez and Penas (2015), it would be possible to record their history
status, make change tracking, and know what its function or its performance is after realizing
programmed maintenance.

In case of a vessel, this connectivity will be extended to the commercial mission to act autonomously
in operation conditions. A commercial vessel can transmit its navigation situation, load situation, the
things to be discharged or to be recharged.

All these means a huge amount of information to be managed and analyzed. New programs have to be
developed to obtain the best use of such information so that the design can be improved from real
function information of the design and it can be self-maintained with the connection with this huge
cloud information to create method that the objects can achieve certain “intelligence”.

The growth of the 10S is linked to the increase of Information and the management of big data, with

the property that somehow 10S identifies Information and direction and order to a specific purpose,
while the concept of big data is more generic.
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The possibilities are countless, but the beginning is the same. It must begin in the initial design. It is
necessary to consider what is needed to correctly fulfill the mission of the atomic elements. These
requirements must be configurable in the initial design from where it will be extended to relations
between each of them with other entities. CAD is one of the first steps, because it is where begins to
collect systematically the concept of each component. That is why it is necessary to provide CAD tools
to carry out the design for loS.
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Robotic Hull Cleaning — State of the Art and Roadmap

Volker Bertram, DNV, Hamburg/Germany, volker.bertram@dnv.com

Abstract

This paper describes the development of robotic hull cleaning from academic research in the 1980s to
current industry standard, including likely further paths of developments towards mass-produced,
standardized robotic designs with more advanced capabilities.

1. Introduction

In the quest for future, more sustainable hull management strategies, some of the most promising
contenders involve frequent ‘pro-active cleaning’ or ‘grooming’ to remove the biofouling at an early
stage, e.g. Oftedahl and Enstrom (2020), Hunsucker et al. (2018), Swain et al. (2020). “Frequent”
may mean every two weeks, to give an idea. Such frequent cleaning would remove biofilms before
advanced calcareous fouling can develop, addressing issues of aquatic invasive species and energy
efficiency at the same time. In order to be widely available and affordable, such proactive cleaning
would have to be largely robotic.

The required technologies have been coming together, recently maturing to commercial applications.
Perhaps the appearance of a dedicated Wikipedia site on in-water cleaning can be seen as a sign of the
generally larger interest in the theme: https://en.wikipedia.org/wiki/In-water_surface cleaning. We
may be at the dawn of a new era of mechanical cleaning (by robots), Bertram (2020).

2. Diversity and fragmentation in a young industry

In-water cleaning robots come in a large variety of designs/concepts and are usually one-of-a-kind
productions. This fragmented approach with its lack of standardization is typical for young industries.
(Most of the developments started within the last decade). Noordstrand (2020) discusses the typical
issues of young industries afflicting currently the in-water robotic cleaning market.

The current state of the industry with its design diversity has various reasons:

e The appropriate cleaning approach depends on the paint coating used on the hull, e.g. soft
dissolving self-polishing copolymer paints, mechanically sensitive foul release coatings, or
hard varnishes.

e The in-water cleaning industry is highly fragmented and relatively small in total volume.
The market leader for robotic in-water cleaning, HullWiper, is at best a small-to-medium en-
terprise with less than 50 employees.

e Cleaning companies develop their own designs and build or have them built in near-by
workshops, in a “do-it-yourself” style typical for young industries. (Think of how the first
automobiles or PCs were designed and built in private garages.)

e There are no standards yet for design or production of such robots.

With time, we should see some consolidation of market and robot designs as we did for other
industries (automotive, airplanes, PCs, ...).

Eventually, we may see dedicated in-water robot cleaning robot manufacturers supplying the service
providers with mass produced or at least mini-series produced robots, possibly with modular design
approaches to allow the necessary flexibility while maintaining low-cost production. We will also see
robot design move from “do-it-yourself” assembly design moving to more professional approaches,
using computer-aided design including hydrodynamic optimization, as indicated by Lee et al. (2012).
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3. Past, present and prospects
3.1. Past — The academic research era

Research into hull cleaning robots started probably in the 1990s. Bertram (2000) mentions some
research projects. The robots of the time were bulky do-it-yourself assemblies of academic research
laboratories, Fig.1. Several EU projects advanced robotic inspection and cleaning technology, e.g. the
AURORA project, Fig.2, Armada et al. (2004). However, while these efforts prepared the ground for
today’s state-of-the-art, they remained research focussed and did not directly translate into industrial
applications.

Fig.1: Cleaning robot of Hiroshima University,
Bertram (2000)

Fig.2: AURORA cleaning robot, Armada et al.
(2004)

3.2. Present — The start-up and adapt era

My overview benefitted from previous surveys which are highly recommended for more in-depth
information, namely Souto et al. (2015), Albitar et al. (2016), Curran et al. (2016), Song and Cui
(2020). Table 1 lists current in-water cleaning robotic solutions. Within 5 years, for a third of the
robotic solutions listed in Curran et al. (2016), there were no longer supported websites or more
recent publications, suggesting that these would-be contenders had left the market. There are fewer
new entries than drop-outs. This is partly due to Table I listing only commercial solutions, partly due
to the still volatile market where start-ups disappear or are absorbed in merger & acquisitions.

Table I: Overview of commercial in-water robotic cleaning solutions
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Robot Country | Adhesion system Cleaning system
COLLECTOR Norway Magnetic Waterjet
Daewon robot Korea Thrusters Brush

Fleet Cleaner NL Magnetic Waterjet

Hullbot Australia | Thrusters Brush

Hull BUG USA Magnetic/Vacuum Brush/Waterjet
Hull Cleaner USA Magnetic Brush/Ultrasonic
HullSkater Norway Magnetic Brush

Hull Surface Treatment | Australia | Magnetic Thermal shock
HullWiper UAE Vacuum Waterjet
KeelCrab Italy Vacuum Brush

Vertidrive M-series NL Magnetic Waterjet
Magnetic Hull Crawler | France Magnetic Waterjet
Magnetic crawler USA Magnetic Ultrasonic
Rovingbat France Vacuum Brush/Waterjet
ITCH Norway Ship flow field Brush
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There are many ways to categorize in-water cleaning robots, including:

Cleaning technology (brushes, high-pressure or cavitational waterjets, laser, ...)
Adhesion technology (magnetic, vacuum (negative pressure), thrusters, ...)

Level of autonomy (diver controlled, remotely controlled, more or less autonomous)
Region/country (USA, Europe, Japan, ...)

Market (pleasure boats, commercial ships, navies, ...)

Most systems on the market favour magnetic adhesion by now, making them unsuitable for
aluminium, reinforced plastics and wooden hulls commonly found in the pleasure craft industry.
Vacuum (= negative pressure) adhesion is also popular, while use of thrust force, e.g. Ishii et al.
(2014), Souto et al. (2015), or adhesive elastomer materials in research applications is rather exotic,
Song and Cui (2020). Adhesion by flow forces of the moving ship is only applicable for largely flat
sides, not the ship ends and the ship bottom, Freyer and Eide (2020).

Rotary brushes and waterjets are commonly used, with waterjets taking a more prominent role in the
most recent developments. This shouldn’t come as a surprise, as the concept of gentler and more
frequent cleaning in itself has been accepted by a wider public only in recent years. Ultrasonic
technology and laser cleaning technology have been proposed by various researchers, but do not play
a significant role in industry practice, Song and Cui (2020). (Note that ultrasonic antifouling
protection in stationary installations for niche areas and internal pipes gains in popularity, e.g. Kelling
(2020), but use of the technology in underwater robots is rare.) Akinfiev et al. (2007), Morrisey and
Woods (2015), Song and Cui (2020) give more in-depth discussions of cleaning technologies.

3.2.1. Key players for commercial applications

Several companies have defined the state of the art through pioneering developments and
presentations at professional events like HullPIC and PortPIC:

e  HullWiper, www.hullwiper.co, is the market leader in terms of size (employees and probably
turnover) and ports served (10 ports in late 2020, with 3 more planned for 2021). The Hull-
Wiper robot, Fig.3, Doran (2019,2020), “collects marine fouling removed from hulls, rather
than polluting local port water and risking the spread of harmful invasive species. Captured
residues are pumped into a filter unit and then deposited into dedicated drums onshore, which
are collected by a [locally approved] environmental waste disposal company. [... The robot]
sprays adjustable high-pressure seawater jets directly onto a ship's hull at a very high velocity
to dislodge waste materials, without using scrubbing, harsh chemicals or abrasive materials
required for traditional methods. [...] The use of high-pressure jets for cleaning ensures that
HullWiper does not damage the ship's [...] antifouling coatings.” The robot is relatively large
(3.3m (L) x 1.7 m (W) x 0.85 m (H)) and heavy (1275 kg).

Fig.3: HullWiper robot, www.hullwiper.co
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Fleet Cleaner, www.fleetcleaner.com, has developed its robotic cleaning solution since 2011,

with first field trials in 2016, Noordstrand (2018). In subsequent years, the service was ex-
tended to all Dutch ports and eventually also to Belgian ports, Cornelis et al. (2020). The
self-developed robot uses magnetic attachment and cleans with high-pressure waterjets. The
design is relatively compact (2.0 m (L) x 1.8 m (W) x 0.6 m (H)). Cleaning a ship takes typi-
cally 10 h with the latest technology. Like the HullWiper robot, the Fleet Cleaner robot is
collecting the removed debris for proper disposal.

Fig.4: Fleet Cleaner robot, www.fleetcleaner.com

ECOsubsea, www.ecobsubsea.com, started in 2008 in Norway, but has its main operational
base in Southampton. Its robot ‘Collector’, Fig.5, uses magnetic adhesion, waterjet cleaning
and collects the debris, giving “more than 97.5%” as collection rate. The ‘Collector’ has
similar size as the HullWiper (3.0 m (L) x 2.0 m (W) x 0.7 m (H)), but is considerably lighter
(715 kg). Cleaning a ship takes typically 5 h. The collected debris is properly disposed and
serves to generate biogas. The service is offered in 19 ports according to the company’s web-
site, Fig.6, mainly covering North Sea and Baltic ports.

Fig.5: ‘Collector’ robot Fig.6: Ports served by ECOsubsea

SeaRobotics, www.searobotics.com, developed the ‘Hull BUG” (BUG = bioinspired under-
water grooming) funded by the Office of Naval Research in the USA, Fig.7, Schiitz (2012).
The robot uses vacuum suction for adhesion and brushes to remove biofilm. It is designed for
autonomous operation, like a robotic lawnmower or pool cleaner. Onboard sensors allow it to
steer around obstacles, and a fluorometer lets it detect biofilm to be removed. The robot is
relatively small (1.5 m (L) x 0.75 m (W) x 0.75 cm (H)) and light (55 kg). This makes it easi-
er to cope with curved parts of the ship. SeaRobotics has continued the development with the
SR-HullBUG, Fig.8, which is larger (1.5 m (L) x 1.1 m (W) x 0.75 cm (H)) and heavier (370
kg). It has changeable grooming or cleaning tools, listing cavitational waterjet tools explicit-
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ly. As the SR-HullBUG addresses cleaning at the biofilm stage, before macrofouling can de-
velop, there is no need to collect the removed fouling.

S

Fig.7: Hull BU Fig.8: SR-HulIBUG

e Jotun, https://jointherevhullution.com, launched its HSS (Hull Skating Solutions) in 2020,
Fig.9, which was developed in partnership with Kongsberg, Semcon, Telenor, DNV GL and
Wallenius Wilhemsen. The Hull Skater robot uses magnetic adhesion and soft brush clean-
ing. As it is only intended to remove biofilm, there is no need to collect debris. The Hull
Skater robot, https://octagavs.com/JotunHSS_mobile/, travels on-board with the ship, and is
launched and retrieved by the crew. The inspection and cleaning missions are remotely con-
trolled by Jotun. During inspection, the robot identifies areas of advanced fouling, which are
not cleaned by the robot and are subject to later cleaning by other means allowing collection
of removed advanced fouling to prevent spread of aquatic invasive species. The Hull Skater
is relatively small (1.6 m (L) x 1.0 m (W) x ~0.5 m (H)) and light-weight (200 kg), https://
semcon.com/uk/jotunhullskater/. Cleaning a (150 m) ship takes typically 4-5 h.

DRY DOCKING MONITORING INSPECTION MISSION P PROACTIVE CLEANING MISSION

Fig.9: Hull Skating Solutions with (from left to right) robot launched by crew; performance
monitoring and remote control of robot by Jotun experts; inspection mode to identify no-go
areas with fouling beyond biofilm; and subsequent cleaning of biofilm
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3.2.2. Flanking measures

Besides the technical and economic development of in-water cleaning robots, there are additional
measures needed to develop the ‘eco-system’ of in-water, in-port cleaning:

Guidelines are needed for various aspects, such as accreditation for in-port cleaning, match-
ing of cleaning method and coating, collection and disposal of removed fouling, documenta-
tion of cleaning results, etc. E.g. Oftedahl and Enstrom (2020), Sgrensen (2020), the NACE
TG 581 on NACE’s Standard Practice ‘Inspecting and Reporting Biofouling and Antifouling
System Condition during an Underwater Survey’, and several proposals for the due update of
IMO’s ‘Guidelines for the Control and Management of Ships' Biofouling to Minimize the
Transfer of Invasive Aquatic Species’ are such useful contributions benefitting the industry at
large.

Ports need to adapt policies to the changing coating and cleaning technologies, requiring ade-
guate proof of environmentally acceptable procedures, but also allowing in-port cleaning if
required documentation can be given by service providers. E.g. Belgian ports, Cornelis et al.
(2020), set a good example in this respect. Policies should be aligned at least within regions,
to avoid the “wild west” unaligned and unregulated practice rightfully lamented by Noord-
strand (2020).

3.3. Prospects

“Prediction is very difficult, especially about the future”, as Nobel laureate Niels Bohr so wisely said.
Still, we can look at recent research and development and make speculate on what may come:
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Team capability in cleaning robots — Cooperative robotics is one of the major research areas
within the robotics community. The basic idea is to have two or more robots working as a
team on a task. In the maritime field, there have been some applications of such cooperative
robotics, e.g. for mapping of seabed, establishing towline connections, or search/patrolling
tasks, e.g. Odetti et al. (2016), Lewis (2017). For hull cleaning, cooperative robotics would al-
low parallelization of work and thus much shorter cleaning times. One could also imagine
smaller robots focussing on areas of high curvature, while a larger robot is used for large flat
areas. The technology of robot location, ship surface mapping, and communication between
robots (and possibly a central surface control centre) is available, we need “just” to get the ro-
botics community and the hull cleaning industry connected. It seems a perfect opportunity for
an EU project.

System solutions — Mismatching coating solution, cleaning technology and procedures has led
repeatedly to problems and finger-pointing between the various stakeholders. While we hear
repeatedly the mantra that cleaning and coating should be matched properly, a multitude of
products/services coming from a multitude of changing suppliers seems like a recipe for fail-
ures to happen. We need system solutions, at least in the form of clear instructions for clean-
ing coming from the coating suppliers and procedures that ensure that these instructions were
received and understood by the cleaning providers. Information loss between stakeholders is
best avoided by integrated solutions. Jotun’s Hull Skating Solutions, Oftedahl and Enstrém
(2020), are a role model that hopefully will inspire larger parts of the industry to follow. Here,
coating, robotic cleaning, performance monitoring (to trigger the cleaning and monitor the ef-
fect on performance) and contractual warranties come under one umbrella.

Port services or on-board equipment — Most robotic cleaning solutions assume a dedicated
service provider, providing the robot and the cleaning service in certain (and, so far, few)
ports. Exceptions from this rule have appeared in 2020 with Jotun’s hull skating solutions and
Shipshave’s ITCH (In Transit Cleaning of Hulls) semi-autonomous robot. Both are launched
and retrieved by the ship’s crew, travel with the ship and are thus independent of available
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port infrastructure. On-board cleaning robots overcome issues with scarce port services. In-
port services have the advantage that equipment is utilized over many ships, with the associ-
ated economies of scale. In the long term, say over a decade or two, these economies of scale
may favour in-port service providers, echoing a similar development away from multi-
purpose ships (with their under-utilized on-board cargo handling equipment) towards contain-
erships (relying on port-side services), but this requires wider deployment of port-side robotic
cleaning solutions which | am confident we will see, but which will take time. In the mean-
time, we may see more rapid growth of on-board solutions.

4. Conclusion

Robotic in-water cleaning technology has come a long way from early research attempts to the current
state of the art. We are currently in a steep part of the learning curve and the development of this still
young industry. Technology, regulatory frameworks and procedural guidelines, as well as markets,
are developing dynamically. Teething problems and occasional set-backs (or learning moments) are to
be expected, but the future looks rather bright for this particular segment of the maritime world.
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Abstract

This paper reviews literature on using Virtual Reality (VR) technology for maritime training purposes.
Most applications are 3D in modelling, but not 3D in viewing. The field of published VR applications
for maritime training is still small enough to be reviewed in such a paper, with few applications in
commercial shipping with the notable exception of the well-established nautical simulators. The high
costs for VR based training limit applications. Business cases usually appear when large assets or
human health/life is at risk in real-world training.

1. “Virtual Reality” — Reality

The term 'Virtual reality’ (VR) was initially coined by the artist Jaron Lanier who envisioned the user
fully immersed in an artificial world completely generated by a computer. Despite significant progress
in the last 20 years, we are far from this vision. While Virtual Reality has progressed from vision to
industry reality, it has fallen short of expectations, compare e.g. Rosenblum’s (2000) vision for Virtual
Reality in 2020 with current state of the art and industry adaptation. The state of the art in VR applica-
tions can be summarized as follows:

1. Navigation in 3D space with look-around, walk-around, and fly-through capabilities in virtual
environments. Control devices allow manipulation, operation, and control of virtual worlds.
This is the minimum capability to qualify for a “Virtual reality” denotation. VR models thus
always require an underlying 3D CAD model of the “world” modelled, typically enhanced by
surface structure, mapped images, etc.

2. Stereoscopic viewing enhances the perception of depth and sense of space. This is a nice-to-
have gadget for most training applications. Experience shows that trainees may encounter dis-
comfort, sometimes resembling motion sickness, after 5-20 minutes of immersion in stereo-
scopic worlds, which has not been observed in “poor-man’s” VR on screens with trainees
perceiving the normal training room environment.

3. The virtual world is presented in full scale and relates properly to human size. While im-
portant for many training applications, this aspect might be omitted on purpose in some appli-
cations (having an overview from a giant perspective or shrinking to go e.g. inside blood ves-
sels in medical training).

4. The convincing illusion of being fully immersed in an artificial world can be enhanced by au-
ditory, tactile and other non-visual technologies. Sound effects are common in video games;
data gloves are used in some applications but interfere with the immersive feeling, Rosenblum
(2000).

5. Networked applications allow shared virtual environments: users at different locations (any-
where in the world) can meet in the same virtual world, see each other, communicate, and in-
teract. Shared virtual environments appear in some cases, Nordby et al. (2016), but there
seems to be more the “thrill of the new” than convincing applications in an industry work
context. The more people participate in shared virtual environments, the more difficult speech
communication becomes. The “cocktail party effect” is amplified by the limited frequency
bandwidth in electronic voice transmission.

Virtual Reality applications often use “immersive” as a marketing distinction. Stereoscopic vision
using e.g. Oculus Rift glasses is then hailed as more immersive than plain PC screens (without stereo-
scopic vision). However, the degree of immersion depends largely on the willingness of the viewer to
accept the immersion (same as with any movie).
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Increased reality (level of detail, stereoscopic view, lighting effects) and model size come at a price.
Pragmatic applications have just the necessary level of detail. The main cost factor is the creation of a
tailored Virtual World. Many 3D models can be found for free on the internet, but specific models and
elements require (sometimes prohibitively expensive) work to create. Model reuse from other applica-
tions, e.g. finite-element or CFD models, is not straightforward, Fig.1, Lindenau and Bertram (2003).

Creating a VR model for a given ship is likely to take man-months. In most maritime cases, the busi-
ness case does not exist (personal communication with David Thomson (AVEVA); Denis Morais
(SSI): “Virtual Reality (VR) technology is still around a decade away from providing consumers with
a good VR experience”, Mark Zuckerberg (CEO Facebook)).

Fig.1: Original CFD model (left) and post-processed VR model with much fewer edges (left)
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Still, there is reason for moderate optimism. With more and more maritime 3D models, we have more
starting points to create VR models for a multitude of applications, Seppaléa (2021). This has been
reducing the cost for VR model creation - and will continue to do so. In the specific case of DNV,
such models come typically from 3D ship modelers such as POSEIDON and NAUTICUS.

Fig.2 illustrates the mildly optimistic view on VR in the manic-depressive technology cycle, where
hype is followed by disillusion, taken from Denis Morais’ (SSI) blog waveform http://blogs.ssi-
corporate.com/waveform/2017/technology/industry-will-drive-enhancements-in-vr/.

2. Virtual Reality in maritime training
2.1.Nautical Simulators

Classical nautical simulators are akin to Virtual Reality, and purely VR-based nautical training has

been proposed and implemented, Magee (1997), Lvov and Popova (2020), Van der Ende et al. (2020).

Here a view of the world outside a nautical bridge is projected with other ships and waterways. The

simulators generate increasingly realistic visual effects of environment (night/day, fog/rain/etc., waves)
and mimic the maneuvering physics of own ship and encountered ships. Simulators range from small

desktop to large full-mission solutions.

A typical solution is Simflex4 of FORCE Technology, https://forcetechnology.com/en/maritime-
industry/cargo-vessels/simulation-studies-for-maritime-operations. The brochure mentions visual
effects in 3D, but all images shown reflect standard practice of 2D displays and are far less photoreal-
istic than state-of-the-art video games, compare Fig.3 and Fig.4. A very realistic portrait of the outside
world is apparently not required to meet the training needs. FORCE Technology mentions four vital
ingredients for their simulation-based training:

models of ships and shipping areas (= 3D worlds and maneuvering models for each ship),
the simulator (the display and interaction option),

experienced instructors (!),

pedagogical training methods and insights (1).

A

Developing such simulators is an interdisciplinary task. A video game playing a captain is much sim-
pler than having a simulation-based training facility.

A simulator facility charges ~4000 € per day (8 h) in the simulator. Setting up a specific ship and spe-
cific environment and training crews may then cost 70000 — 110000 €. More recent entries focus more
on visual effects, e.g. https://unigine.com/en/industries/simulation/maritime, http://osc.no/#solutions.

Fig.4: Video game shipsim.com
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2.2.Navy/military simulators

Navies employ simulators to train military staff for combat situations. The Italian provider IBR Sis-
temi offers such a solution employing Virtual Reality technology, the “Joint Tactical Theatre Simula-
tor”, http://www.naval-technology.com/contractors/simulators/ibr-sistemi/. “The scenario can be dis-
played on unlimited multiple screens/360[°] projections or through special stereoscopic displays and
head mounted displays (HMD).” The photorealistic visuals rival state-of-the-art video games, Fig.5.
The solution is rather sophisticated, with many ships, equipment systems, geographical areas, etc. in
the database.

The Bremen-based software provider Szenaris (www.szenaris.com) has developed VR based training

and e-learning solutions for underwater vehicle operations, Fig.6, and submarine operation, Fig.7,
Katzky (2014). The latter was for one specific submarine (U 212) and served to familiarize new crews
with the submarine in a risk-free training environment. The involved effort seems too high to create a
business case outside the specific naval applications.

P £
Fig.6: PC-based VR training for underwater Fig.7: VR model of U212 (control room)
vehicle handling
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2.3.Ship survey simulator

DNV has developed SuSi (Survey Simulator), a Virtual Reality based training solution for ship in-
spections, Wardell (2010), Kubiak (2011), Bertram et al. (2020), see also the Appendix. SuSi pro-
vides realistic and cost-efficient 3D training software for survey inspections, using Virtual Reality
technology and detailed models of ships and offshore structures, Figs.8a and 8b.

\ - 3
Fig.8a: Level of detail in SuSi (Virtual Reality based survey simulator)

The virtual inspection gets trainees exposed to deficiencies that would take years for a surveyor to
experience in real life. An inspection run can be recorded and discussed in a debriefing with an expe-
rienced supervisor/trainer, pointing out oversights and errors by the trainee. If trainees navigate them-
selves in the virtual worlds, we observed occasional problems with some trainees struggling with nav-
igation or task, while others went ahead and started to get sidetracked. Alternatively, courses can be
run with solely the trainer in command ensuring a common vision on a projected screen. This form of
teaching, while not immersive at all, has been very well received.

The experience so far is based on blended learning, where classical classroom training alternates with

SuSi-based elements. The classroom training focuses e.g. on regulations, inspection techniques or
frequently found deficiencies on ships, before a virtual ship inspection starts.
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Fig.8b: Level of detail in SuSi (Virtual Reality based survey simulator)

In addition to the blended teaching form, SuSi combines Virtual Reality scenarios with a knowledge
base of thousands of photos of actual surveyor findings linked to the deficiencies incorporated in the
VR model. Trainees can then use a virtual smartphone to retrieve photos of associated real-world
defects with attached text information adding to the training effect, Fig.9.

The initial vision was that SuSi would revolutionize the way we conduct (surveyor) training, Wardell
(2010). Eight years later it still seems to be a great training solution ahead of state of the art in mari-
time training, but adoption has been slower than originally envisioned. The combination of hardware
requirements, surveyor competence, trainer competence, course content competence and SuSi operat-
ing competence makes global roll-out difficult, for the same reasons that potential new entries offer-
ing comparable solutions face significant hurdles. The combination of software, sophisticated scenari-
0s, pedagogical solution and trainer competence would require significant effort to copy.

Korean Register of Shipping (KRS) has developed its own VR-based ship survey simulator to train
ship surveyors on classification rules and inspection procedures, Kil et al. (2018). The 3D stereo-
scopic images are combined with physics engines to recreate scenarios such as drops or collisions.
The player has elementary functions such as ladder climbing, photographing and hand lighting.
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Fig.10: KRS ship survey simulator

2.4.Ship familiarization

The NRL (National Research Laboratory) has developed InterShip, a VR tool to familiarize personnel
with the layout of a ship, Fig.11, Wauchope et al. (2003), Wauchope and Bertram (2004). InterShip
combines VR techniques with a knowledge-based route planner (shows how to get from one com-
partment to another) and speech control (user can e.g. open door by command; user can query system
for information, e.g. invoking route planner.) Using the head-mounted display and a hand-held joy-
stick, users could walk through portions of a ship and ask questions about compartment names, num-
bers and locations. (“What compartment is this?”, “Which deck is the communications center on?”)
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Fig.11: VR tool InterShip to explore a ship with glove avatar opening door

Newell and Luck (2017) describe a 3D walkthrough training system for the Queen Elizabeth Class
(QEC) aircraft carriers for the Royal Navy, Fig.12. BMT used its in-house VR training solution EN-
GAGE as a platform. For this new class of warships, support personnel must be safe to work onboard,
requiring training. A needs analysis determined that such training would be best delivered employing
a 3D walkthrough with interactive functionality based on a game-based simulation engine (augment-
ing classroom training). This approach provides a through-life solution, is electronically distributable
and has wider possible applications. Technical information behind equipment or systems within the
model can be reviewed in the virtual environment. Despite the high-quality graphics, the system is
pedagogy driven and not technology driven: “[The] training system is designed around the needs of
the trainee and the desired outcome, rather than just developing the highest fidelity system for the
sake of it,” Newell and Luck (2017). Consequently, only the QEC bridge was developed for 3D view-
ing with HTC Vive VR hardware, for use at public-relations and outreach events.

No required action

)
!
\
|
=
DevebeprentBeld

Fig.12: BMT’s training soution ENGAGE for arcraft carrier familiarization, Newell and Luck (2017)

52



Besides ship familiarization, further possible applications are mentioned: safety training including
emergency response, escape routes, and maintenance options such as on-board transport routes for the
removal/replacement of large equipment.

2.5. Marine fire-fighting

The National Research Laboratory (NRL) of the USA has investigated employing virtual reality to
improve the performance of firefighters, Fig.13, Tate et al. (1997). Using a mixture of physically
based modeling and fractal techniques, the fire changed color and transparency levels to simulate the
appearance of real flames.

|
Fig.13: VR fire-fighting training environment of NRL

The density of simulated smoke varied with distance to the simulated fire and could be changed by
operator control. There was a measurable improvement in the performance of firefighters that used
VR training over firefighters without such training. VR trained firefighters made fewer wrong turns
and reached the fire faster than untrained firefighters.

The Dutch company VSTEP (www.vstepsimulation.com) offers VR based training for emergency
response, e.g. fire-fighting, both for land-based applications and for ships (three different ships were
modelled). The training is designed to be part of STCW, https://en.wikipedia.org/wiki/STCW
Convention, requirements with blended learning combining classroom elements and supervised simu-
lations.

2.6. Maritime safety training

Venter and Juricic (2014) describe a VR-based training using elements of video gaming to familiarize
the crew of an offshore oil & gas platform with the platform and safety procedures, Fig.14. Fig.15
gives an idea of the effort involved in creating the 3D world for an oil platform with sufficient level of
detail. Here a CAD vendor (Intergraph, supplying the 3D world for the platform) and a gaming spe-
cialist (Samahnzi) cooperated to create a tailored training solution. ‘“Players” (=trainees) embraced
this solution, but most likely the project received subsidies to match development costs and price ex-
pectations of the customer.

MacKinnon et al. (2016) report that such VR-based training results in faster evacuation of platforms
(as measured in mock-ups with groups that were just instructed and groups that could explore the
platform in VR). As in the application of Venter and Juricic (2014), the improved training result is
probably due to stronger involvement and interest in the offered information. As VR technology has
been largely driven by the gaming industry, we can often tap into the gaming features and experience
to improve training solutions.
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Fig.15: Small part of the 3d model to create the training environment in Venter and Juricic (2014)

The Institute of Technical Education (ITE) in Singapore uses advanced Virtual Reality and Augment-
ed Reality for maritime and offshore training. EON Reality and ITE partnered to create several such
applications to increase the engagement of today’s digital learners. For example, trainees can work
virtually on an oil rig, Fig.16(left). Trainees can familiarize themselves with the complex structure
and various equipment used, but also perform important safety operations in various weather condi-
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tions. The hardware park at ITE seems to be impressive, as they offer group training using holograms
and CAVE-like environments with data gloves, motion tracking, etc. Apparently, ITE also uses the
VR environment to create interactive learning sequences, Fig.16(right). The focus is on safety related
(high-risk) training for crews on board ships and offshore platforms.

15 the Hook latch properly secured?

It Is not properly secured.
@  Beit may shp out of the hook.
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Help.

Lloyd’s Register announced plans for VR based training on safety issues for the oil & gas market in
2017. No further conference or journal paper is available yet. Demo versions on fairs show relatively
simple scenarios, but with stereoscopic viewing via head-mounted devices.

Kil et al. (2018,2019) present a multi-user VVR-based crew training application for on-board emergen-
cy situations required by the International Safety Management (ISM) Code, Fig.17.

Fig.17: Emergency response training for crew following ISM, Kil et al. (2018)

Markopoulos et al. (2020) present ShipSEVR (Ship Safety Education with Virtual Reality), Fig.18, a
VR-based training application for ship engine rooms, with involvement of Wartsila. We expect simi-
lar training applications to evolve for key machinery on board, where the major maritime equipment
suppliers support training using available 3D models of equipment. In addition, Digital Twin infor-
mation of equipment (engine characteristics etc.) and digital manuals may be added to enhance the
training impact.
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Fig.18: ShipSEVR screeshots, Markopoulos et al. (2020)
2.7. Assorted other applications

The University of Sao Paulo in Brazil has developed a virtual model basin for offshore technology
applications, Gaspar et al. (2009). Besides high-performance computing for CFD (computational
fluid dynamics), there is also a “4D visualization” hall, Fig.19. Here an instructor guides the audience
(wearing 3D glasses) through a 3D world changing in time (the fourth Dimension), while the platform
moves simulating the motions of a ship. It is unclear how extensively the facility is used.

The EU-project SLIM-VRT (Self-Learning Integrated Methodology - Virtual Reality Tool), Lambrou
et al. (2006), describes rather vaguely how VR might be embedded in maritime training, but apparent-
ly did not result in any concrete tool, despite 3 years and 2.2 M€ funding. There may be a general
lesson in this, namely that significant resources are needed to develop workable and sustainable VR
solutions and 3 years and 2.2 M€ may not be enough in many cases.

Fig.19: “4D visualization” hall

Nordby et al. (2016) [involving my ex-DNV colleague Etienne Gernez] report a rather advanced ap-
plication of “mixed reality” to design ship bridges. The system enables real-time scanning of human
avatars for use in VR supported design processes. The system uses off-the-shelf 3D sensors to gener-
ate high-density 3D meshes and high-resolution textures of human beings in real-time, Figs.20 and 21.
Designers can insert real time avatars in virtual scenes using a game engine. One motivation of the
research is enabling human-to-human communication in a virtual environment — in essence, such a
vision could be used to have a teacher appearing virtually on stage anywhere. The system reaches its
limits when the real person turns and the avatar appears with zig-zag lines where the body scanning is
lost. In addition, issues with sound must be expected if multiple speakers are involved.
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Fig.21: Virtual Kjetil Nordby avatar appearing on a virtual nautical bridge

MacGregor opened a VR based training center in Arendal/Norway, Fig.22. Using stereoscopic vision,
trainees operate cargo-handling equipment. The intention is to reduce the likelihood of causing injury
to personnel or damage to equipment because operators have already tried and tested it in the virtual
world. The training room uses an authentic operating chair for offshore crane simulations and a dis-
played virtual world, like nautical bridge simulators.
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Fig.22: MacGregor cargo handling simulator (source: MacGregor)

Ocean Technologies (www.oceantg.com), the largest maritime training provider with legacies in Vid-
eotel, Seagull, Tero, Coex Marlin and MTX, has assorted digital training courses in its portfolio. The
website uses the lure of VR, in promising training based on “learning games, micro learning and VR
to engage the new generation of seafarers”. However, in the webinars we followed, there were only
some simple 3D models with minimum interaction shown, essentially to add some interactivity to
otherwise conventional online learning courses.

3. Take-home lessons

VR based training is well received by a majority of participants, but not all; for mature specialists, the
thrill of computer-generated imagery fades quickly, and a clear pedagogical value needs to be seen to
convince, Van der Ende et al. (2020), Chae et al. (2021).

Creating 3D models as a starting point for Virtual Reality applications is costly and beyond the capa-
bilities of a training department. Instead, training scenarios are usually opportunistic and employ ex-
isting (in-house or downloadable) 3D models.

The high costs for VR based training limit applications. Business cases can usually be made only
when large assets or human health/life is at risk in real-world training.

Stereoscopic vision and high-res photorealism are nice to have, but for most training purposes not
vital. The more trainees immerse in a virtual world, the more they leave the real world. Trainees may
then no longer be aware of trainers or fellow trainees with detrimental effects for pedagogy. Full im-
mersion may also create health and safety problems.

VR “cinemas” with special rooms mean that trainees must come to a specific location, reducing the
potential customer group and making convincing business cases difficult.
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Appendix — Features of DNV’s Survey Simulator (SuSi)

We refer to Bertram et al. (2020) for a more extensive description of SuSi.

The Survey Simulator offers elements of four maritime vessels: Bulk Carrier, Tanker, Containership,
Mobile Offshore Unit. Each vessel has several disconnected survey areas, such as cargo hold, deck,
double bottom, etc. The vessels and their areas were modelled after real ships or structures, with high-
level of detail.

Thousands of deficiencies were placed in the inspection areas, both safety-related and of technical
nature. These deficiencies are based on DNV’s global inspection experience.

The Survey Simulator offers four training modes:

1.

2.

3.

4.

Ship knowledge mode - Covers maritime naming convention, parts naming and certificate re-
guirements

Areas of attention mode - Highlights areas where hull structural deficiencies are likely to oc-
cur

Survey requirements mode - Visualization of class and statutory survey requirements (based
on DNV GL rules)

Findings mode - Display of built in deficiencies and descriptions

A strong feature of the Survey Simulator is interactivity. Several virtual tools are available:

OCE©EO®

PDA (Personal Digital Assistant) — enables access to essential information about nam-
ing, survey requirements and findings during virtual inspection. Gives access to at-
tached documentation, photos, drawings, manuals and reporting templates.

Flashlight — necessary in dark areas as with real on-board surveys

Camera — essential in preparing documentation of deficiencies during virtual inspection

Spray — handy tool to mark-up deficiencies

Telescopic boom (cherry picker) — useful when checking upper part of ship’s structure

Raft — common way of inspecting upper parts of internal structures of tankers when
tanks are filled with water.
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Notilo Cloud Al Platform for Hull Condition Reporting

Solene Guéré, Nicolas Gambini, Notilo Plus, Marseille/France, solene@notiloplus.com

Abstract

With new regulations to improve ship efficiency and reduce species invasion, the number of
underwater hull inspections is expected to increase greatly. But how can we scale them effectively,
from in-water inspection to report generation? Notilo Plus has designed a suite of technologies that
will enable fast and replicable inspections as well as automatic, consistent report generation. Using
Al algorithms for image recognition, it classifies hull images according to their degree of fouling,
coating conditions, and generates insights that are compliant with the best standards of the industry.
Firstly, designed for the Seasam ROV with localization capability of every image on the General
Arrangement plan of the hull, it is now available for all service providers, regardless of their
inspection method. Any underwater, diving or ROV video can now be turned into actionable
recommendations on Notilo Cloud platform. It opens the door for better hull management, optimized
cleaning patterns and predictive models for shipowners and ship managers at a fleet scale, thus
facilitating compliance with the strictest regulations. Seasam and Notilo Cloud are now used by
shipowners and service providers around the globe, and are selected by DNV on Veracity platform.

1. Introduction

For a ship, hull fouling is responsible of a significatively increased fuel consumption, Hakim et al.
(2017), and therefore, unnecessary GreenHouse Gases (GHG) emissions. Furthermore, globalization
requires transcontinental transportation. Therefore, ships are passing by very different ecosystems,
which develops on their hulls an unnatural fouling mixing up living species from incompatible envi-
ronments. This last phenomenon jeopardizes wildlife in the areas around the cargo ports. Biofouling is
therefore a main issue to tackle to reach sustainable maritime transportation, Davidson et al. (2016).
In the context of globalization where maritime transportation represents almost 3% of GreenHouse
Gases emissions, IMO (2021), in addition of a increasing awareness of ecosystem endangerment,
many initiatives have been deployed to tackle these issues and tends toward Green shipping.

2. New standards and regulations
2.1. BIMCO and local regulations

The launching of the new Baltic and International Maritime Council (BIMCO) standards, coming into
effect by 2023, intends to make biofouling detection and cleaning mandatory. This knowledge is
already required for some countries (especially in Oceania) such as New Zealand whose Ministry of
Primary Industries has edited “Guidelines For Diving Service Providers”. These guidelines share the
same purpose as BIMCO standards, and consequently, we will focus on these standards on the
following as they are intended to become the global norm.

BIMCO is the largest international shipping association representing shipowners and is accredited as a
Non-Governmental Organisation by the United Nations. To promote greener standards across the
shipping industry, and limit the potential damage of hull-related invasive species, the council has
created an in-water cleaning industry standard documentation, BIMCO (2021).

This documentation states the need to perform regular inspections of the hulls, also considering aggra-
vating factors which require an increase in inspections frequency (temperature, salinity, distance from
the shore, depth, ...). In addition, even if the purpose is before everything the cleaning, inspections
will always be required. Indeed, despite a cleaning is already scheduled, the documentation indicates
that a pre-cleaning inspection is always mandatory in order to identify the areas of the hull where the
effort needs to be concentrated.
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This report also requires that “during the inspection of the underwater area (hull and niche areas) of
the ship, the following shall be ascertained:

- Types of biofoulings.

- Percentage of biofouling coverage for each type.

Height of biofouling for hard calcareous types.

Condition of the AntiFouling Systems (AFS) on the hull and reference areas.”

These key pieces of information are at the center of latest Notilo Plus developments for our Shipping
solution as we will explain it in the following.

2.2. EEXI/CII

The International Maritime Organization (IMO) of the United Nations adopted amendments on
MARPOL on June 2021 in order to enforce by 2023 a new regulation centered around two
calculations for each ship: Efficiency EXisting ship Index (EEXI) and Carbon Intensity Indicator
(CII) in order to cut off GHG shipping emissions.

The EEXI indicator is based on ships specifications, and is estimated from the documentation emitted
by the ship manufacturer.

The ClI perfectly completes the EEXI as it is an operational carbon emissions indicator. This one will
consist of a mark from A to E, with a legal target on the A to C range. It will be based on real
emissions measured during the operations performed by the ship. Conforming to the regulation will
consequently require an accurate, regular and efficient maintenance of the hull. At the scale of a fleet,
it will be a real challenge to rise up for ship owners, and turn-key quick and efficient ship inspections
solutions represent a significant asset to prepare for this new regulation, and go beyond the future
standards thanks to good practices made easy to implement.

3. Notilo Plus Solution, combining reliable hardware with powerful software
3.1. State of the art

Nowadays, all these inspections are performed by diving teams or Remotely Operated Vehicles. In the
first case, it requires a specific organization because of regulatory requirements to ensure a safe diving
team in any port. As a consequence, the inspections take more time and human resources, for a result
which is not optimized as it consists of generally poor-quality photographs and videos of the hull that
are used to interpret a general status. This solution is rather expensive, sometimes complicated to
schedule, and requires a long time before the report is ready because all the data collected needs to be
processed by experts, but image localization is complicated to pinpoint in post-processing.

The other option, the inspection by a ROV, is quite easier on the supply part (if we consider an easy-
to-pilot mini ROV) but faces the same issues on the time it takes to perform the inspection and then to
edit the report. Times of 3 h of preparation, 6 h of inspection, and 10 h of post-processing have been
reported in personal communication with industry players. In addition, not all the ROVs have a good
stabilization system as well as a high definition to ensure enough image quality and hull visibility, so
the possibility of post-processing and accurate guidelines is not necessarily satisfying.

Thus, the state-of-the-art is not satisfying at all to answer the growing needs by the main actors of
Shipping. The process is tedious, unoptimized and gives poor information about the hull which will
hardly encourage the inspections that are perceived today as a painful obligation. Reports are, in the
best case, impossible to merge together to extract useful information such as monitoring of change
over time, crossing data with other sources, etc. In the worst case, the reports can be inaccurate and
partial due to inadequate survey or difficult post-processing.

63



With the current context in shipping and the pressure to shift towards Green Shipping for the main
actors of the sector, inspections will need to scale. The industry could use a more extensive, more
reliable and more informative solution.

3.2. Seasam solution: A hardware suite

Notilo Plus was historically specialized in drone conception with first automation features with an
autonomous diver tracking system. Building on our ability to develop autonomous inspections
scenarios, we started with developing a hardware solution to perform hull inspections easily.

The aim was to provide them with an easy-to-use solution, bringing to the surface reliable and high-
quality data: localized images, steady frames, consistent distance to the hull.

To do so, our Seasam solution, Fig.1, is composed of a Seasam drone, a Seasam Navigator, a ground
station, a WiFi reel and a touchscreen tablet with our application - Seasam control. It can be used as a
Remotely Operated Vehicle after a very short training as the remote control makes it intuitive to pilot.
Equipped with a high-definition camera and possibly with powerful lights and extra-sensors (such as
acoustic camera), it is the perfect tool to perform inspections on the hull with higher quality data than
a diving team, without the danger and for a lower cost . (Pay-as-you-inspect plans are available from
1000 € per inspection.)

Fig.1: Seasam solution
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In addition, using the ground station and Seasam Navigator —equipped with a GPS — allows live
autonomous location of the Seasam drone in relation to the hull thanks to an acoustic system. It means
that during the inspection, the precise location (accuracy: few meters) of the Seasam drone is recorded
and linked to the data acquired on the hull, Fig.2. The correlation of these pieces of data enables a full
exploitation that will be described later. Further developments allow us to propose a fully autonomous
inspection, based on live location and hull-servoing to ensure the inspection is always optimized.

Section localization Image precise localization Autonomous inspections
SEASAM SEASAIM szASAM SEASAM szASAM
>~~~ o MAVIGATOR™ A nonE= . NAVIGATOR™
= ﬂ B
o [ 2 )

Fig.2: A suite of hardware, from mini-ROV with localization declaration to autonomous inspection

“« > oG © .9

Fig.3: Inspection with localized images placed on the general arrangement plan of a vessel

With these several options, Seasam is a suite of Hardware that can adapt to the level of simplicity
necessary during the inspection, and to the level of precision that is required for the reports.

3.3. Notilo Cloud: The platform to exploit the whole extent of the collected data

Notilo Cloud is the perfect prolongation of the Seasam suite. Designed to valorise the data collected,
the videos recorded with the position are easily uploaded to the platform in order to be analysed.
Indeed, we built four classifiers trained with a 25000 images dataset enabling us to determine a
fouling score for each image, to evaluate the status of the coating, to identify the niche areas and to
categorize the images according to their visibility.
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0 = no fouling 1= micro-soft fouling 2 = macro -soft fouling 3 = hard fouling

Fig.4: Example of classification for the fouling algorithm

These classifiers are Convolutional Neural Networks for which we used transfer learning: it means
that they are pre-trained for classification tasks, and we added a few layers called the “Head” at the
exit to adapt it to our specific problems. The whole network has then been trained again with our
datasets in order to adjust the weights and to gain in accuracy. This design allows an accuracy of 90%
for coating status, Fig.5 (left), 90% for visibility evaluation, Fig.5 (right) and 97% for niche areas
identification, Fig.6.
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Fig.5: Neural net accuracy for coating status (left) and visibility evaluation (right)
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Fig.6: Neural net accuracy for niche area identification
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Concerning fouling, the accuracy is limited to 83% but the mistakes are concentrated on neighbouring
scores, Fig.7. After further review, we detected that 56% of these mistakes were due to human scoring
in the first place as the experts we integrated in our initial qualification process showed a lack of

consensus on the concerned frames.
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Fig.7: Mistakes concentrate on neighbouring scores
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At the end of inspections, the users upload their videos on Notilo Cloud. In the software are several

actions available:

- store all previous dives
- create a report
- share with relevant partners or customers.

The report generation consists in itself in several tasks and four different algorithms:

- Extract relevant frames from all inspection videos, with a visibility algorithm. Only images
actually showing the hull will be selected. After the frame extraction, a preprocessing algo-

rithm adapts the format of the data to make it compatible with the other classifiers.

- Render more precisely if the frame consists in a niche area, and in that case, which niche area

- Evaluate for each frame the level of fouling from 0 to 3

- Determine if any coating defect is present: painting defect or mechanical damage
- Link each frame to the corresponding location on the hull out of the raw dive data

All these actions lead to the creation of a report, with 30 hull sections that have color and information

on the status of each area, Fig.8.

This automatic evaluation enables us to better understand the status of the hull after inspection, to
identify the areas to prioritize during the next cleaning operation and to save much time because there
is no requirement for an expert analysis of the video as the results of our algorithms have already been
validated by experts. This first step permits the automatic edition of an inspection report in less than
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30 minutes - compared to 10 hours for traditional reports - which is far quicker, more cost-effective,
and more efficient than traditional inspection.
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Fig.8: Example of report with various hull section inspected and degree of fouling/ number of coating
defects

3.4. Notilo Cloud for any ROV source: opening data for all

Furthermore, in order to democratize the predictive maintenance of hulls and the understanding of
underwater assets, Notilo Plus has opened a stand-alone version of Notilo Cloud for any ROV, Fig.9.
It opens the use of our algorithms and autonomous report tool to anyone who performs underwater
inspections with any underwater camera (GoPro, ROV, ...). The main difference resides in the need
to declare directly on the platform the location of the different images. Classification and filtering of
all images is possible to have a closer look to all relevant frames of the video.
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Fig.9: Notilo Cloud
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4, Discussion

Currently, our solution appears as a great help for ClI as it helps to understand the origin of any
problem on the actual carbon consumption of the ships. Indeed, by indicating an overall fouling status
of the hull to the Ship Owners, Notilo Cloud helps them to optimize their cleaning operations in order
to keep the carbon (and GHG in general) emissions of their ships under control.

Our fouling algorithm is not yet fully compliant with BIMCO standards or other regulations for
invasive species control. BIMCO standards differentiate many types of fouling and various types of
coverage, Table I.

Table I: Fouling types according to BIMCO
Soft biofouling Hard calcareous biofouling
Micro | Macro Macro
Slime | Soft corals | Barnacles
Sponges Mussels
Hydroids | Tube wroms
Anemones | Bryozoa
Algae Oysters
Tunicates

2% 5% 10% 20% 30% 40%

50% 60% 70% 80% 90% 100%

Fig.10: Coverage

We have found it difficult to find experts able to converge in their classification of images between
various types of macro soft fouling and macro hard fouling. The experts had often diverging opinions
on classification.

We found that, for now the type classification (hard or soft, micro or macro) was sufficient, from an
operational point of view, to plan maintenance and cleaning action. We recommend that these official
classifications should not be overly precise, to account for the actual capabilities of experts to
differentiate between fouling types. Alternatively, a new and more complete dataset labeled by
experts should allow us to tackle this challenge.

The coverage of fouling in BIMCO standards is a way of classifying images from a human eye
perspective: i.e. looking at a frame, how scattered the fouling zones are, Fig.10. From an A.l.
perspective, and with the possibility of extensive classification of each and every image from a video
inspection, it becomes more relevant to use broader information, such as the actual severity of fouling
depending on the frames.
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We propose that international standards for underwater inspections use more precise, Al driven
framework for underwater hull inspections.

5. Conclusion

Notilo Cloud has been designed to fit with emerging regulations. It has already been identified by
many majors in the sector as a high-end tool to exploit the full extent of all the data that can be
collected during inspections. Moreover, combined with the Seasam solution, it offers a turn-key
solution for underwater hull inspection. Seasam solution is making possible quick, optimized, easy to
set up inspections, at lower cost than traditional inspection solutions. All these features make Notilo
Plus’ ecosystem a key set of tools to tend toward Green Shipping through predictive maintenance. In
other words, to make a step towards a sustainable activity while making savings.

As a versatile tool, that can be used anywhere in the world, from any data source, Notilo Cloud makes
possible intensive hull monitoring and management, bringing together all data sources and creating
predictive models for hull efficiency.

SEASAM
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Eco-friendly vessels & fuel savings
Long-term and better maintenance

\ management
e Monitoring of change over time and
%9 across multiple locations
e Bridge with fleet systems
e Predictive analysis and coating
of optimization

""" LOCAL SERVICE
PROVIDERS

Fig.11: A vision for integrated hull management

The scoring of 83% to 97% accuracy of our algorithm will continue to improve as the number of
inspections increase, and we foresee a future where inspectors will never have to spend more than 1
hour to produce a full hull inspection report, with a greater accuracy than any previous method. This
opens the door to efficiently scaling hull inspections, and better protecting our planet and our oceans.
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Abstract

Service Operation Vessels (SOVs) are purpose-built maintenance vessels that provide high accessibility
to far-offshore wind turbines, but they lack multitasking capabilities. Its daughter craft (DC) is a valu-
able asset for unplanned maintenance in the summer when it can operate safely, but it is often not
deployable during rough weather conditions. The main research question is: What are the deficiencies
of current DCs, and how can these access vessels be modified to operate year-round at far-offshore
wind farms? The results show that the current DC'’s deficiencies lie in its current operational require-
ments. Also, performance in oblique waves is currently riskiest since that is when there are higher
vertical accelerations or a combination of vertical and lateral accelerations. Furthermore, wave steep-
ness has significantly more effect on accelerations than wave height. Lastly, future DC designs should
be focussed on stable seakeeping performance during transfers rather than high-speed transit. An anal-
ysis into the seakeeping performance of four prototypes showed that it is feasible to increase the transfer
requirement from Hs < 1.5 m to 2.0 m < Hs < 2.5 m. The catamaran type DCs have a high potential to
realise year-round accessibility to far-offshore wind farms due to their resulting performance in oblique
wave conditions.

1. Introduction

With the known negative effects linked to the use of fossil fuels, it is becoming increasingly important
to switch to cleaner energy. Among many alternatives, wind farms are one of the most environmentally
feasible solutions to reduce greenhouse gasses when the entire lifecycle is assessed, Guezuraga et al.
(2012). Walsh (2019) reports that offshore wind farms in Europe are moving farther from shore. This
is because operators want to attain stronger and more stable wind resources, and due to depleting loca-
tions near the shore.

However, this trend makes it more challenging and expensive for wind farm operators to provide ser-
vice. The harsher weather conditions require offshore wind turbines to be maintained more frequently
than those situated onshore. Also, both the weather and the distance complicate the process of accessing
wind turbines. Shafiee (2015a) describes that the availability of offshore wind farms is in the range of
60% to 70%, while for onshore wind farms, it is typically between 95% to 99%.

1.1. Problem definition

The main adverse effect of the remoteness of far-offshore wind farms is the increased transit times from
ports, which decreases the time available for maintenance tasks and causes fatigue in technicians. A
common solution is to work from an offshore-based hub, such as a Service Operation Vessel (SOV).
SOVs are used primarily for calendar based (preventive) maintenance. This minimises the need for
unforeseen (corrective) maintenance but does not eliminate it. When an unforeseen event occurs, an
SOV is often occupied and cannot reach the defective turbine fast enough. So, the problem is that SOVs
are not flexible enough to carry out corrective maintenance next to preventive maintenance, and that
does not benefit wind farm availability.

Other access vessels can assist in the event of unforeseen events by transporting technicians from the
SOV or the shore. But with farms moving farther from shore, each solution becomes impractical for
reasons such as limited weather window, longer transit times and cargo capacity, making them less
suitable to access defective far-offshore turbines. In short, the accessing capabilities of smaller vessels
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are insufficient for far-offshore wind farms. If both problems persist, O&M operators will not be able
to repair a (sudden) turbine malfunction in time, leading to turbine downtime and high revenue losses.

1.1 Goal

The overall goal of this study is to improve accessibility to (defective) far-offshore wind turbines. Based
on the stated problems, (i) SOVs require new or improved subsystems to increase their multitasking
capability and (ii) its daughter craft (DC) shows the most potential to do so. Hence, this study aims to
confirm that DCs are the system-of-interest based on their capabilities and deficiencies and determine
what is required to resolve them. This is done by applying a Needs analysis, which is part of the Systems
Engineering approach by Kossiakoff et al. (2011), and consists of four steps: Operations Analysis, Func-
tional Analysis, Feasibility Definition, and Needs Validation. These steps start from section 4.

2. Scope of stakeholders

This study considered the stakeholders identified by Ahsan et al. (2018), who have a high interest in
and high power to influence the far-offshore activities: wind farm owners/investors, the turbine supplier,
the vessel supplier, and the O&M operator’s technicians. Either of the two first stakeholders can also
take on the additional role of O&M operator, whose primary interests are preserving turbine availability,
minimising costs and ensuring turbine accessibility. However, the two remaining stakeholders can have
conflicting interests with the O&M operator. First, the vessel supplier may require engineering and
design costs that the O&M operator is unwilling to pay. Second, it is paramount that the technicians
can work in a safe environment. Their safety imposes lower and upper limits to vessel performance and,
thus, accessibility. The TU Delft is an external stakeholder with high interest in such a project since
they wish to encourage and contribute to the energy transition but has low influence because they are
not involved in how business is done.

3. State-of-the-art access vessels

Accessibility is defined as the fraction of time when safe access to wind turbines is achieved, Shafiee
(2015b). To understand where the need for a new system comes from, it is first necessary to be familiar
with current access methods in offshore O&M.

SOVs are best suited for calendar-based maintenance due to their large weather window; access is pos-
sible up to Hs < 3.0 m. Their ability to accommodate 25-40 technicians onsite for extended periods
makes them more efficient due to reduced transit time. They are primarily used for preventive mainte-
nance but will be used for corrective maintenance if necessary.

Some SOVs are fitted with a DC. These are ship-based vessels used to send technicians to wind turbines
for corrective/preventive maintenance or to prepare the wind turbine before the SOV arrives. However,
these vessels are currently only operable in the summer due to their smaller weather window. Existing
DCs have been designed to transfer at Hs < 1.5 m since that is predominantly observed in their current
operational area, i.e. at wind farms situated closer to shore.

Crew Transfer Vessels (CTV) are similar to DCs but are much larger and port-based vessels. These are
used to cover the entire range of maintenance strategies. However, they are more suitable for offshore
wind farms located not far from the shore to limit transit times and avoid motion sickness. In literature,
they are occasionally mistaken for a DC. This study adheres to the following distinction: a CTV is an
independent vessel that always heads back to port at the end of the day while a DC is dependent on its
mothership, which launches, recovers, and stores it.

A Service Accommodation and Transfer Vessel (SATV) combines the capabilities of CTVs and SOVs.

They can also remain offshore for (less) extended periods, which reduces transit times and can cover
the entire range of maintenance strategies because they are meant for smaller wind farms.
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Lastly, helicopters are the only non-seaborne access vessel at an O&M operator’s disposal. They are
not limited by metocean phenomena but are mainly used for urgent corrective maintenance.

4. Operations analysis
This section defines the deficiencies in current systems and operational objectives of the new system.
4.1. Operational area

This study is limited to offshore wind farms located in the North Sea because most are currently located
there. The focus lies on the wind farms where offshore-based hubs (i.e. SOVs) are considered useful,
but accessibility has become an issue because they are either occupied or not fast enough to take care
of unplanned events. So, their operational area represents the operational area of the DCs. Two criteria
were used to select the wind farms.

The first criterion is the distance from shore. This plays a significant role when selecting a vessel be-
cause they must have sufficient range to reach and operate at these wind farms. Phillips et al. (2013)
estimated that the most cost-effective distance to implement offshore-based hubs, i.e. SOVs, is 35 nm
(65 km) from the port.

The second criterion is the number of wind turbines. An SOV can visit approximately six scheduled
turbines per day. With a yearly weather window of 90% an SOV can then be scheduled to service nearly
2000 turbines per year. Krause and Stead (2017) estimated that offshore wind turbines need to be visited
15 times per year for both scheduled service and troubleshooting. In that case, wind farms with at least
120 turbines are expected to properly occupy an SOV, which is this study’s benchmark.

There are three wind farms in the North Sea that meet these two criteria: Hornsea One, Gemini and East
Anglia Three. For conciseness, this paper will solely focus on the weather data from Hornsea One.

4.2. Operating conditions

Whether a turbine is accessible depends on the access vessel’s ability to navigate the ongoing weather
conditions. Specifically, wind speed, significant wave height and wave steepness predominantly affect
vessel seakeeping, MaTSU (2001). It should be noted that the performance of a majority of vessels is
characterised by significant wave height. However, since these phenomena all interact and influence
each other, it is doubtful whether a vessel’s operability can be determined using a single parameter,
MaTSU (2001). Because of the interaction, experience shows that vessels still occasionally fail during
conditions they were designed to handle. Here, wind speed was acknowledged but will not be consid-
ered a design criterion due to its minimal and indirect influence on the vessel and crew.

4.2.1. Significant wave height

Significant wave height (Hs) is defined as the mean height of the highest one-third of waves and is a
popular design criterion to determine a vessel’s operational limit, MaTSU (2001). Fig.1 shows the cu-
mulative occurrence of significant wave heights measured over 21 years at Hornsea One. This wind
farm observed Hs < 2.5 m for 90% of the time annually. Furthermore, the occurrences differ throughout
the seasons: 90% of waves in the summer are Hs < 2.0 m, while this increases to Hs < 3.0 m in the
winter. Overall, this graph gives an initial impression of how often a range of significant wave heights
is likely to occur. It is ultimately used to determine the theoretical weather window.

4.2.2. \Wave steepness
While H;s is a more popular parameter to determine a vessel’s operational limit, MaTSU (2001) consid-

ers wave steepness to be a better indicator because it determines the force upon a fixed or floating
structure, how it will behave and when waves are likely to break. Like Hs, wave steepness is linked to
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its location. Table | is a wave scatter diagram of the waves measured at Hornsea One. It indicates how
many waves correspond to a specific combination of Hs and peak period (T,). Where there is no data
implies that waves will break due to steepness.
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Fig.1: Measured wave data at Hornsea One (adapted from Stavenuiter (2009))

Wave steepness (S) is defined as the ratio between Hs and wavelength (A). However, wavelengths were
not included in the used weather database. According to Antdo and Soares (2016), the wavelength can
be calculated from the dispersion relation given in Eq.(1).

_gr? 2nd
A ="—tanh = ()

Where, g is the gravity acceleration, T is the wave period, and d is the water depth. Deepwater assump-

tions are applied since the ratio between wave heights and water depth is relatively large, which means
that ? > 1, Gerritsma (n.d.). Inserting the simplified Eq.(1) into the definition for wave steepness
gives Eq.(2). Applying Eq.(2) to the values in Table I shows that the majority of waves have S = 0.03
and that waves will mostly break when S > 0.05.

H, 2mH ,
Table I: Scatter diagram of sea states at Hornsea One (adapted from Jiao et al. (2018))
Significant wave height (Hs)
Hornsea 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 Sum
25 86 1 87 Steepess value
3.0 718 10 728 0.01
3.5 | 2885 | 203 No data here because waves 3088 0.02
40 | 5677 | 2910 9 break due to steepness 9596 0.03
= | 45 | 3624 | 9684 569 13877 0.04
% 5.0 | 3345 | 9069 | 6245 84 1 18744 0.05
2| 55 [ 2852 | 4963 | 9668 | 2379 33 19895 =0.06
2| 6.0 [ 2149 | 3690 | 5111 | 7415 | 1115 13 19493
?‘3 6.5 | 1867 | 3368 | 3847 | 4671 | 4040 | 422 1 18216
| 7.0 | 1466 | 2871 | 3038 | 2923 | 2596 | 1847 91 14832
7.5 934 | 2114 | 2235 | 2120 | 2136 | 1526 860 104 12029
8.0 954 | 2307 | 1749 | 1792 | 2157 | 1610 | 702 315 69 2 11657
85 894 | 2223 | 1531 | 1025 | 921 | 1408 | 619 151 66 36 8874
9.0 501 982 882 601 471 654 732 236 44 17 5120
Sum | 27952 | 45395 | 34884 | 23010| 13470 | 7480 | 3005 806 179 55 156236
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4.2.3. Prominent wave directions

The wind turbines of the reference farms have the boat loading oriented such that vessels encounter
head waves the most. This is because head waves are generally considered to induce the lowest re-
sponses. This is also beneficial because the chance of large roll motions is then minimised. Besides
head waves, there are other wave directions that are then encountered most frequently. For Hornsea
One, there are mainly head, beam and following waves.

4.3. Deficiencies

The SOV’s large weather window makes them ideal for upholding scheduled maintenance. However,
its primary deficiency is its capacity to provide maintenance for unforeseen events due to its low re-
sponse time. The SOV often cannot travel to a turbine far away because they are restricted by safety
regulations that state that the operator must reach a turbine within an hour when an emergency occurs,
and technicians need rescuing or medical treatment. SOVs can be equipped with DCs to increase their
multitasking capability for unforeseen events. But DCs have a much smaller weather window. With
offshore wind farms moving farther from the shore, the rougher weather conditions and sea states will
continue to restrict operators from utilising DCs because they lack performance, especially during the
winter season. CTVs have better access performance than DCs and are faster than SOVs. However,
since they operate from the port, the vast distances make them ill-suited for far-offshore applications.
SATVs are unsuitable because their functions are similar to that of an SOV, making them obsolete if
an SOV already operates there. The main deficiency of helicopters is that it is not able to transport many
technicians (usually 3-6) and cargo (usually less than 100 kg), Hu et al. (2019), especially large com-
ponents which the seagoing vessels are better capable of transporting.

4.4. The daughter craft is the system-of-interest

Solutions should be sought in increasing the SOV’s multitasking capability. This could be achieved by
improving one of the SOV’s existing subsystems, and the system-of-interest is the DC because:

» DCs are already useful in the summer when weather conditions are calmer.

» DCs have a relatively cheap day rate compared to SOVs (around €500, which is included in the
SOV’s charter rate of roughly €25.000 per day), so they are more accessible for a redesign.

» DCs are included in the charter rate; it is more convenient and efficient to use the already paid
vessels instead of hiring another access vessel.

» Altering a CTV to fit on and work from an SOV technically classifies it as a daughter craft.

» Even at lower speeds, the DC will reach the turbine faster than a CTV at top speed.

Since DCs are SOV-based, their overarching objective is to increase the multitasking capability of the
SOV assigned to far-offshore wind farms. These far-offshore locations are characterised by wave con-
ditions that are expected to induce extreme responses from existing DCs. So, the DC’s operational
objectives are deficiency driven. Based on the weather data from Hornsea One and the DC’s deficien-
cies, the main operational objective is “Allow access in 2.0 m < Hs < 2.5 m”. This applies to both the
transit and transfer phase, but it is mainly an enhanced objective with respect to the original transfer
requirement since existing DCs are already required to transit in Hs < 2.5 m with 25 knots.

Also, different phenomena are present during high-speed transits and zero-speed transfers. This makes
it hard to optimise a system towards both access phases. However, it was determined that 25 knots
should no longer be required as a design speed. Instead, it should become the desired top speed because
the (SOV-based) DCs are always closer to their destination than port-based access vessels.

5. Functional analysis

The second step of the Needs Analysis establishes whether there is a feasible and technical approach to
design a system that could meet the operational objective. The DC’s enhanced objective is essentially
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about improving seakeeping. Beukelman (1986) states that a ship’s behaviour in a seaway primarily
depends on its speed, main dimensions, and proportions. The second point of interest is the underwater
hull form parameters and the weight distribution, especially for fast semi-planing ships. A majority of
these points can be traced back to the hull, making that the DC’s component-of-interest.

5.1. Seakeeping analysis method

The analysis method is shown in Fig.2 and is similar to the approach by Tan (1995). The sea spectra
were defined using weather data, described in section 4.2, and three existing DCs were replicated digi-
tally. The resulting seakeeping performance (for heave, roll and pitch) at the bow transfer point was
obtained by applying Strip Theory through the software MAXSURF Motions. Evaluating the results
and the original operational requirements leads to a design assessment and operator guidance. Note that
the DCs were compared to each other based on ship performance priorities and not operational criteria.
The operator guidance segment does not include operability plots but rather demonstrates which DC
works best, given the set of responses to certain conditions. Also, since this step analyses existing DCs,
the design assessment feedback will be applied in section 6; where a reflection on the original DC will
lead to new DC designs.

... Feedback Section 6___ |
A A
Model of DC i—
Sections 5 & 6 MAXSURF RAOs and long Design Operator
Section 4.2 Motions term response assessment guidance
Seakeeping tool
Operational

requirements

Sections 5 & 7
Fig.2: Seakeeping performance analysis method (Adapted from Tan (1995))

5.1.1. Applicability of Strip Theory

Strip Theory is a linear, frequency domain approach to study seakeeping. In essence, it converts the
three-dimensional underwater hull into two-dimensional sections or strips, each of which has associated
local hydrodynamic properties (added mass, damping and stiffness), which contribute to the coefficients
for the complete hull, Lloyd (1998). In this case, it is expected to overestimate the resulting motions
because it neglects the effects of three-dimensional flow, viscosity and nonlinearities, Tezdogan et al.
(2014). Nevertheless, as argued by Keuning and Pinkster (1995), the linear approach may be justified
for the sake of comparison.

This is not the only way to study seakeeping, but the main advantage is that this method requires sig-
nificantly less computation time to produce seakeeping predictions compared to 3D methods. It is es-
pecially useful for including seakeeping in the early design analysis of alternatives and calculating mis-
sion operability, Smith and Silva (2017). Note that the reference DCs are not in an early design stage,
but the method is deemed valid for this study since it uses mock-ups that will be compared.

5.1.2. Daughter craft models

Mock-ups of a small, medium and large existing DCs were created with lengths of 10, 13 and 16 m,
respectively. These three were chosen to gain an insight into the capabilities of a range of DCs currently
available. These models were inspected visually and deemed to have a good resemblance to the confi-
dential line plans. Still, the results may deviate slightly from the actual motions of these vessels since
these mock-ups were not optimised through iterations. This is acceptable as these models serve to study
(hard chine) monohull behaviour in high waves. An example of one of the mock-ups is shown in Fig.3.
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Fig.3: Mock-up of medium DC

5.1.3. Input parameters

The radii of gyration were specified for roll, pitch and yaw. These are often estimated as a percentage
of the beam and length. The default settings in MAXSURF Motions correspond to widely accepted
values, namely 0.35B, 0.25L and 0.25L, Journée and Massie (2001), respectively. These values were
left unchanged since the real values were unknown.

The vertical centre of gravity depends on, among others, the location of the installed machinery, equip-
ment, fuel and number of passengers. Based on existing data, the vertical centre of gravity averaged
around 1.4 metres for all DCs.

Motion damping occurs because the oscillating hull radiates energy away from the ship in the form of
waves, Lloyd (1998). For most motions, Strip Theory makes a decent estimation of the damping factors
based on (potential) wave damping while neglecting the minimal viscous effects, Journée and Massie
(2001). However, viscous effects dominate the roll motion, while wave making is only a small portion
of the total roll damping coefficient, Journée and Massie (2001). So, the total roll damping coefficient
(v) must be specified to include viscous effects. The DCs were assumed to have a total roll damping
coefficient within the range of 0.15 and 0.20.

Possible wave angles (p) were grouped into five headings: following, stern-quartering, beam, bow-quar-
tering, and head waves; u=0°, u=45° u=90°, u=135° and pu = 180°, respectively. The groups are
still expected to give a complete impression of the resulting motions.

The JONSWAP spectrum was used to specify the wave spectra needed to simulate the various (irregu-
lar) sea states of the North Sea. Seven wave spectra were set up, which are based on current require-
ments and the weather conditions found at the reference farms, see Table Il. The labels were established
using the spectra characteristics.

The first spectrum (denoted by 10-3) resembles common and calm weather conditions; when it is gen-
erally safe to use DCs. In addition, there are three pairs of spectra, each with a specific significant wave
height: (i) Hs = 1.5 m; the current transfer requirement for DCs, (ii) Hs = 2.0 m; the objective’s lower
boundary, and (iii) Hs = 2.5 m; the objective’s upper boundary. Of the pairs, the first spectrum repre-
sents the steepest condition, and the second represents the most common for that wave height.

Table Il: Simulated wave spectra

Spectrum label 10-3 | 15-6 | 15-3 @ 20-5 | 20-3 @ 25-5 | 25-3
Significant wave height [m] 1.0 15 1.5 2.0 2.0 2.5 2.5
Peak wave period [s] 4.5 4 55 5 6.5 5.5 7

Steepness [-] | 0.03 006 | 003 005 003 0.05 0.03

5.2. Seakeeping assessment

This section discusses the resulting motions and accelerations that can be expected from the reference
DCs. This is presented as Response Amplitude Operators (RAOs) and long-term responses to (wind)
waves. For conciseness, only the medium DC’s graphs are shown here since it is referred to in later
sections, but all results will be discussed. The green-shaded histogram represents the common frequen-
cies observed at the reference wind farms. For an in-depth explanation, see Brans (2021).
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5.2.1. Resulting Response Amplitude Operators

RAOs are transfer functions that show how the vessels are likely to respond to waves at sea. Each mo-
tion has its own graph due to different mass, damping and stiffness coefficients, Bentley Systems (2014).
They are also independent of the significant wave height, de Jong (2011), because the heave RAQOs
were made non-dimensional against wave height, and the roll and pitch RAOs against wave slope. Here,
the encounter frequency is the same as the wave frequency due to zero-speed. Fig.4 shows the results.

4
= \ g& 2
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é \ ;CE 1
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0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
(Encounter) Frequency [rad/s] (Encounter) Frequency [rad/s]
a) Heave b) Roll

0 1 2 3 4 5 6 7

(Encounter) Frequency [rad/s]

¢) Pitch
Fig.10: RAOs of medium DC

For heave, the DCs have good performance. There is a small peak resonance in beam waves, but all of
the DCs’ natural frequencies are situated outside the common frequencies range. So, the chance that
DCs will experience heave resonance in beam waves during transfers is insignificant. In the event that
there are beam waves travelling with w = 2.5 rad/s, the large DC will experience the highest responses.

For roll, the response amplitudes of each DC are similar to one another; i.e. their maximum responses
are more or less equal. This is logical since all three DCs were given the same roll damping coefficients.
Most importantly, the graphs show how v = 0.20 leads to lower responses, which would be beneficial
during transfers. Also, the natural roll frequency of the small DC is approximately w, = 1.7 rad/s. This
is within the range of the common frequencies, but the chance that these waves will occur is meagre.
With w, = 2.1 rad/s and w, = 2.4 rad/s, the medium and large DC, respectively, have less chance to
experience resonance. Note that the response induced by stern-quartering waves is similar to the bow-
guartering waves due to zero-speed.

For pitch, following waves will induce the largest pitch rotations. This is because the flatter stern is less
suited to pierce waves compared to the bow. Also, all resonance peaks are located quite within the range
of expected encounter frequencies. But those of the medium and large DCs are closer to the frequently
observed wave frequencies. So, although the small DC has the highest amplitude, the natural frequen-
cies of the medium and large DC make them more unfavourable.
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5.2.2. Long-term responses to waves

The graphs in this section are comprised of the responses to the wave spectra given in Table I1. Together,
the results show how the DCs respond to wave conditions that are observed throughout the year. Each
set of results corresponds to v = 0.15 since the results for v = 0.20 were similar. The polar graphs display
the absolute motions and accelerations at the bow for all wave directions and spectra. Here, only the
graphs for the medium DC are shown.
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Fig.5: RMS absolute responses of medium DC; (a) Vert. motion, (b) Vert. accel., (c) Lat. accel.

The vertical motions at the bow, Fig.5a, show how much the bow moves. It includes all (three) motions
and depends on the wave spectrum and incoming angle. The highest motions are induced by head and
following waves. Also, higher wave heights increase the motion, while wave steepness increases the
motion further. There is little difference between the three DCs. Fig.5b shows that the highest vertical
accelerations at the bow are caused by following and stern-quartering waves. Also, steeper waves will
increase the accelerations, while a varying wave height seems to have relatively less effect. In addition,
the results for the “highest” steepness give an impression for the maximum observable accelerations.
This is because steeper waves do not exist due to wave breaking. Thus, accelerations are not expected
to exceed this limit either. When the motions are compared between DCs, they are reduced for the
medium and large DC. But the medium DC achieves the lowest accelerations in beam waves. Fig.5¢
shows the lateral accelerations at the bow of the medium DC. The large DC has comparable lateral
accelerations in all wave directions, but the small DC has the lowest accelerations overall. Again,
steeper waves increase the accelerations, while a varying wave height has relatively less effect.

5.3. Main observations
5.3.1. Performance at zero speed

Following, stern-quartering and beam waves induce the largest accelerations. In contrast to the studies
on vessels with a forward speed, the RAOs and long-term responses show that head waves seem to
cause the least or relatively fewer excitations when all (three) motions are considered. Thus, it is smart
to position the wind turbine’s boat landing to ensure these vessels encounter head waves the most. But
as discussed in section 0, waves from other directions are not significantly less likely to occur.

5.3.2. Effect of wave parameters

The wave steepness seems to increase the DC’s responses more than higher wave heights. This makes
sense looking at the rotational RAOs from section 05.2.1. These are made non-dimensional against
wave slope, which is a function of wave frequency, directly related to the wave period. So, the higher
the slope, the higher the response of the DC. This is also logical considering that an infinitely long wave
with any wave height will give minor pressure changes and low accelerations. Therefore, the combina-
tion of wave period, i.e. wave steepness, and wave height, should be considered, rather than wave height
alone, when deciding whether it is safe to deploy DCs.

5.3.3. Motions to be improved

Based on the RAOs of these reference DCs, the roll motion shall be prioritised for improvement since
it is the riskiest motion when there are oblique waves. Looking at the long-term responses, then there
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are sometimes low vertical accelerations, but lateral accelerations are high. After that, pitch is prioritised
due to its performance in waves from the aft. Heave will be investigated last. So, modifications will be
made based on the prioritised motions. For example, if a modification to improve heave will undermine
the roll response, it will not be implemented.

6. Feasibility definition

In the third step, a system’s feasibility is defined by how compatible it is with its interfaces which can
impose constraints. The interfaces included here are the SOV and the technicians. Technically, the wind
turbine is also an important interface. Although it is a highly relevant interface during transfers, it is not
considered here because it has more to do with fender type and material, which are excluded from this
study.

6.1. Size and weight constraints

The DC must be stored on the SOV. Although minimal changes are considered allowed, the general
arrangement of any SOV imposes limits to size and weight and will be heavily included to guide the
prototype’s design.

The ESVAGT FARADAY was selected as the reference SOV to determine size constraints because the
SOV’s superstructure does not surround its current DC. Fig.6 is a sketch of the surrounding area and
includes notable systems. In short, there is no room for a DC to expand in length because the fast rescue
craft cannot be placed elsewhere. There will be room in the width if the deck-crane and DC’s davit are
moved towards to centreline. Deducting the space needed for the DC’s davit leaves roughly 7.5 m
available in the width.

When the DC is being launched or recovered, the SOV’s davit lifts the DC by its hook. This means two
things for the DC: (i) it must have the structural integrity to be lifted by its hook, and (ii) its total weight
must be within the current davit’s lifting capacity of 14 t, https://www.redrock.no/portfolio/a-frame-
davit-rda/.
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Fig.6: Sketch of available deck space on ESVAGT FARADAY
6.2. Habitability constraint

An operable DC will be able to reach the turbine and stay there, but a habitable vessel will have limited
excitations to allow the technicians to transfer safely to the wind turbine. If a vessel is mainly operable,
the motions are within an acceptable range for the vessel itself, but a wrongly timed move could cause
injury to the technicians. So, because human comfort and safety have a crucial role in a DC’s operabil-
ity, habitability will define the limits as to how a vessel should respond to waves.

Phillips et al. (2015) state that there is little experience and consensus for the limits of vessel motion
for transfers but point out that the vertical and horizontal acceleration limits should at least be lower
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than the values for transit. Specifically, they suggest that the thresholds at the wheelhouse should be 0.5
m/s? for vertical acceleration, 0.4 m/s? for horizontal acceleration and predominantly zero at the transfer
point. It is uncertain how feasible these values are in practice, especially for the relatively small DC
that cannot guarantee a low frequency of slip in high waves. Therefore, this study does not consider the
proposed thresholds as a constraint but as a goal.

6.3. Physical characteristics of prototypes

Many solutions have emerged from extensive research in the field to improve seakeeping performance.
To summarise, seakeeping can be improved by:

() modifying the hull dimensions and proportions, Tan (1995), Keuning and Pinkster
(1995,1997), Ozuim et al. (2011),

(i) applying a more suitable hull type or bow shape, Belga et al. (2018), Jupp et al. (2014),
Keuning and Gelling (2007), Keuning et al. (2001)),

(iii)  adding stabilisation devices, Tan (1995), Yang et al. (2019), Irkal et al. (2019), Liang et al.
(2017).

However, this study excludes stabilisation devices because analysing their influence requires other and
higher fidelity methods. Furthermore, these can be added later in the design process.

Ultimately, two different hull types were selected to be tested, namely a monohull and a catamaran.
Furthermore, two versions of those two hull types were generated to understand the effects of changing
certain parameters, especially since most of the modifications are based on results obtained for (much)
larger vessels. These prototypes were made based on the priority to improve roll motions, as stated in
section 5.3.3. The new DCs and their characteristics are summarised in Table I1l. Note that no attempt
was made to seek optimum designs in this step because the aim was establishing the feasibility to meet
the set of operational objectives, Kossiakoff et al. (2011). Furthermore, all new DC models were fitted
with an Axe bow to reduce heave and pitch motions. So, the difference between Monohull 1 and the
parent hull, for example, is not only due to the decreased metacentric height (GM). Still, the following
analysis will isolate the effects of all the modifications.

7. Needs Validation

The resulting performance is evaluated against measures of effectiveness (MOE). The transfer thresh-
olds (given in section 6.2) were deemed too idealistic to be feasible, especially for far-offshore wind
farms that frequently observe rough weather conditions. So, the new DCs are evaluated against the
parent hull, whose performance (shown in section 5.2) represents the MOE. The results were obtained
using the same method described in section 5.1.

7.1. Response Amplitude Operators

Table I11: Physical characteristics of DC models
Parent hull Monohull 1 | Monohull2 | Catamaran 1 | Catamaran 2

(Medium DC) (M1) (M2) (C1) (C2)
Main differences NA. Smaller GM | Larger beam | New hull type Small
clearance
Bow shape Sharp bow Axe bow Axe bow Axe bow Axe bow
Waterline length 12.39m 13m 13m 13m 13m
Waterline beam 3.68 m 3.67m 4.27Tm 7.10m 4,70 m
Demihull width NA. NA. NA. 1.60 m 1.60 m
Draught 0.85m 1.22m 1.22m 141m 1.41m
GM 1.92m 0.80 m 1.90 m 11.83m 3.38m
LCB 558 m 549 m 5.69m 6.248 m 6.248 m
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The effectiveness of the DCs was analysed by normalising the area under their RAOs with respect to
that of the parent hull, Figs.7 to 9. This gives a better indication of how the RAOs change in certain
wave conditions. Note that an effectiveness level under 1.0 indicates a better performance than the
parent hull because the RAO area is lower. Although all five waves directions were studied, only the
results for beam waves are shown here for conciseness. All results can be found in Brans (2021).

7.1.1. Heave

Compared to the parent hull, the monohulls’ natural frequencies (i.e. resonance peaks) in beams waves
moved closer to the peak of common wave frequencies. This shift is presumably due to the Axe bow
since the response from M1 and M2 are similar. So, the Axe bow seemed to have changed the secondary
parameters such that natural frequency is lowered. Still, according to Fig.7, which shows the level of
effectiveness, their absolute responses are generally similar to that of the parent hull; only at higher
frequencies is there a notable improvement compared to the parent hull.
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Fig.7: Effectiveness of heave in beam waves

Also, the new monohulls perform poorer than the parent hull in waves from the aft. The catamarans
show a much larger resonance peak at their natural frequency in beam waves. Although it is positioned
outside the range of expected encounter frequencies, Fig.7 shows how the heave response to beam
waves is always higher than the parent hull and the new monohulls. The same goes for the other wave
directions. In short, all DCs match for the first range of frequencies. As the frequencies rise, the cata-
marans show the poorest performance while the monohulls are mostly comparable to the parent hull.

7.1.2. Roll

The roll damping coefficient of the catamarans was calculated to be v = 0.20. So, the effectiveness was
evaluated for this value. The monohulls have the same resonance amplitude as the parent hull. However,
M1 has a lower natural frequency than the parent hull and M2. So, it is presumed that the shift is due to
a lower GM and not the Axe bow. Moreover, it is fairly in the range of wave frequencies expected to
occur often, which is a considerable disadvantage. Fig.8 confirms this: M1 matches the rest of the DCs
in the first frequency range but is the worst at other common frequencies. So, M1 would be ill-suited to
use at Hornsea One, where beam waves frequently occur. The roll response from M2 is similar to the
parent hull. Besides a slightly decreased amplitude after the resonance peak, the roll RAOs are unaf-
fected by a wider beam. The resonance amplitude from both catamarans is significantly lower than the
parent hull: C1 and C2 reduced the amplitude by roughly 50% and 18%, respectively. Moreover, C1’s
natural frequency shifted farther from the frequency spectrum’s peak, while C2 shifted closer to it. So,
C1 is most effective in reducing the roll motions in all (oblique) wave directions, especially in beam
waves.
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7.1.3. Pitch

The pitch response from both monohulls is nearly identical to that of the parent hull. Fig.9 confirms this
for the common frequencies and most wave directions. This was anticipated since modifying the Axe
bow and shifting the LCB are known to have little effect on pitch. The LCB of M1 even moved back-
wards, but the (negative) effect is not large. Also, it seems that the positive LCB shift of M2 was not
large enough for there to be a notable reduction.
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Fig.9: Effectiveness of pitch in beam waves
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The natural frequencies of the catamarans shifted farther from the frequency spectrum’s peak. Accord-
ing to Gutsch et al. (2020), this is what lowers vessel motions. So, although the absolute pitch response
in stern-quartering waves is higher than the monohulls, the natural frequency shifted to a more favour-
able position. Furthermore, the resonance amplitude in following waves was reduced as well. It seems
that the catamarans” LCB was moved forward enough for it to (positively) affect pitch. Fig.9 shows that
catamarans performed best in beam waves, except in the high (but uncommon) frequencies. They also
performed best in following and stern-quartering waves. Only in waves from the front did they perform
slightly worse than the monohulls for all frequencies. Considering that head waves occur the most due
to the boat landing’s orientation, catamarans would then not immediately be the vessel of choice.

7.2. Long-term response

Fig.10 shows the prototypes’ effectiveness in terms of vertical motions and accelerations and lateral
accelerations. Table 111 defines the colour codes. For conciseness, it only contains results from three
wave conditions.

7.2.1. Vertical motions and accelerations

The monohulls have nearly identical responses to the various wave spectra. Just like the parent hull, the
highest response is induced by head and following waves. The catamarans show larger motions for all

wave directions. This alone does not indicate that the catamarans are less safe, but the accelerations are
higher as well. However, their accelerations in longitudinal waves are very similar to the monohulls.
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The difference found here corresponds to the results found by the RAOs; the catamarans also had a
higher response to quartering and beam waves compared to the monohulls.
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Fig.10: Long-term effectiveness

7.2.2. Lateral accelerations

In this case, the parent hull has the largest accelerations. The lowered GM of M1 significantly reduces
the lateral accelerations to near-zero levels, and at first glance, this is the ideal response. This reduction
was expected because a smaller GM leads to a smaller righting arm, which slows down the roll period.
However, an analysis into static stability showed that the GM of M1 is so low that it will already tend
to capsize at a heeling angle of 15°-20°. So, M1 is deemed unpractical and will not be promoted for far-
offshore use. M2 has the same GM as the parent hull and a wider beam. The accelerations were cut in
half, but a wider beam was not as “effective” as a lowered GM. This corresponds with the conclusions
by Gutsch et al. (2020). Both catamarans also have significantly reduced accelerations. Those of the
guartering waves are even reduced with a greater scale. C1 has the lowest accelerations among the two,
so the larger clearance is more effective in lowering the lateral accelerations; the same conclusion was
drawn for the RAOs.

7.3. Overview of best-performing daughter craft

This section summarises the results in Table 1V by presenting which model performed the best for
various seakeeping parameters. Specifically, three points were considered to determine which DC
(type) is most useful at the reference farms: the most prominent wave directions (section 0), the notion
that the response should be as low as possible (to meet the ideal seakeeping criteria for transfers given
in section 6.2) and the estimation of their intact stability (excluded in this paper).

In short, the monohulls are suitable if only head waves are considered. Once other wave angles are
included in the analysis, catamarans start to outperform the monohulls. The new monohulls also had
poorer transverse stability than the parent hull. Still, there are occasions when the catamarans are
slightly inferior, i.e. heave and vertical responses. However, these DCs were simulated to be floating
freely. The heave results could perhaps improve when the interaction with the boat landing is included
in the analysis.
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Table 1V: DCs best suited for combinations of seakeeping and wave direction

Head Beam Stern-qtr. Following
Heave RAO Monohulls Monohulls Parent hull Parent hull
Roll RAO C1 Catamarans
. Parent hull and
Pitch RAO Catamarans Catamarans Catamarans
monohulls
Vertical bow
response Parent hull Monohulls Monohulls Monohulls
Catamarans
(matched
Lateral bow Catamarans threshold in
response
common steep-
ness)

8. Conclusions

The seakeeping performance of existing DCs was analysed to determine where the deficiencies lie and
what could be done to resolve them. The first notable deficiency of current DCs stems from their oper-
ational requirement to transfer in Hs < 1.5 m. As a result, DCs will have a low accessibility rate in areas
frequented by higher significant wave heights, which undermine their value for far-offshore applica-
tions. The second deficiency is that they are required to achieve a high speed of 25 knots in transit when
the emphasis should be laid on safe transfer conditions. This is due to their closer proximity to the wind
farm than port-based O&M access vessels. For existing DCs already under a charter-contract, it is rec-
ommended to refit them with motions stabilisation devices to improve their seakeeping performance at
zero-speed. For future DCs meant to operate far offshore, this paper recommends requiring them to be
able to access wind turbines in 2.0 m < Hs < 2.5 m to realise year-round access while considering the
effects of wave steepness. Various combinations of solutions were analysed to establish the access re-
quirement’s feasibility while focusing on the transfer phase. No prototype had improved responses in
all conditions. But overall, the prototypes outperformed the parent hull for a majority of conditions.
Moreover, the catamaran DC have a high potential to realise year-round accessibility to far-offshore
wind farms due to their performance in oblique waves. Lastly, it is believed that accessibility can be
improved further if the wind turbine facilitates the daughter craft during transfers. But this solution is
more suited for wind farms still in the development phase.
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Abstract

Diesel engines will remain a fundamental component of propulsion systems due to their maturity,
reliability, and power density. Building Digital Twins of the propulsion system is one feasible solution
to pursue the optimal propulsions system operation, estimating system states and efficiency. This work
will investigate a modelling approach that combines high accuracy while satisfying real-time prediction
capabilities by coupling a physics-based model with a data-driven modelling approach. We will
demonstrate that the proposed hybridisation framework can provide state-of-the-art prediction
capabilities in real-time, utilising operational data from a turbocharged, four-stroke medium-speed
diesel engine.

1. Introduction

In recent years the maritime industry is confronted by several challenges, including volatile bunker
prices, Garcia-Martos et al. (2013) that affect cargo transportation costs and the shipowners’
competitiveness and viability of their operations, and strict regulations to limit emissions and their
environmental impact to reduce CO; emissions from shipping by 40-50%, European Commission
(2013a). As aresult of this combination, the issue of energy efficiency and environmental sustainability
of maritime operations is currently prioritised in the maritime industry, with shipowners and operators
adopting measures to lower fuel consumption and associated emissions, and researchers studying
innovative technologies and methods that can increase the environmental efficiency and cost-
effectiveness of ship operations.

Propulsion system design is facing the challenge of continuously rising complexity to satisfy these
demands. However, energy efficiency should not only be a design issue but also be preserved in
operation. In pursuing the optimal propulsion system operation, estimating system states and efficiency
is of great importance. In this respect, building a Digital Twin (DT) of the propulsion system that
coexists during operation, providing predictions and offering insight into the operation, is one feasible
solution. A critical requirement for the DT is the need for a modelling approach that can precisely reflect
the characteristics intrinsic to the propulsion plant and precisely predict the state of its physical
counterpart under all operating conditions in real-time, as reported in Bondarenko and Fukuda (2020).
Main engines are the main factors of energy loss and emission production on-board and will remain an
unavoidable part of propulsion systems due to their maturity, reliability, and power density, Baldi et al.
(2014, 2015). Diesel engine (DE) modelling has evolved over the years, and various types of models
can be found in the literature, with varying degrees of computational complexity and prediction quality.
Most widely employed are Mean Value Engine Models (MVEMSs), Guan et al. (2014), Grimmelius et
al. (2010); Geertsma et al. (2017), which provide adequate accuracy in the prediction of most engine
parameters while being computationally cheap, and zero-dimensional (OD) models that operate on per
per-crank basis, allowing the calculation of parameters of the gas within the engine cylinders as reported
in Sapra et al. (2020), Catania et al. (2011), Asad et al. (2014).

Suppose the requirements for a modelling approach include real-time prediction of the main engine
performance parameters with a high degree of accuracy. In that case, neither MVEM nor 0D models
are applicable due to moderate prediction capabilities (MVEMS) and computational time requirements
(0D models). More sophisticated approaches, with respect to MVEMs and 0D, are one-dimensional
(1D) and three-dimensional (3D) models that operate on a per-crank basis, Merker et al. (2005). These
approaches are more computationally demanding compared to MVEMSs. However, they can predict the
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detailed gas processes inside the cylinders with higher accuracy, Mohammadkhani et al. (2019). Several
attempts to combine MVEM and 0D, 1D, or 3D models have been proposed, enhancing the predictive
abilities of MVEMSs with lower computational requirements than their 0D, 1D, or 3D counterparts, as
suggested by Livanos et al. (2007) and Ding et al. (2010). For instance, Baldi et al. (2015) combined
MVEM and 0D models to investigate the propulsion behaviour of a Handymax-size product carrier
under constant and variable engine speed operations. PMs can adequately capture most process
parameters of a DE under a broad range of operating conditions. However, there is a clear trade-off
between accuracy and computational requirements. The most accurate 3D models cannot run in real-
time, whereas MVVEMSs lack accuracy, especially during transient operations.

DDMs have been successfully applied in a variety of maritime applications, provided that the necessary
quality and quantity of historical data is available, as reported in Coraddu et al. (2017,2019a,2019b,
2020,2021a,2021b) and Cipollini et al. (2018a, 2018b). For instance, Nikzadfar and Shamekhi (2014)
developed an Artificial Neural Network (ANN) to study the relative contribution of several operating
parameters to the performance of a DE. The ability of ANNSs to predict performance parameters of a
DE was also demonstrated in Ozener et al. (2013) to predict a variety of performance parameters and
emissions. A hydrogen dual-engine for automotive applications was the case study of Syed et al. (2017):
ANNSs proved to be highly efficient to predict specific fuel consumption and a variety of emissions.

HMs are a pretty recent modelling approach, especially in the maritime field, and just very few works
showed the advantages of a hybrid approach regarding pure PMs and DDMs, as reported in Coraddu et
al. (2018, 2021a) and Miglianti et al. (2019, 2020). For instance, Coraddu et al. (2017) show that it is
possible to predict fuel consumption with HMs effectively. Moreover, Coraddu et al.(2018, 2021a)
attempted to model the engine exhaust gas temperature with HMs under steady-state and transient
conditions. Mishra and Subbarao (2021) compared the performance of a PM, a DDM, and an HM to
predict dynamic combustion control parameters of a Reactivity Controlled Compression Ignition engine
across five engine loads. The parameters included the start of combustion, the 50% mass fraction burnt
crank angle, and combustion peak pressure. The authors compared the model predictions with measured
data from experiments, concluding that the prediction capability of the HM was far superior to the DDM
and PM across all parameters. Bidarvatan et al. (2014) developed an HM to predict several performance
parameters of Homogeneous Charge Compression Ignition (HCCI) engines. Namely, the 50% mass
fraction burnt crank angle, the indicated mean effective pressure, exhaust temperature, and
concentration of CO, total unburned hydrocarbons and NOx. The proposed HM combined a PM and 3
ANNSs, designed to minimise computational time requirements. The authors compared the predictions
of the proposed HM with experimental data at 309 steady-state and transient conditions for two HCCI
engines concluding that the HM offered approximately 80% better accuracy compared to the PM, or
60% compared to the DDM.

The amount of literature available on the HMs is limited, as this is a relatively new research field.
Moreover, focusing on the marine DE applications, a consistent and clear description of a modelling
framework for marine DEs able to hybridise PMs and DDMs is not yet readily available.

This work will investigate a modelling approach that combines high accuracy whilst satisfying real-
time prediction capabilities by coupling a physics-based, low-computational MVEM with a Data-
Driven model. We will demonstrate that combining these two approaches in a hybrid modelling
framework can provide state-of-the-art prediction capabilities in real-time, utilising several months of
operational data from a turbocharged, four-stroke medium-speed DE. With this in mind, first, a 0D DE
model, already available in Kalikatzarakis et al. (2021), is briefly described. Subsequently, different
DDMs will be developed, tested, and compared. These models will leverage the information
encapsulated in historical data to produce accurate predictions on a set of performance parameters of
the DE. Finally, we will present the hybridisation framework where HM will be proposed, leveraging
on both the DDM and the PM previously developed. The authors will showcase the performance in
terms of accuracy, reliability, and computational requirements of the HM, demonstrating the superiority
of the proposed hybridisation framework on a comprehensive dataset containing operational data from
a marine DE for a time of approximately three years.
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2. Physical Models

In this section, we report an overview of the DE modelling approach for the sake of completeness. A
more detailed explanation and the validation results are available in Kalikatzarakis et al. (2021). The
vessel’s DEs have been modelled utilising a modular approach. Inputs include the geometric data of the
engine, the intake and exhaust valves profiles, the compressor and turbine performance maps, the waste
gate geometric and control details, the constants of engine sub-models (combustion, heat transfer and
friction), the engine operating point (load/speed), and the ambient conditions. Initial conditions are
required for the temperature, pressure and composition of the working medium contained in the engine
cylinders, pipes, and receivers. The engine scavenging air and exhaust gas receivers are modelled as
flow receiver elements (control volumes), whereas flow elements represent the compressor, air cooler,
cylinders, and turbine. The engine boundaries are modelled using fixed fluid elements of constant
pressure and temperature, and shaft elements are utilised to compute the rotational speed of the
turbocharger and crankshaft. The governor of the engine is responsible for adjusting the fuel rack
position and incorporates the appropriate fuel rack limiters. Finally, air and exhaust gas properties are
dependent on temperature, fuel-air equivalence ratio and composition. For the calculation of the exhaust
gas composition, oxygen, nitrogen, carbon dioxide and steam were considered. All flow elements are
modelled using the open thermodynamic system concept of Watson and Janota (1982) and Heywood
(1988), and use as inputs the pressure (p), temperature (T), and the properties of the working medium
contained in the adjacent elements. Subsequently, mass (1) and energy flow rates entering and exiting
each element are computed by applying the mass and energy conservation laws. These flow rates are
further provided as inputs in the adjacent flow receiver elements, whereas torque outputs are utilised as
inputs in the shaft elements. The latter, through the angular momentum conservation, compute the
rotational speeds of the turbocharger (w;.) and propulsion plant shafts. The compressor is modelled
using its steady-state performance map, estimated utilising the method proposed by Casey and Robinson
(2013), whereas the turbine is modelled using its swallowing capacity and efficiency map. Moreover,
the pressures losses occurring in the air cooler and air filter are dependent on the air mass flow rate, as
is the air cooler effectiveness. No heat transfer is considered in the model of the scavenging air receiver,
whereas the transferred heat to the ambient from the gas in the exhaust gas receiver is calculated from
the overall heat transfer coefficient, using a Nusselt-Reynolds number correlation for gas flowing in the
pipes according to Rohsenow and Hartnett (1988). Moreover, pressure losses in the exhaust gas receiver
are dependent on the exhaust gas mass flow rate. The in-cylinder process is described by a two-zone
zero-dimensional model as in Merker et al. (2005). This type of model operates on per crank-angle
basis, using the mass and energy conservation equations, along with the gas state equation, which are
solved in their differential form, so that the parameters of the gas within the engine cylinders and
manifolds, such as pressure, temperature and gas composition can be calculated. Combustion is
modelled through a two-zone model, considering a zone containing the combustion products and an
unburned mixture zone according to Merker et al. (2005). The Woschni heat transfer model, originating
from Woschni (1967), and employed extensively in various studies, is utilised to compute the in-
cylinder gas to wall heat transfer coefficient, Merker et al. (2005). According to the Vibe model, the
heat release rate is simulated, as described in Merker et al. (2005). The combustion products are
evaluated utilising the method of Rakopoulos et al. (1994), due to its minimal computational time
requirements and reasonable agreement with experiments: for the burning zone, given its volume,
temperature, mass of fuel burnt and mass of air entrained, the concentration of each gas composition
species discussed in Kalikatzarakis et al. (2021), can be evaluated by solving an 11 x 11 non-linear
system obtained from 7 non-linear equilibrium equations and 4 linear atom balance equations. Thermal
NO has been evaluated according to the extended Zeldovich mechanism, for which the reaction rates
were selected according to Hanson and Salimian (1984).

3. Hybrid Models

This section will introduce our hybridisation framework, starting from a formal description of the
DDMs.
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3.1. Data-Driven Models

To develop a fast yet accurate dynamic model of a four-stroke marine DE, a general modelisation
framework is here defined, characterised by an input space X € R¢, an output space Y S RPand an
unknown relation u: X — Y to be learned, Shalev-Shwartz and Ben-David (2014), Hamilton (2020). In
this work, X is composed by the measurements available from the engine monitoring system (see
Section 4), while the output space Y refers to the target features accounting for the engine fuel
consumption 7y, turbocharger rotational speed N, turbine outlet temperature T;,,; and exhaust
manifold temperature T,,.. We define the model h: X’ — Y as an artificial simplification of x. The model
h, as described in Section 1, can be obtained with different kinds of techniques, for example, requiring
some physical knowledge of the problem, as in PMs (see Section 2), or the acquisition of large amounts
of data, as in DDMs or using both information (see Section 3). Between the DDMs, it is possible to
identify two families of approaches, Shalev-Shwartz and Ben-David (2014). The first one, comprising
traditional Machine Learning (ML) methods, needs an initial phase where the features must be defined
a-priori from the data via feature engineering or implicit or explicit feature mapping, Shawe-Taylor and
Cristianini (2004). The second family, which includes Deep Learning (DL) methods, automatically
learns both the features and models from the data, Goodfellow et al. (2016). For small cardinality
datasets and outside particular applications (e.g., computer vision and natural language processing), DL
does not perform well since they require a large amount of data to be reliable and to outperform
traditional ML models, Wainberg et al. (2016). In the ML, the above-mentioned can be easily mapped
in a typical regression problem, Vapnik (1998). In fact, ML techniques aim at estimating the unknown
relationship p between input and output through a learning algorithm A4 which exploits some
historical data to learn h and where H is a set of hyperparameters that characterises the generalisation
performance of A, Oneto (2020). The historical data consists of a series of n examples of the
input/output relation p and are defined as D,, = {(x1,¥1),**, (X, V)} Wherex € X and y € Y.

This paper will leverage ML models from the Kernel Methods family called Kernel Regularised Least
Squares (KRLS), Vovk (2013). The idea behind KRLS can be summarised as follows. During the
training phase, the quality of the learned function h(x) is measured according to a loss function
?(h(x),y), as reported in Rosasco et al. (2004), with the empirical error

R 1\
La() =2 > £(h(x, 3. ®
i=1

A simple criterion for selecting the final model during the training phase could then consist of simply
choosing the approximating function that minimises the empirical error L, (h). This approach is known
as Empirical Risk Minimisation (ERM), Vapnik (1998). However, ERM is usually avoided in ML as it
leads to severe overfitting of the model on the training dataset. As a matter of fact, in this case, the
training process could choose a model complicated enough to perfectly describe all training samples
(including the noise, which afflicts them). In other words, ERM implies memorisation of data rather
than learning from them. A more effective approach is to minimise a cost function where the trade-of
between accuracy on the training data and a measure of the complexity of the selected model is
achieved, Tikhonov and Arsenin (1979), implementing the Occam’s razor principle

h*: mhin L,(h) + AC(h). 2

The best-approximating function h* is chosen as the one that is complicated enough to learn from data
without overfitting them, where C(-) is a complexity measure: depending on the exploited ML approach,
different measures are realised. A € [0, o) is a hyperparameter, that must be set a-priori and is not
obtained as an output of the optimisation procedure: it regulates the trade-off between the overfitting
tendency, related to the minimisation of the empirical error, and the underfitting tendency, related to
the minimisation of C(-). The optimal value for A is problem-dependent, and tuning this hyperparameter
is a non-trivial task, as will be discussed later in this section. In KRLS, models are defined as

h(x) = wle(x), @)
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where ¢ is an a-priori defined Feature Mapping (FM) as reported in Shalev-Shwartz and Ben-David
(2014), allowing to keep the structure of h(x) linear.

The complexity of the models in KRLS is measured as
C(h) =l w I3, (4)

i.e., the Euclidean norm of the set of weights describing the regressor, which is a standard complexity
measure in ML, Vovk (2013). Regarding the loss function, the square loss is typically adopted because
of its convexity, smoothness, and statistical properties, as shown in Rosasco et al. (2004)

n n
- 1 1
La(W) == 2(hGx),y) == > Th(x) = yil? ©)
i=1 i=1
Consequently, problem (2) can be reformulated as
n
wimin ) Wl () - yil? + Al w I (6)
w

i=1
By exploiting the Representer Theorem, Schélkopf et al. (2001), the solution h* of the problem (6) can
be expressed as a linear combination of the samples projected in the space defined by ¢

n

R0 =) @) o). ™
i=1

It is worth underlining that, according to the kernel trick, it is possible to reformulate h*(x) without

explicit knowledge of ¢, and consequently avoiding the curse of dimensionality of computing ¢, by

using a proper kernel function K (x;, x) = @(x))T@(x)
n

B0 = ) k(0. ®)
i=1

Several kernel functions can be retrieved in literature, such as those reported in Schélkopf (2001) and
Cristianini and Shawe-Taylor (2000), each with a particular property that can be exploited the problem
under exam. Usually, the Gaussian kernel is chosen

K(x;, x) = e~ Ylxi=xI”, (9)
because of the theoretical reasons described in Keerthi and Lin (2003) and Oneto et al. (2015), and
because of its effectiveness as reported in Fernandez-Delgado et al. (2014) and Wainberg et al. (2016).
y is another hyperparameter that regulates the solution’s nonlinearity that must be tuned, as explained
later. The Gaussian kernel can implicitly create an infinite dimensional ¢ and thanks to this, the KRLS
can learn any possible function, Keerthi and Lin (2003). The KRLS problem of Eq. (6) can be
reformulated by exploiting kernels as

t:min |l Qu—y II°+ M7 Qq, (10)
L

wherey = [yy, ..., ypl”, t = [1g, ..., 1,,]7, the matrix Q such that Q; ; = K (x;, x;), and the identity matrix
I € R™™, By setting the gradient equal to zero w.r.t. ¢ it is possible to state that

Q@+ AD =y, (11)
which is a linear system for which effective solvers have been developed over the years,
allowing it to cope with even very large sets of training data, Young (2003).

3.2. Model Selection and Error Estimation

The problems that still must be faced are how to tune the hyperparameters (A and y) and estimate the
performance of the final model. Model Selection (MS) and Error Estimation (EE) deal precisely with
these problems, Oneto (2020). Researchers and practitioners commonly use resampling techniques
since they work well in most situations, and therefore we will exploit them in this work. Other
alternatives exist based on the Statistical Learning Theory, but they tend to underperform resampling
techniques in practice, as demonstrated by Oneto (2020). Resampling techniques are based on a simple
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idea: the original dataset D,, is resampled once or many (n,) times, with or without replacement, to
build three independent datasets called learning, validation and test sets, respectively £}, VJ, and 7,7,
with r € {1,--,n,.} such that
LNV =, L nTT =,V nT" =@, L] UV, UT = D,. (12)
Subsequently, to select the best hyperparameters’ combination H = {A, y} considering a set of possible
ones £ = {1, #,, --- } for the algorithm A or, in other words, to perform the MS phase, the following
procedure must be applied:
ny
* [ r r 13
J:argmin Z M(Age (L1, Vy), (13)
‘r'=
where h = A4 (L]) is a model built with the algorithm A with its set of hyperparameters A and with
the data £, and where M (h, V})) is a desired metric. Since the data in £ is independent of the data in
V), H* should be the set of hyperparameters that allows achieving a small error on a data set that is
independent of the training set. Then, to evaluate the performance of the optimal model, which is h’; =
Aq+(D,,) or, in other words, to perform the EE phase, the following procedure must be applied:

nr
1
M) = — > M(Ase- (6] U V), T (14)
"r=1

Since the data in £] N V; are independent from the ones in 7;", M(h};) is an unbiased estimator of the
true performance, measured with the metric M, of the final model, Oneto (2020). In this work, we will
rely on Complete k-fold cross validation, which means setting

n
N n n
nrs(2)<”kk>,l=(k—2)E,v=t=E, (14)

and resampling without replacement. Note that, in our application, we have a further constraint in terms
of dependence in time between the samples. For this reason, when resampling the data form D,,we keep
data of different periods in L], V;, and T;"As reported in Hamilton (2020). For what concerns the
applied metric M, we will rely on the Mean Absolute Error (MAE), the Mean Absolute Percentage of
Error (MAPE), and the Pearson Product-Moment Correlation Coefficient PPMCC according to Willmott
and Matsuura (2005). Since in regression, it is pretty hard to synthesise the quality of a predictor in a
single metric, we will also rely on visualisation techniques like the scatter plot and histograms, Shao et
al. (2017).

3.2. Hybrid Models

In this section, we depict a framework able to consider both the physical knowledge about the problem
encapsulated in the PMs of Section 2 and the information hidden in the available data as the DDMs of
Section 3.1. For this purpose, we will start from a simple observation: an HM, based on the previous
observation, should learn from the data without being too different or too far away from the PM. From
the Data Science and ML point of view, this requirement can be straightforwardly mapped to a typical
ML Multi Task Learning (MTL) problem, Baxter (2000), Caruana (1997), Evgeniou and Pontil (2004),
Bakker and Heskes (2003), Argyriou et al. (2008). MTL aims at simultaneously learning two concepts,
in this case the PM and the available data, through a learning algorithm A;, which exploits the data in
D,, to learn a function h which is both close to the observation, the data D,, and the PM, namely its
forecasts. Consequently, in this case, a slightly different scenario is presented where the dataset is
composed of a triple of points D,,= {(x1, V1, p1), ", (X5, Yn, Pn)} Where p; is the output of the PM in
the point x,with i € {1,---,N}. The target is to learn a function able to approximate both u, namely the
relation between the input x € X and the output y € Y, and the PM, namely, the relation between the
input and the output of the PM. Two tasks must be learned, and for this purpose, there are two main
approaches: the first approach is called Shared Task Learning (STL) and the second Independent Task
Learning (ITL). While the latter independently learn a different model for each task, the former aims to
learn a model that is common between all tasks. A well-known weakness of these methods is that they
tend to generalise poorly on one of the two tasks, Baxter (2000). In this work, we show that an appealing
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approach to overcome such limitations is provided by MTL as suggested by Baxter (2000) and Argyriou
et al. (2008). This methodology leverages the information between the tasks to learn more accurate
models. To apply the MTL approach to this case, it is possible to modify the KRLS problem of Eqg. (6)
to simultaneously learn a shared model and a task specific model which should be close to the shared
model. In this way, we obtain a model which can simultaneously learn the two tasks. The model we are
interested in is the shared model, while the task specific models are just used as a tool. A shared model
is defined as h(x) = w” ¢@(x), and two task specific models as

hi(x) = wl@(x), i€ {yp} (15)
Then, it is possible to state the MTL version of Eq. (6), as follows
n

D W) — yil + W () - il

i=1

W Wy, Wy min
n

2 2

+Z [Wio() -y + [whe) —pi]

i=1

(16)

A0 w12+ a(fjw — wyii2 + jlw — wpiiz)
where A is the usual regularisation of KRLS and » € [0, =), instead, is another hyperparameter that
forces the shared model to be close to the task specific models. Basically, the MTL problem of Eq. (16)
is a concatenation of three learning problems solved with KRLS plus a term that tries to keep a relation
between all the three different problems. By exploiting the kernel trick as in KRLS, it is possible to
reformulate the problem (16), as follows

Q Q 0 O Y111 A+21)Q (A+2x)Q —xQ —xQ
comin (900 S [pl| pa|AF2O0 G200 —x0 0, g
o o 0 @ p]ll —xQ —x0Q 0 »#Q

Where p = [pl' ---'ypn]T-

The solution of this problem is again equivalent to solving a linear system

Q+A+2x)I Q+(A+2x) —xI —xul y
Q+A+2:) Q+(A+2x) —xI —xul ;o= 14 (18)
—ul —xul Q + xl 0 y
—xl —xnl 0 Q+ p
The function that the authors are interested in, the shared one, can be expressed as follows
n
h() =W p@) = ) (1 + i) K (X, ). (19)
i=1

4. Data Description

Data from a naval vessel equipped with a MAN B&W V28-33D medium speed four-stroke DE, Table
I, has been exploited in this work.

Table I: Main characteristics of the MAN 12 VV28-33D engine

Feature Value Unit Feature Value Unit

Cylinders V12,16, 20 [-] Brake power at 60% MCR | 3240 [kwW]

Bore diameter 280 [mm] | Brake power at 80% MCR | 4320 [kW]

Stroke length 330 [mm] Brake power at MCR 5400 [kW]

Number of cylinders 12 [-] Mean Effective Pressure 26.9 [bar]

Revolutions per cycle 2 [-] Mean Piston Speed 11 [m/s]
Engine speed at MCR 1000 [rpm] | Specific Fuel consumption | 191 | [g/kWh]
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The DE is installed on board one of the Holland Class Oceangoing Patrol Vessels. The propulsion
system of the vessel consists of two shafts with Controllable Pitch Propellers (CPP), a gearbox, and one
DE per shaft. The vessel is equipped with a data logging system used both for on board monitoring and
control and for land-based performance analysis. The dataset utilised consists of two different data
sources, Table Il: standard measurements (steady-state) performed during Shop Trials (ST) that were
used to calibrate the PM model (see Section 2), Kalikatzarakis et al. (2021), and operational data
originating from the vessel’s data logging system, used by the ship operator for performance monitoring
purposes, which has been exploited to evaluate the performance of the PM model in dynamic conditions
(see Section 2), and training, validate, and test the DDMs and HMs (see Sections 3.1 and 3).

Table 1I: Table captions above table

Variable Name Symbol Unit
Timestamp t [hh:mm:ss]
Governor Position Gy [-]
Engine Rotational Speed ne [rpm]
Engine Torque M, [kNm]
Charge Air Temperature at Scavenging Receiver Tsc [°C]
Charge Air Temperature at Compressor Inlet Tcin [°C]
Charge Air Temperature at Compressor Outlet Tc out [°C]
Exhaust Gas Temperature at Turbine Outlet Tt out [°C]
Main Bearing Temperature Tha [*C]
Main Bearing Temperature Tb,2 [°C]
Main Bearing Temperature Tv3 [*C]
Main Bearing Temperature T4 [°C]
Main Bearing Temperature Tps [*C]
Main Bearing Temperature Th6 [°C]
Main Bearing Temperature Tz [*C]
Lube Oil Compartment No. 1 Temperature Ti1 [°C]
Lube Oil Compartment No. 2 Temperature T, [°C]
Lube Oil Compartment No. 3 Temperature T3 [°C]
Lube Oil Compartment No. 4 Lube Oil T4 [°C]
Lube Oil Compartment No. 5 Lube QOil T [°C]
Lube Oil Engine Inlet Temperature Tiein [°C]
Lube Oil Engine Outlet Temperature Tie out [°C]
High-Temperature Sea Cooling Water - Inlet Thtjin [°C]
High-Temperature Sea Cooling Water - Outlet Thiout [°C]
Low-Temperature Sea Cooling Water - Inlet Titin [°C]
Low-Temperature Sea Cooling Water - Outlet Tt out [°C]
Fuel Oil Supply Temperature Ty [°C]
Charge Air Temperature at Compressor Outlet — Bank A | T [°C]
Charge Air Temperature at Compressor Outlet — Bank B TC‘?Out [°C]
Charge Air Temperature at Compressor Inlet — Bank A ch‘in [°C]
Charge Air Temperature at Compressor Outlet — Bank B Tfout [°C]
Charge Air Engine Inlet Pressure Pca,in [Pa]
Charge Air Engine Inlet Temperature Tcajin [°C]
Fuel Consumption My [kg/h]
TC rotational speed Nec [rpm]
Turbine Outlet Temperature Ttout [*C]
Exhaust Receiver Temperature Ter [*C]
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5. Experimental Results

In this section, we test the models developed in Sections 2 and Sections 3 on the data described in
Section 4, comparing the performance of PMs, DDMs, and HMs in dynamic operational conditions.
First, we report the hyperparameters ranges for the DDM and HM.

For the DDM, the set of hyperparameters tuned during the MS phase are ' = {A,y} chosen in £ =
{10740,10738 ..., 10*49} x {107*0, 10738 .-+, 10*4%}. For the HM, the set of hyperparameters tuned during
the MS phase are 7 = {A,y, »} chosen in £ = {1049, 1038,..., 109} x {104, 10738 ..., 10*0} x
{10—4.0, 10—3.8,,,,, 10+4.0}.

All the tests have been repeated 30 times, and the average results are reported together with their t-
student 95% confidence interval to ensure the statistical validity of the results. Table Il reports the
performance (MAE, MAPE, and PPMCC) of the different models (PM, DDM, and HM) for the different
targets using to predict.

Table Il1: Table captions above table

Model | MAE[°C] | MAPE[%] | PPMCC | MAE[°C] | MAPE [%] | PPMCC |
Fuel Consumption m [kg/h] Turbine Outlet Temperature Ty o, [°C]
PM 76.62 + 4.37 26.93+154 | 0.98+0.01 | 9.66 £0.57 | 253 +0.13 | 0.92+0.01
DDM 24.11+1.39 6.30+0.38 | 0.99+0.01 | 3.80+£0.20 | 0.97 £0.05 | 0.99 £ 0.01
HM 18.64 +0.98 489+0.17 | 1.00+£0.01 | 3.18+0.22 | 0.81+0.05 | 0.99 £ 0.01
TC Rotational speed N;. [rpm] Exhaust Manifold Temperature Ty, (°C)
PM 2090 + 78.43 15.39+0.75 | 0.97+0.01 |19.92+1.06 | 4.81+0.15 | 0.96 + 0.01
DDM 302.6 +21.42 2.18+0.15 | 1.00+£0.01 | 5.02+0.19 | 1.13+0.04 | 0.99 + 0.01
HM 214.44 + 9.54 1.53+0.08 | 1.00+0.01 | 3.94+0.24 | 0.88 +0.05 | 0.99 £ 0.01

A substantial decrease in the errors can be observed from Table 111 across all the targets. Considering
my, We can observe a MAPE decrease from 26.93% (PM) to 6.30% (DDM), to 4.89% (HM). The same

general trend can be reported for Ny, Ty oyt, and Ty

Figs.2-5 report the scatter plot and examples of the trend in time for the different targets using PM,
DDMs, and HMs. Compared to the PM, the proposed DDMs are more accurate in predicting the four
targets. In addition, it is possible to observe that DDMs are capable of fully capturing the transient
behaviour of the fuel consumption, Fig.2d, the turbocharger rotational speed mechanical transient,
Fig.3d, and the thermodynamic transients of both the turbine outlet gases, Fig.4d, and exhaust manifold,
Fig.5d. Also, Figs.2-5 show that the DDMs are characterised by both lower bias and lower variance
compared to the PM.

Although DDMs are computationally demanding in the training phase, they are characterised by lower
computational complexity in the feed-forward phase as they just require matrix manipulation methods.
The combination of both accurate and fast predictions makes DDMs an ideal candidate for real-time
performance and condition estimation. However, the necessary data to reach this level of performance
is rather high, as reported in Cipollini et al. (2018a, 2018b), making this type of model applicable only
after extensive measurement campaigns have been undertaken. In addition, another disadvantage of
DDMs is the lack of interpretability as it is not supported by any physical interpretation. To overcome
those limitations, we proposed the use of HMs. These allow the exploitation of both the mechanistic
knowledge of the underlying physical principles from the PM and any available measurements taken
during the operation of the vessel. An advantage of the HMs is their ability to exploit the coarse but
physically supported predictions of the PM. Therefore, HMs have much smaller requirements regarding
the use of actual measurements for the learning phase. While they will still require a measurement
campaign to be deployed, they can be reliably used already after a few months worth of measurements,
in contrast with pure DDMs that would require at least half a year of available data.
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Fig.2: Scatter plot and trend in time for the ¢ (kg/h) output feature - PMs, DDMs, and HMs.

The novelty introduced by the HMs led to more accurate predictions of the four targets compared to
the rest of the models (PM and DDMs), as can be seen from Table I11.
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Fig.5: Scatter plot and trend in time for the T, (°C) output feature - PMs, DDMs, and HMs.

6. Conclusions

In this work, the authors focused their attention on demonstrating a novel modelling framework
for the hybridisation of physical and data driven models. The proposed framework can deliver
accurate, reliable, and computationally inexpensive models suitable for real-time performance
assessment and condition monitoring applications. State-of-the-art data-driven methods have
been presented, able to exploit the information provided by on-board measurements from one
Holland Class Oceangoing Patrol Vessel, provided by the Royal Netherlands Navy and Damen
Schelde Naval Shipbuilding. First, a 0D physical model of a medium speed two-stroke diesel
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engine (MAN 12 V28-33D) was described. Data-driven models have been discussed and
proposed in Section 3.1 to predict the engine’s behaviour, with a focus on four different targets:
fuel consumption, turbocharger rotational speed, turbine outlet temperature, and exhaust
receiver temperature. The models proved to be very accurate, with the enhanced capability of
exploiting time-series information from the past, achieving relative errors below 1% on the
validation data for the turbine outlet temperature and exhaust receiver temperature. However,
due to their nature, these data-driven models are hard to interpret. To overcome the limitations
of both the physical and the data-driven models, we proposed a hybrid approach that can
consider past information, capable of improving accuracy, easily interpreted, and have low
computational time requirements. The hybridisation of physical and data driven models proved
to be highly accurate, achieving even lower errors when compared to the simple data-driven
approach. These hybrid models can potentially also be used to improve the accuracy of
predictions for operation in other conditions than the measured ones, as purely data-driven
models cannot be used for extrapolation, but the physical model contribution will improve
hybrid model performance during extrapolation.
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Abstract

The paper presents a design study for an electric catamaran ferry undertaken at the tender stage.
Starting from a baseline created to comply with the operational requirements of the future owner, a
parametric modeling and hydrodynamic optimization campaign was conducted with the aim of further
reducing energy consumption as much as possible, the weight of batteries and the range of a purely
electric ferry being of key importance. The ferry being relatively short despite considerable
displacement when fully loaded and the clearance of the demi-hulls being small, a free-surface RANS
code with free trim and sinkage was employed for the hydrodynamic optimizations. The practical
approach of modeling and optimization will be explained and illustrated. The optimization achieved a
40-50% improvement in power requirements.

1. Introduction

The maritime industry steadily gains momentum in introducing new ways of providing boats and ships
with clean(er) energy. For more than a century the main source of energy for shipping came first in
form of coal and then in form of fuel oils. While this will likely continue for quite some time, with
steady improvements in engine efficiency and (transition) technologies such as gas engines made
available, more and more projects are worked on that are built on purely electric propulsion. Electric
ferries for relatively short distances have turned out to be good candidates for early adaptation. They
allow full charging of batteries during the nights when in port and intermediate recharging of batteries
when (un)loading, see Jokinen et al. (2021).

The project presented in this paper focuses on the hydrodynamics of a small passenger ferry for transfer
between two ports, covering a short distance of a little less than one sea mile. Typically, a ferry of only
about 12 m in length-over-all and 21t of maximum displacement would not necessarily undergo a
thorough hydrodynamic optimization campaign, in particular if intended to be run on standard fuel.
However, batteries still being expensive and pretty heavy due to lower energy density in comparison
to, say, diesel, the effort could be justified. As will be seen the improvements are considerable which
may serve to encourage similar studies in the future, see also Albert et al. (2016) and Albert et al. (2020)
for applications of simulation-driven design (SDD) to small craft.

2. Design task

Yachtwerft Meyer, Germany, a specialist for tenders of yachts and cruise ships as well as for special
crafts (police and coast guard vessels, rigid inflatable boats etc.) and with strong expertise in composite
materials, assumed the leading role as designers while FRIENDSHIP SYSTEMS and NUMECA
Ingenieurbliro contributed their expertise of geometric modeling and numerical flow simulation,
respectively.

Fig.1 shows the hull of the catamaran ferry, featuring a skeg for a classical propulsion system with
shaft, propellers and spade rudders (not shown). The specifications of the ferry as relevant for the
hydrodynamic optimizations were taken from the owner’s requirements and are summarized in Table I.
Various criteria such as stability were not explicitly monitored during the optimizations as they were
sufficiently fulfilled for the baseline and not too strongly affected by the form variations considered.

106


mailto:sven.albert@numeca.de
mailto:%20thomas.hildebrandt@numeca.de
mailto:%20thomas.hildebrandt@numeca.de
mailto:harries@friendship-systems.com
mailto:bergmann@friendship-systems.com
mailto:massimo.kovacic@yachtwerft-meyer.de

Fig.1: Hull form of electric catamaran ferry (baseline)

Table I: Specification of hydrodynamic design task

Passenger ferry Catamaran with classical propulsion system
Maximum capacity 60 passengers with luggage

Displacement at max. capacity | 21t

Displacement at min. capacity | 14t

Length ~115m

Max. beam over all 4.7 m

Draft ~1m

Design speed 7.0 kn for major leg

Representative lower speed 3.5 kn in port

Distance to cover ~1 nm between ports

Additional criteria Spray rails should not submerge at max. draft
Battery size 6 x 40 KWh @ 360 V

Battery capacity Sufficient for 20 runs when fully charged

The aim of the optimization campaign was to reduce energy consumption as much as possible while
maintaining maximum passenger capacity. A preliminary study for the two speeds of interest, namely
design speed of 7 kn and a representative speed in port of 3.5 kn, showed that more than 80% of battery
power would be consumed at the higher of the two speeds when covering the major leg between ports
(see also resistance at different speeds given in the result section). Since the operational profile
suggested frequent transfers at (close to) maximum and (close to) minimum capacity the resistance at
both displacements was taken into account and a multi-objective design task was formulated.

The focus was set on minimizing resistance. This is because the optimization campaign was undertaken
during the rather short tender stage as an investment of the bidding party and, furthermore, could be
technically justified on the grounds that the skeg geometry was not varied but only adjusted to attach
nicely to the bare hull. An unaltering skeg would result in similar wake patterns for all variants
investigated. Hence, the propulsive efficiency was assumed to be practically constant. This, naturally,
is a simplification. However, if the building order was won further optimizations could be initiated very
quickly with additional free variables for both the bare hull and the skeg and for energy consumption
as the ultimate objective, using propulsive power instead of resistance.

3. Parametric modeling

Optimizations are typically run to increase the energy efficiency of fluid-dynamically relevant shapes.
The process is called simulation-driven design and requires a considerable number of variants to be
investigated by means of simulations, notably by Computational Fluid Dynamics codes (CFD).
Parametric modeling for the design and optimization of ship hulls, propellers, appendages etc. is now
widely accepted and applied in both academia and industry. To balance intelligently a meaningful range
of shape variations and a small enough set of free variables to control them, different approaches of
parametric modeling have been developed; see Harries (2020) for an overview.
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In SDD these Computer Aided Design approaches (CAD) are typically subdivided into fully parametric
and partially parametric modeling. While fully parametric modeling (FPM) is more powerful with
regard to the scope and the precision of achievable modifications, partially parametric modeling (PPM)
is easier and faster to set up and handle. The range of available partially parametric modeling approaches
is considerable, and they all have advantages and drawbacks, see, for instance, Harries et al. (2015),
Harries and Abt (2019). FPM and PPM can be flexibly combined in CAD systems like CAESES.

3.1. Partially parametric modeling

Free-form deformation, cartesian shifts, Lackenby transformation etc. are used when changing a given
baseline via parameters. These techniques have one common denominator: Based on an existing
baseline, typically modeled interactively and then interpreted as a “dead” geometry, the way of
modifying the shape (and not the shape itself) is defined parametrically. The actual modifications are
then computed from imposing the modifying entities onto the baseline. While this is very flexible the
actual variations are not predefined but rather “just” anticipated.

There are two partially-parametric modeling approaches that follow a slightly different idea: morphing
and radial basis functions (RBFs). Here the new shapes are defined upfront by the design team and the
partially-parametric modeling approach subsequently brings about a smooth transition between the
baseline as a “source” and one or several of the predetermined shape features as “targets.”

Standard morphing builds on a set of topologically identical but geometrically different instances. With
just two instances a one-dimensional design space is created, allowing the transition (interpolation)
from one instance to the other and even beyond (extrapolation). Using three instances gives a two-
dimensional design space and so on. See Harries et al. (2015) for details.

Radial basis functions offer a very intuitive set-up of defining modifications and can be considered a
morphing approach in its broader sense. (Note that quite frequently the term morphing is used for most
partially parametric modeling approaches.) In CAESES two RBF techniques are available: A discrete
approach for interactively changing point data (trimeshes) and a continuous approach for changing
mathematically closed geometries represented by B-splines (BReps), Harries and Abt (2021). For the
catamaran optimization presented here the continuous approach was chosen since it allows the design
team a fine-tuned modification of various regions that are likely to influence the hydrodynamic
performance positively. For details of the RBF approach in CAESES, see Albert et al. (2021).

3.2. Application to the catamaran

For the catamaran ferry, variation via parametrically changing the targets and using a constant transition
factor was employed, using points and curves that were parametrically defined as targets, giving rise to
eight free variables from RBFs and two additional free variables from standard transformations, namely
a scaling of the catamaran’s demi-hull in transverse direction and a change of the clearance between
the two demi-hulls. Based on the bare demi-hull designed by the yard, the optimization campaign
comprised setting up sources and targets for variation, preparing the geometry for hydrodynamic
analysis and undertaking the actual optimization runs. The workflow is summarized in Table Il. Fig.2
illustrates some of the steps.

As can be seen from Fig.2 (E) and (F), here only points and curves were used for defining the sources
and targets. The entities are chosen according to their expected impact on calm-water hydrodynamics,
namely changing the design waterline, the stem contour, including the introduction of an asymmetry in
the forebody, the center plane curve and the characteristic of the transom. In this sense the resulting
scope of shape variations is rather intuitive and easy to set up.

A partially parametric model with a total of 10 free variables was defined as illustrated in Fig.3 and
summarized in Table I1I.
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(A) Bare symmetric demi-hull as provided by yard (B) Additions of deck and transom for closing geometry
(see Table Il step 1) (preparation stage, see Table Il step 2)

(C) Define source(s), here shown in red, for the design (D) Define target(s), here shown in green, for the
waterline of the baseline (see Table 11 step 3) modification as anticipated to be beneficial
(see Table Il step 3)

\\\
(E) Sources and targets match (F) Sources and targets differ
(causing no changes to the geometry) (giving rise to variation of geometry, see Table |1 step 4)

(G) Resulting variant for all free variables set to their (H) Resulting variant for all free variables set to their
minimum values (see Table 1 step 4) maximum values (note the asymmetry of the demi-hull)

Fig.2: Stages of preparing and setting up partially parametric modeling with RBF
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Table 1I: Workflow

Step

Description

Import baseline into CAESES® (e.g. STEP, iges)

Prepare baseline for variation (e.g. add transom and deck)

Define sources and targets to compute corresponding RBFs, introducing free variables

Apply changes according to free variables and generate variant of demi-hull without skeg

Attach (fully-parametric) skeg to bare demi-hull

Merge new variant with flow domain

Export flow domain with new variant for FINE™/Marine (here as multi-body stl-file)

Set up FINE™/Marine for investigation

Run design-of-experiment with FINE™/Design3D

Build surrogate model for further optimizations

Run optimizations with FINE™/Design3D, adding CFD simulations for better predictions

e
BlEIB|lo|o|~N|o|u|swinve

Discuss results with all parties involved and repeat parts of the process

(D) deltaZtransom set to upper bound

| 3

(E) stemFullness set to lower bound (F) stemFullness set to upper bound

(G) changeDeadrise (of transom) set to lower bound (H) changeDeadrise (of transom) set to upper bound
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Table I1l; Parameters used as free variables

Step | Primary Name Description See also
region of
influence
1 CPC deltaAngleCPCtransom | Modify the angle of the center plane curve at | Figure 5 (F)
the transom (aft perpendicular)
2 deltaParallelMid Increase or decrease the length of the parallel | Figure 5 (F)
mid-body
3 deltaZtransom Control the submergence of the transom Figure 6 (C) and (D)
4 stemAngle Change from a vertical to a tilted stem Figure 5 (F)
5 stemFullness Increase or decrease fullness of stem Figure 6 (E) and (F)
6 DWL asymmetricBow Introduce asymmetry to the forebody Figure 5 (H)
7 deltaEntranceAngle Increase or decrease the entrance angle of the | Figure 6 (A) and (B)
DWL at the forward perpendicular
8 General changeClearance Widen or narrow the clearance between the
demi-hulls
9 scaleY Scale demi-hull in transverse direction Figure 8 (A) and (B)
10 | Transom changeDeadrise Push up or pull down transom close to Figure 6 (G) and (H)
sharpest rounding

Once a new variant of the bare hull is available it is brought together with a skeg as shown in Fig.4.
Since during the optimization campaign the bare hull also varies in beam, center plane curve and
transom, it does not suffice to simply attach one given skeg. Instead, a number of defining curves are
modeled from which to derive the skeg, see Fig.4 (B), giving rise to a smooth transition between the
bare hull and the skeg itself.

(A) Parts of the bare hull after transformation via RBF (B) Definition of the skeg via boundary curves

(C) Skeg defined as a Gordon surface (D) BRep model of entire demi-hull (see Table I step 5)
Fig.4: Stages of adding a skeg to the bare hull

4. RANS simulations on the base design

NUMECA’s FINE™/Marine package was used for the viscous CFD calculations, utilizing a volume-
of-fluid (VOF) method for free surface capturing, see Queutey and Visonneau (2007). The numerical
representation and accuracy of the time-dependent free surface is strongly affected by the spatial
discretization in the grid, especially perpendicular to the air-water-interface. FINE™/Marine features
an adaptive grid refinement (AGR) technique which can create or remove mesh cells during solver
runtime, triggered by various physical phenomena. Here the current location of the free surface acts as
the sensor and the mesh is refined until a user-specified threshold in terms of the cell size is achieved.
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This procedure is called in certain intervals and ensures an ideal grid at all locations and at all time
steps. Such an approach does not require any pre-refined mesh zones where the user would need to
anticipate important phenomena in the flow field beforehand, e.g. wave patterns and regions of breaking
waves. During an optimization with variable geometry and for two different displacements, which on
their own strongly affect the location of the free surface, an AGR thus reduces the necessary CPU time
for each variant investigated. Furthermore, an integrated body motion solver couples the hydrodynamic
loads on the structures of interest with their inertia, see Leroyer and Visonneau (2005), which is an
important factor especially for smaller craft like the catamaran ferry.

The typical starting point for any optimization campaign is a detailed analysis of the baseline, the set-
up of a smooth workflow and the investigation of possible numerical sensitivities like boundary
conditions and grid resolution. The aim of the project was a reduction of total resistance for the wetted
hull, including the lower parts of the freeboard. The superstructure was not taken into account. This is
a valid approach since especially for low operating speeds air drag is rather small and even in rough
weather the variation of the hull should have only negligible effect on the flow about the superstructure.
The cat was supposed to run straight ahead in calm seas, solving for sinkage and trim for the two
displacement conditions.

The flow was readily simulated at full-scale, taking advantage of running at both the correct Froude and
Reynolds numbers without any need for model-ship extrapolations. Such a resistance simulation can be
handled fully automatically using the C-Wizard in FINE™/Marine, which provides meshing templates
for various densities as well as the full solver set-up. In conjunction with the stable yet flexible STL file
export from CAESES® this ensures a smooth workflow, yielding preliminary results after just two hours
of exchanging the baseline geometry. For the set-up of a suitable flow domain and the exchange of data
between CAESES® and FINE™/Marine via STL files see Albert et al. (2016) for details. Importantly,
within CAESES the topology of the flow domain along with the colors and name tags assigned to
various parts of the domain (e.g. inner hull, outer hull, spray rail, deck, transom etc.) stay unaltered
during any variation. Hence, when exporting them in a multi-body STL file FINE/Marine can readily
handle any new variant without manual interaction.

As a next step a grid resolution study and further sensitivity tests were undertaken. The results for the
free surface elevation at 7 kn and 21 t are given in Fig.5 (A) for both a rather fine and a coarser mesh.
The wave patterns are very similar, especially for the extrema at the bow and in the tunnel between the
demi-hulls which have a major impact on the overall resistance. The total resistance computed with the
two meshes differ only by about 10 N. This is insignificant for a total resistance of 4372 N that the
baseline displayed, see also Fig.6. Apart from being much smaller than the anticipated improvements,
see also Fig.11, it can also be assumed that similar deviations would occur for all variants. Naturally,
no changes of the set-up take place during an individual optimization run. As a sidenote, all resistance
values given in this work were averaged over the last 30% of simulation time to smoothen out possible
local flow unsteadiness.

Furthermore, for a catamaran the flow between the demi-hulls can be of high importance due to the
interactions of the waves and the stability and steadiness of the flow, particularly for closely positioned
demi-hulls at higher Froude numbers. Hence, the baseline was analyzed both with a mirror plane
boundary condition and as a full model with the two demi-hulls in place. This was done to evaluate the
validity of utilizing mid-ship symmetry —which of course is favored due to being twice as fast. Fig.5 (B)
depicts the free surface for both set-ups, using the coarse mesh: The mirror plane is nicely visible since
the flow is not perfectly continuous while the full model features a minor asymmetry. Nevertheless, the
two wave patterns match very well, the difference in total resistance being 2 N and, hence, negligible.

Consequently, it was decided that a mirror plane simulation on the coarser mesh with 500 000 cells
would be sufficient to capture all of the important flow patterns and to get reliable resistance values.
This can be considered a “competitive” numerical set-up that should allow for many design variations
in a short timeframe, even on local workstations, fairly balancing speed and accuracy.
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The total resistance values computed for the baseline are shown in Fig.6. At 7 kn the resistance is more
than ten times the one at 3.5 kn, for both loading conditions. And there is an almost 50% resistance
increase from the empty ferry with just the crew on board to the ferry fully-loaded with passengers.
From the operating profile it is estimated that for around 50% of the time the cat would sail at maximum
speed of 7 kn, independent of the loading condition. Hence, higher speed at both drafts clearly dominate
the overall power consumption so that they were selected as the relevant operating points for which to
optimize. It should be kept in mind that no information at 3.5 kn would be known to the optimizer and
that the energy consumption when maneuvering in port or when accelerating to top speed are also left
out of the investigation. However, when looking at the prominent resistance values at design speed
these simplifications should still yield reasonable results, providing designs with decreased battery
consumption, in particular when recalling that the campaign is run at the tender stage.

(B) Effect of utilizing a symmetry plane
(top: half model simulation, using a mirror plane, bottom: full model with both demi-hulls)

Fig.5: Initial investigation of mesh density and symmetry plane
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Fig.6: Total resistance for the baseline (Base), using the CFD set-up for the optimization
5. Optimization campaign
5.1. Overview
Next step was the assembly of the optimization chain as illustrated in Fig.7 (A). The optimization tool
employed was NUMECA FINE™/Design3D, which controls all the sub-processes like geometry

variation and export, meshing, solver runs and data collection in the post-processor. A Python API
ensures a flexible and easy to use access to the various tools and exchange of data.

Optimise
*  FINE™/Design3D
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(A) Optimization chain from CAD to post-processing (B) Surrogate based
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Fig.7: Optimization chain and loop

The optimization loop itself is based on a surrogate model. The approach is shown in Fig.7 (B). It starts
with the generation of a database which stems from a sampling of the design space via a Design-of-
Experiment (DoE). It aims at a maximum scattering of the samples within the bounds of the free
variables with as few designs as possible. Here, 10 free variables were used which span a 10-
dimensional design space, Table I11.

From this discrete set of data points, bringing together geometry and performance, a surrogate model is
built which offers a continuous description that is cheap and fast to evaluate. An evolutionary algorithm
then calls this surrogate model thousands of times to generate new candidates in the design loop. The
algorithm mimics evolutionary processes with selection of strong traits in a design with respect to the
performance and to the constraints over several generations. Weak samples tend to become extinguished
while methods like mutation help to keep a large diversity from one population to the next. In the end
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such an optimizer yields a high probability of finding optimum solutions, even globally, especially in
comparison to local strategies such as a gradient method. Since the actual search is performed on the
surrogate model the number of variants can be very high without using any tangible computer resources.
When a new and promising candidate is identified it is evaluated by means of (substantially more
expensive) CFD simulations, using the optimization chain. The results are subsequently appended to
enrich the database and to provide an even better surrogate model. The process is then re-started until
convergence.

5.2. Design-of-Experiment

Prior to starting the DoE to create the actual database a few checks for plausibility of parameter ranges
and stability of the meshing and workflow templates were made. Naturally, the bounds of the free
variables constitute a crucial input to any optimization: It is desirable to have sufficient geometric
variability while as few variants as possible should be unusable. The latter can appear quite easily if the
chosen parametrization is not well-suited for the design task or if extreme parameter combinations lead
to designs that any engineer would readily reject. Moreover, any failure in the optimization chain should
be handled correctly by the optimizer. Machine issues or plain technical issues like licensing must be
identified so that the optimizer does not neglect any region in the design space which could be of
interest. In addition, physical phenomena like excessive drag or strong unsteadiness in resistance values
should also be monitored. As mentioned above the time series for total resistance for each variant was
evaluated for the last 30% of simulation time, delivering both a mean value as objective and a standard
deviation for quality checks.

Results of the DoE, i.e., the database run, are displayed in Fig.8, giving the mean total resistance values
for both operating points. The baseline is shown in the center, indicated via a large blue cross, while the
points give the performance of the 20 DoE-samples. There is a strong correlation between the two
different drafts, although outliers do exist. The overall scattering of the resistance is quite large, and
there is only little clustering of the designs, which indicate a nice sampling even with as low as 21
variants in total. As can be seen there are variants that perform far worse but also quite a bit better. An
impressive resistance reduction by 25% and 39%, respectively, is (happily) found for the best sample.
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Fig.8: Total resistance values for the database samples for 7 kn at 14 tand 21 t

A surrogate-based optimization relies heavily on the quality of the prediction. If a surrogate model does
not predict new and unknown variants with a certain accuracy or even fails to capture trends correctly
there is no chance for any optimizer to find good solutions, at least within a reasonable timeframe. One
way to quantify the accuracy is the so-called leave-one-out analysis, which calculates the correlation
and, hence, the surrogate quality of a given set of data without the need for an additional set of
evaluation samples. Such an analysis is depicted in Fig.9. It gives the total resistance values for 7 kn at
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14 t from both the flow solver (accurate) and the surrogate (prediction). The samples line up quite
nicely, i.e., they are near to the ideal linear correlation, and the R value 0.982 is close to one.
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Fig.9: Correlation between surrogate model prediction and CFD values for 7 kn at 14 t
5.3. Multi-objective optimization

As said the resistance values for design speed at both drafts were chosen as the optimization objectives.
After a more detailed check of the database it was not deemed necessary to use any constraints or further
objectives here. A possible candidate for an inequality constraint could have been the trim angle which
should not reach excessive values in order to maintain passenger comfort. But all variants in the DoE
were well-behaved and the focus could be put on resistance. Thus, the final optimization turned out to
be unconstrained and multi-objective. A strength-based Pareto formulation was employed, Zitzler et al.
(2001), which tends to deliver a selection of good designs which still show diversity, i.e., they do not
cluster in one region of the design space. This is true especially for very complex problems with many
parameters, constraints and objectives. Towards the end of such an optimization a clear Pareto frontier
should form, which collects the variants that cannot be further improved in terms of one objective
without impairing any other objective. It is then up to the design team to select the best solution from
these non-dominated variants by identifying the best trade-off between competing objectives.
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Fig.10: Total resistance values for the optimizer samples for 7 kn at 14 t and 21 t
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Results from the optimizer run are given in Fig.10. The best variant from the DoE is given in green. It
can be regarded as the new reference point to beat. All promising optimizer variants — double-checked
with CFD — are given as orange dots. Interestingly, none of these new designs performs worse than the
reference point with regard to resistance at 14 t. This indicates again the validity of the surrogate model
which was utilized to produce the improved variants. Due to the short timeframe of the project — and
the need to freeze the lines — it was decided to stop the process at this point. The Pareto set, here the
designs in the upper right region of Fig.10, is made up of only a handful of variants which suggests that
there might be even more room for improvement. Still, another large reduction in total resistance could
be achieved. Altogether, the new design reduces power consumption by 40% at fully loaded conditions
and by 47% at reduced draft when compared to the baseline.

5.4. Quality checks

To validate results and gains in the optimization, a final set of CFD runs was performed. Both hulls
were used (no mirror plane), and the mesh density was increased to five million cells. The AGR
thresholds were adjusted so that around 200 000 cells were created additionally just for accurate wave
capturing. Furthermore, the mesh was refined to apply a low Reynolds wall model for turbulence. An
additional displacement of 17.5 t was also studied to understand the influence on an intermediate draft.

Results for these simulations for both the baseline and the optimized hull are summarized in Fig.11.
The trends are not only fully kept but the absolute gains are (by chance) even slightly higher on this
refined CFD set-up. Also, at 17.5 t the performance is substantially improved, too, as was anticipated.
At the low speeds no improvements are found and there is even a slight increase of total resistance at
21 t. It should be kept in mind that these operating points were deliberately left out of the optimization,
primarily for reasons of speeding up the process, so that these results do not come as a surprise. As can
be appreciated from the comparison between the baseline and the optimized hull the energy-efficiency
of the cat has been improved considerably.
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Fig.11: Comparison of design performance of the baseline (Base) and the optimized hull (OPT)
6. Selected results
6.1. Comparison of designs
Fig.12 shows the wave patterns for baseline design and optimized design. An important difference is

the decrease in the bow wave system and a less pronounced trough in the tunnel. The stern wave system
on the other hand seems quite a bit stronger for the optimized hull.
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Nevertheless, the resulting waves far from the hull are reduced for the optimized hull, having a positive
effect on total resistance. Moreover, the influence of the slight asymmetry of the bow on the flow can
be seen, too. In an unsteady evaluation also an unstable flow pattern can be observed between the demi-
hulls of the baseline. This is does not show at all for the optimized hull.

A more detailed insight into the force distributions along the hulls is depicted in Fig.13, giving sectional
forces along with the wave profile. The stern is located at x = 0 m and the bow at 11.5 m. The smoother
bow wave in the optimized hull can be seen clearly. The bow drag is shifted downstream and, in general,
the sectional forces are lower for the forebody of the optimized hull. Major gains are observed in the
aftbody, however, pushing the hull and thereby reducing the total resistance.

6.2. Resources spent
The total resources spent can be taken from Table 1V. The entire project was carried out within a very
tight timeframe. Besides showing tangible potential gains already at the tender stage, it also showcases

what can be achieved when coupling expertise and modern engineering software.

Table I1V: Resources spent

Partner Description Resources
Yachtwerft Meyer Design of the baseline 2 to 3 days
FRIENDSHIP Set up and fine-tune RBF 1 day
SYSTEMS
FRIENDSHIP Develop parametric skeg model 1 day
SYSTEMS
NUMECA Ingenieurbiiro | Check CFD and ensure quality 1 day
NUMECA Ingenieurbiiro | Streamline process 1 day
NUMECA Ingenieurbiiro | Number crunch CFD and run 3 nights

optimization
All Meet and discuss project and results Several 1-h virtual meetings

7. Conclusions

The paper presented a project for the parametric modeling and hydrodynamic optimization of a small
electric catamaran ferry at the tender stage. The parametric modeling was based on RBFs which enable
a rather intuitive set-up for shape variations. The hydrodynamic optimization campaign was built on a
high-fidelity free-surface RANS solver with free sinkage and trim. The project illustrates what can be
achieved by suitably combining expert knowledge from different fields quickly and without any
overhead, using the experience from a yard (here Yachtwerft Meyer), the know-how from a software
developer with specialization in variable geometry (here FRIENDSHIP SYSTEMS) and the expertise
from a software provider with focus on high-end simulations (here NUMECA Ingenieurbiiro). Tangible
improvements for the design could be found within just a few days of actual work, a few nights of
number crunching and a handful of virtual meetings. It is hoped this serves to encourage to undertake
simulation-driven design also for smaller craft at a wider scope.
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Optimization of the Aerodynamic Design of a Solar Houseboat Catamaran

Jorg Albrecht, Solarship, Berlin/Germany, albrecht@solarship.de

Abstract

This paper presents an innovative solar-powered houseboat design and the CFD analyses made for
the design. The investigation focused on the front and aft side profiles, designing form and
arrangement for improved flow, mainly to benefit the maneuverability of the vessel.

1. Motivation

The boat design, Fig.1, together with statics, CFD (Computational Fluid Dynamics) analysis and CE
certification were carried out by the designer Dipl.-Ing. J6rg Albrecht. The "optical columns™ in the
bow area of the houseboat were a particular challenge with regard to the field of vision, statics and
aerodynamics.

Fig.1: Solar-powered houseboat design

In general, houseboats are often susceptible to wind and are therefore mostly used in inland water-
ways, where wind loads do not occur to the same extent as on open water areas at sea. In inland areas,
the wind is often slowed by structures or vegetation or other obstacles, so that wind loads can be
assumed to be moderate. However, since houseboats have a relatively large wind-attack surface area
and are usually lightly built, gusts and sustained high winds may pose real problems for the skipper.

In particular, most houseboats feature very "angular" designs, where the superstructure offers flow
separation edges which generate strong, uncontrolled vortices and turbulence. These may induce
strong oscillatory motions forcing the skipper to make continuously corrective maneuvers.

2. Considerations for the behavior of houseboats in cross winds

Flow separation problems as addressed here for aerodynamics occur often for underwater hull area in

ship hydrodynamics. Although such flow separation problems are well known and widespread, there
is hardly any research regarding the wind behavior of houseboats. Our client “Hausbootgeist”,
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https://www.hausbootgeist.de/en/, therefore agreed to have a CFD investigation performed. The CFD
model was to be based on our design and intended to investigate the required practical suitability.

Experience (e.g. catamaran builder Burkhard Bader, http://www.burkhard-bader.de/, in personal
communication) shows that rounded leading edges on the superstructure improve the aerodynamics,
since the rounding shifts the center of attack of the wind forces to the rear and the boat can thus turn
better into the wind, Fig.2.
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Fig.2: Vortex formation (qualitatively) for superstructure with sharp corners (left) and rounded
corners (right). Wirbelschleppe = vortex wake; Abrisskanten = flow separation edges;
scheinbare Windrichtung = apparent wind direction

The houseboat should "turn into the wind" in cross winds. This is achieved when the lateral center of
gravity of the superstructure lies behind the lateral center of gravity of the underwater hull (principle
of the wind vane).

Since in most houseboat constructions, as in the current case, the forward deck in the bow area is de-
signed as an open “veranda” and the house superstructure is in the aft area, the lateral center of aero-
dynamics is already shifted aft. However, for aesthetic design reasons, two optically “wide” supports
were planned for the optical design layout of the side, Fig.1. It made sense to use these as aerodynam-
ic "optimization tools" at the same time. These optical features were also part of the stern area design;
however, the aft deck is significantly smaller than the foredeck. Here, too, the supports were to serve
as "optimization tools" for the aerodynamic flow.

The upstream guide surfaces in the bow area are primarily intended to guide the wind from the front
around the structure such that the resistance of the superstructure is reduced and/or maneuverability is
improved. The streamlines should also be smoothed in the aft deck area.

To test the effects of the support profiles, several CFD simulations with different profile arrangements
were tested. For reasons of time, the first such virtual wind tunnel tests were carried out with the tar-
get speed of 13.5 km/h together with the hulls.

3. Implementation and consideration for numerical model
The streamlines are in general a product of the pressure fields with their differing pressure potentials.
For example, if the flow is accelerated by profiles, the resulting low-pressure region will result in a

pulling streamlines in. Contrarily, flow deceleration with result in high pressure pushing streamlines
away.
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In the present case, there are two possible arrangement options for the profiles, resulting in different
locations of the low-pressure areas in the flow:

1. In the first case, the low-pressure field can be directed outwards, away from the central
longitudinal line, i.e. in the lateral outer area of the boat.

2. In the second case, the low-pressure field can be oriented inwards towards the central
longitudinal line, so that there the streamlines are "sucked in".

It turns out that the rounding of edges works according to the same principle. When an edge is round-
ed, it prevents the flow from separating enabling the flow around the edge itself. In addition, by flow-
ing around a rounded edge, as with the convex side of a wing, a negative pressure is generated by the

acceleration of the flow, which in turn "sucks in" further streamlines and thus guides the flow elegant-
ly around the corner.

4, Flow simulations

In the reference simulations, the houseboat was analyzed without wind profiles as a reference. The
CFD code was Simerics of the Orca3D Marine CFD package. A suggestion for improvement could
already be made after this first analysis. The design was then successively modified and improved:

e Modification #1, Fig.3
In the first design, the front profiles were intended to suck in the streamlines and accelerate
them out to the side between the profiles and the front wall. The resulting effects were not
known until then. The rear profiles, on the other hand, with the negative pressure areas on the
outside, were intended to prolong the flow on the side wall, quasi extending the superstructure
aerodynamically to the transom stern.

Fig.3: CFD results for modification #1

e Modification #2, Fig.4
The next investigation was to simulate the first design when the boat moves in reverse
direction. The general effect from modification #1 is reversed here. The flow profiles also
work "backwards".
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Fig.4: CFD results for modification #2

Modification #3, Fig.5

This simulation was carried out with a considerable change in design aiming at a significant
improvement. The profiles where turned. The overpressure sides of the profiles now pushed
the streamlines outwards away from the longitudinal center and the suction side on the out-
side simultaneously sucked the streamlines outwards as well.

Fig.4CFD results for modification #3

Modification #4, Fig.5
In this simulation, the design of the previous simulation was changed, mainly in the stern area
and slightly in the bow area.

Modification #5, Fig.6

Here, the influence of the roof stairs on the flow behavior of the entire houseboat system was
examined. Furthermore, the influence of the draft on the current in the catamaran tunnel be-
tween the swimmers was investigated.



Modification #6, Fig.7

Here, the effect of oblique wind directions on the houseboat was investigated. The inclined
flow was carried out at two different angles (45°, 18.4°) and a round geometrical front corner.
Improvements with a round corner of the front wall and different speeds were checked. It was
found that the round corners with a radius of 450 mm in the front wall prevent the so-called
“vortex cheeks” in the bow area and that the flow is largely back on the side wall on the side
facing away from the wind (leeward side). The edge of the stern back wall was left with a
sharp edge in order to aerodynamically lengthen the aft structure by enforcing flow separa-
tion. With increasing wind speed, the streamlines showed ever finer and delimited structures.
The wind moments around the vertical axis could be reduced significantly by the rounded
front corner.
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Fig.6: CFD results for modification #5
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Fig.7: CFD results for modification #6
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5. Conclusion

In the quest to decarbonize shipping, every percent of energy savings counts. The current design may
be applied in essence also to large-scale cargo shipping. Windshield profiles as shown in Fig.8 could
reduce wind resistance on e.g. container ships and improve maneuverability, acting in similar fashion
addressing similar problems with wind and sharp edges.
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Fig.8: Windshield profiles on containership forecastle
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Road to Digitalization, Not so Simple

Matteo Barsotti, IB, Genoa/ltaly, m.barsotti@ib-marine.com

Abstract

Today the word digitalization fill most of the shipping news and almost everyone in shipping claim that
they are now digitalized. But are they really digitalized? Or they are just collecting data from one
flowmeter that maybe is not calibrated? The road to digitalization is not so simple and have to start
from the knowledge and fully understanding of the subject and the effort (also economical) that will
involve. The starting point of the process is always assessing the need of the customer and then give him
the best reply that could be also “No we can’t help you if you are not keen to do some investment and
changes” The strongest point is to achieve the goal expected but explaining very well the path. The
paper is about the principles of a digitalization path, giving also some examples from real life cases.

1. Introduction

When you try to sell a performance monitoring solution one of the biggest challenges is to convince the
customer on the investment to be done but it depends mostly on the goal that he wants to achieve. We
can use an example, a direct request by a customer “I want to solve the Cappuccino effect problem”. Of
course, it is indeed a very serious, costly, and annoying problem that affect many owners or charterer.
The “Cappuccino effect” is when air is inflated during the bunkering operation, and this increase the
volume of the tank and then the receiver of the bunker may understand after some time of the shortage
of bunker. In these years, there were many measures that were implemented by companies to avoid or
better reduce this kind of problem, but it is still a problem for some area and some vessel. This is, as
said, very bad and costly not only for the bunker shortage itself but also to claim the bunker trader and
then all the legal path that these things must follow. The first step, as for every request, is to assess the
fleet in term of type of vessel, the type of equipment and most of all, the measuring equipment. This is
because, depending on the results of the initial investigation we will have several replies. What can be
the solution to this annoying problem? We can evaluate three main monitoring approaches:

1) Install a bunker mass flowmeter: this a real solution to the problem because the mass flowmeter
will provide the mass of the fuel bunkered. So, if air is there, this does not affect the mass
measurement.

2) Monitor through massic flowmeter the consumption of the consumers on board through an
automatic data collection: this enable the user to be sure about the consumption and then
discover how much is the shortage of bunker. This method of course must take into
consideration the accuracy of the flowmeters but most importantly the accuracy of the bunker
sounding.

3) Monitor through volumetric flowmeter the consumption of the consumers on board through an
automatic data collection: this method has a reduced reliability due to the less accuracy of the
instrument, but in any case, it is something if we also combine the dataset with Fuel Temperature
and density in order to retrieve the mass. This again must take into consideration the accuracy
of the flowmeters but most importantly the accuracy of the bunker sounding.

These three methods could solve or at least reduce the bunker shortage due to the Cappuccino Effect.
As you can see it is not present any manual noon reporting as it should be clear that a reporting system
based on the 24 hours reporting is not reliable to have a sufficient degree of accuracy to limit the
Cappuccino Effect. So, when the investigation result in an old fleet with only volumetric flowmeter not
on every vessel and not on every equipment able to measure only the flow in pulse and furthermore the
clear message is “we cannot spend money” then the reply is to be “no we can’t help you”. It is of course
not easy to say no to a customer when you are a vendor, but I think it is always important to be
transparent with customer because unfortunately if you cannot measure you cannot understand. This is
just an example to say that there is the need to invest time and sometime money to get money back.
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2. What is needed?

What really means to digitalize a ship or a fleet? Just connect all the equipment to a PC and then send
to shore? Well actually no, this is only the first step but then once you are in office with all the data from
your fleet is when the game start. Because you will be able to really enable deep analysis and alerting
in the view of the performance optimization.

Before moving into details, it is better to describe, how a digitalization system works, Fig.1.
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Fig.1: Digitalization scheme

To make it very, very simple, there is a Data Collector on board each ship able to collect all the required
data and then are sent to shore to a dedicated Datacenter or Cloud where the Customer will have access
to the digitalization tools.

As said, it is not just to connect and store amount of data, but it is a process of acquiring, analysing, and
validating all the various output and send them to shore. For this, task it is essential the valuable help of
the crew because, at today, is where all the equipment is and then crew is also aware of any problem,
any malfunction and most importantly knows the maintenance scheme of each equipment. The
maintenance of an equipment is something vital especially for the equipment that needs calibration
otherwise you could collect very bad numbers.

Focusing on the equipment involved in the path, which is the minimum set of information needed for
starting the digitalization?

Example vessel with Conventional Propulsion 1 ME + 4 DGs + 2 Boilers

Navigation systems:

e Position through GPS
Speed Through Water
Speed Over Ground
Course Over Ground
Heading True
Wind Speed and Angle
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Automation Systems:
e Shaft power [KW]
Main engine RPM
Main engine fuel consumption [Kg/h]
Draft aft [m]
Draft fore [m]
Trim
List
DG1 power [kW]
DG2 power [kW]
DG3 power [kW]
DG4 power [kW]
DGs fuel consumption [Kg/h]
Boiler 1 fuel consumption [Kg/h]
Boiler 2 fuel consumption [Kg/h]

Of course, this is a standard solution with all the equipment integrated in the Automation and Navigation
and this rarely happens, especially when we are approaching a customer with existing fleets.

Receiving such data means that the system would be able to optimize route, speed, consumption, hull
and propeller degradation, power generation, steam generation and trim optimization. So, if the system
that will collect the data and provide to shore is not receiving one of these signals this means that the
path to digitalization is becoming not very worthy for the customer because one of the potential saving
coming from optimizations is not included and they are almost all connected.

If the customer’s goal is monitoring the hull and propeller degradation, then it is not possible to provide
if we have not at least:

Position through GPS
Speed Through Water
Speed Over Ground
Course Over Ground
Heading True

Wind Speed and Angle
Shaft power [kW]
Main engine RPM
Main engine fuel consumption [Kg/h]
Draft aft [m]

Draft fore [m]

Trim

List

So, please, beware of vendors that claim successfully saving without these data automatically collected
and validated. The Shaft Power and the Consumption in general are measures that requires some specific
equipment: Torquemeter and Flowmeters respectively and saying that you can have the same result in
terms of optimization if you measure Power with formulas provided by ME makers and consumption
using manual sounding, it is a real lie. In any case, the more data we collect the better, but only if we
can use such data otherwise, we will fill our database of unused and not useful data.

3. The path to digitalization

The question now is which is the correct path to digitalization? The answer is not simple as some may
propose, but it is a challenge for a Ship Owner or Ship manager.
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The starting point, as said, is the goal to be achieved and basis that, the second step is to assess the
current fleet that the customer wants to digitalize. Statistically we could have this situation: on a
company with 50 ships, average 7 year.

e 40% are already ready to be digitalized, then small cost for the customer

o 30% are almost ready to be digitalized, then only flowmeters have to be connected to the system,
average cost for the customer

o 20% are not ready to be digitalized the flowmeter and Torquemeter have to be installed, the cost
will boost

e 10% are very difficult to digitalize due to outdated Navigation/Automation system and the cost
is not worthy.

Then the investigation will move on each vessel, to map all the equipment to be connected and then all
the vendors that have to be contacted. In many cases, in a fleet of same type of vessel, we have common
provider for navigation system and automation system, but it could also happen to have a long list of
vendors involved for navigation, automation, flow meters, torque meters, power meter etc. It is clear
that this is not an easy task, but it is possible to do it, it is a matter of investment and efforts. Maybe the
customer will digitalize only a part of the fleet excluding the oldest vessel, but in any case, it is important
to understand that the process will require quite efforts in coordinating all the vendors and parties
involved. This is the biggest challenge and then from a provider of this solution point of view we could
help in asking the correct question and then to achieve the goals faster. After collecting all the answers
from the vendors there is another challenge: find the best place to install the data collector. This is a job
done usually in three, the vessel, the office/superintendent, and the provider but if the vessel is under
construction, then the third party is the yard and, in any case, if it is a first installation will require a lot
of communication and email before to reach the agreement on the designated location. Following that.
there is the cabling purchasing, delivery, and installation. It seems easy but is not, because the task is to
estimate the path of each cable, to find the correct requirement for each output and then to purchase and
delivery on board that in some case can be very difficult. The installation then require scheme, drawings
and sometimes Electrical Engineer skill plus a dedicated person from office that follows strictly all this
steps. After this task there will be the installation of the hardware and the services related that enable
the system to collect the data. As many of you know, arranging a service onboard can be a real headache
especially if you want to coordinate more than one vendor and the vessel is moving around the world.
The best solution is going in Drydock or in the Yard, but it depends on the fleet and the customer itself.
Usually, we also go onboard during a port stay, during Cargo operation or, if we are lucky, during a stop
for repair at berth. After that the data are sent to shore, verified, and validated and then it is time to play
with all the recorded data and really start to digitalize your fleet.

Just to summarize all the steps:

1) Set the customer goal

2) Assessment of the fleet

3) On the designated vessels, map all the equipment to be connected
4) Contact all the vendors and arrange the services

5) Find best location for equipment

6) Cable purchase, delivery and installation

7) Hardware installation and services on board

8) Verify the connection on shore

9) Start configuration and use of Optimization and Alerting tools
10) Fleet is digitalized

4. Property of the data and Standard

As mentioned before, the path cannot be smooth, major or minor issue may come during each step of
the process but what really create the bottle neck is the setting of the output from automation systems.
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Many times, it is also because some automation vendors are also digitalization vendors and then may
want to propose their solution, but this is part of the game. But most of the times the problem arises on
the property of the data collected, because some vendors claim the property of the data they collect and
then they request a lot of configurations (and money) to enable the output and open their channel. This
is, of course, not the fault of the automation vendors but the problem is that there is not a high-level
decision on the property of the data but only some interpretations and there is not a standard
communication protocol for the output buy a real jungle of output’s languages custom NMEA, Modbus,
OPC and analogue. This lack of Standardization has only the effect to slow-down all the process and
then limit the goal to be achieved.

5. Conclusions

The road to digitalization is not so simple but it is possible to digitalize your fleet and then achieve the
goal that you have set, it is just a matter of choosing the right partner. This paper is not, of course, to
scary the customer that want to digitalize its fleet but just to make all aware about what it cost in terms
of money and effort to run this path to digitalization. It is then clear that the path is easy or easier if you
choose the right partner otherwise the risk is that at the end, the customer will spend a lot of money and
then he will not have much in his hands. As said in the beginning, there is the need to invest time and
money to get money back.

This is the same for everything. Do you want to continue to use HFO after 1% Jan 2020 that is cheaper?
Then buy a scrubber. Do you want to save 3% of fuel consumption? Then install a new propeller. It is
always a matter of ROI that must be effective and profitable. Despite all the promises of some vendors,
some performance monitoring system have a good ROI, but of course it depends on the goal to be
achieved, because also the profit will be calculated according to the specific goal. When we heard that
a company, with a new tool, has saved this year 3% of fuel, it means nothing because in this number we
could have hundreds of factors that could affect the fuel consumption (even the fact that a vessel is not
anymore in service); in other words, in order to evaluate a real saving is better to provide evidence,
based on real numbers and not just a title on the news.
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EU Project CHEK -
Ultrasonic Antifouling and other Measures to Meet the Cl1 Challenge

Jan Kelling, HASYTEC, Schonkirchen/Germany, j.kelling@hasytec.com

Abstract

This paper describes our planned contributions to the EU project CHEK and first insights from the
project. The project’s larger context is decarbonization of shipping through innovative technologies,
where ultrasonic antifouling technology is the specific contribution of HASYTEC to increase energy
efficiency in operation and bring down the Carbon Intensity Indicator (CII). The application cases in
CHEK are a cruise vessel and a bulk carrier. The CHEK project is expected to bring valuable
reference installations of large numbers of ultrasonic transducers on large-scale cargo ships, adding
to wider acceptance of ultrasonic antifouling technology.

1. Introduction

IMO, www.imo.org, has the ambition to halve GHG emissions by 2050 and to completely
decarbonize shipping “as soon as possible” within this century. The initial IMO Greenhouse Gas
strategy will be revised in 2023, including these goals. IMO is following a two-tier approach to
implement decarbonization measures, focusing first on short-term energy efficiency improving
measures, before embarking on more comprehensive medium-term and long-term measures that will
include alternative low-carbon/no-carbon fuels, Bertram (2021).

Current measures addressing GHG emissions include three mandatory requirements:

e The Energy Efficiency Design Index (EEDI) for newbuildings mandating successive
improvement in design performance of 30% compared to the average of ships built 1999-
20009.

e The Ship Energy Efficiency Management Plan (SEEMP) for all ships above 400 GT in
operation, making a continuous energy efficiency improvement management plan mandatory,
although not stating explicit requirements to content, scope and implementation.

e The Fuel Oil Consumption Data Collection System (DCS) mandating annual reporting of CO>
emissions for all ships above 5000 GT.

At MEPC 76, in 2021, three additional measures were adopted, affecting all existing cargo and cruise
ships after 2023:

e The Energy Efficiency Design Index for Existing Ships (EEXI), essentially making
requirement equivalent to EEDI Phase 2 or 3 mandatory to all existing ships.

¢ A mandatory Carbon Intensity Indicator (CII) and rating scheme for all cargo and cruise ships
above 5000 GT. Poor CII ratings will lead to mandatory requirements for corrective action
plans to improve the CII. The criteria for ClI ratings will get progressively stricter by 1% per
year for 2020-2022, followed by 2% per year for 2023-2026.

e SEEMP requirements were made stricter (Enhanced SEEMP) to include mandatory content,
such as an implementation plan on how to achieve the CII targets.

These new requirements for existing ships will increase the focus on energy efficiency measures both

in design/retrofit and operation. For the operational measures, improved hull management is widely
seen as one of the most important measures, with potential gains in the order of magnitude of 10%.
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2. Project CHEK
2.1. Overview

The R&D project CHEK (deCarbonising sHipping by Enabling Key technology symbiosis on real
vessel concept designs) has as a goal to reduce CO; emissions in global shipping. The focus is on the
combined application of advanced key technologies in shipbuilding. The CHEK project is supported
by the European Union with a total of 10 million Euro from the Horizon 2020 funding program,
https://ec.europa.eu/programmes/horizon2020/en/home. The Horizon 2020 program is the biggest EU
research & innovation program ever, with nearly € 80 billion of funding over 7 years. Its aim is
combining European research and innovation to achieve excellent science, industrial leadership and
tackling societal challenges.

2.2. Project goals

The CHEK project proposes to reach zero-emission shipping by disrupting the way ships are designed
and operated today. The project will develop and demonstrate two bespoke vessel designs — a wind
energy optimised Kamsarmax bulk carrier and a hydrogen powered cruise ship, Fig.1 — equipped with
an interdisciplinary combination of innovative technologies working in symbiosis to reduce
greenhouse gas emissions by 99%, achieve at least 50% energy savings and reduce black carbon
emissions by over 95%. The innovative energy-saving technologies include the use of wind energy,
batteries, heat recovery, hydrogen as a fuel, air lubrication and ultrasound anti-fouling.

Rather than “stacking” novel technologies onto existing vessel designs, the consortium is proposing to
develop a unique Future-Proof Vessel (FPV) Design Platform to ensure maximised symbiosis
between the novel technologies proposed and taking into consideration the vessels’ real operational
profiles (rather than just sea-trial performance). The FPV Platform will also serve as a basis for
replicating the CHEK approach towards other vessel types such as tankers, container ships, general
cargo ships and ferries. These jointly cover over 93% of the global shipping tonnage and are
responsible for 85% of global GHG emissions from shipping.

Fig.1: Application cases: Bulk carrier and cruise ship, source: Wartsila
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In order to achieve real-world impact and the decarbonisation of the global shipping fleet, the
consortium will undertake an analysis of framework conditions influencing long-distance shipping
today (including infrastructure availability) and propose solutions to ensure the proposed vessel
designs can and will be deployed in reality. A Foresight Exercise will simulate the deployment of the
CHEK innovations on the global shipping fleet with the aim of reaching the IMO’s goal of halving
shipping emissions by 2050 and contributing to turning Europe into the first carbon-neutral continent
by 2050 (as stipulated by the European Green Deal).

2.3. Project consortium

The CHEK project partners are:

University of Vaasa (UV), http://www.uwasa.fi/, is a business-oriented, multidisciplinary and
international university.

Waértsild, www.wartsila.com, is a provider of ship machinery, propulsion and manoeuvring
solutions, supplying engines and generating sets, reduction gears, propulsion equipment, con-
trol systems, and sealing solutions for all types of vessels and offshore applications.

Cargill Ocean Transportation, https://www.cargill.com/transportation/cargill-ocean-trans
portation, is a freight-trading business that provides bulk shipping services to customers
across the globe.

MSC Cruises, www.msccruises.com, is a global cruise line, which is part of the Cruises Divi-
sion of MSC Group, the privately held Swiss-based shipping and logistics conglomerate.
Lloyd's Register EMEA (LR), www.lIr.org, is part of the Lloyd’s Register Group, a global in-
dependent risk management and safety assurance organisation that works to enhance safety
and improve the performance of assets and systems at sea, on land and in the air.

World Maritime University (WMU), www.wmu.se, was established in 1983 by the Interna-
tional Maritime Organization (IMO).

Silverstream Technologies, https://www.silverstream-tech.com/, was established in 2010 and
the company specialises in Air Lubrication Technology, Silberschmidt et al. (2016), which is
designed to reduce the frictional impact between the flat bottom of the ship hull and water.
HASYTEC Electronics GmbH, https://www.hasytec.de/, is market leader in ultrasound based
antifouling technology, Kelling (2017,2020).

Deltamarin, https://deltamarin.com/, is a ship engineering and design company.

Climeon AB, https://climeon.com/, has well proven technology to convert waste heat to clean
power.

BAR Technologies, https://www.bartechnologies.uk/, have used its in-house tool ShipSEAT
to design and optimise their own patented and trademarked wind propulsion system called
WindWings, https://www.bartechnologies.uk/project/windwings/.

2.4. Application cases and applied technology

The project aims to combine a variety of innovative technologies to achieve its goals, Fig.2:
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Fig.2: Technological synergy for emission savings

The effectiveness and saving potential of the various options depend on various factors, including ship
types and associated typical operational patterns. Within CHEK, two very different ship types are

considered, namely a bulk carrier and a cruise vessel. Fig.3 gives the selected measures for the bulk
carrier, and Fig.4 for the cruise vessel.
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Over-the-air control
software updates
Scalable power plant
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Fig.3: Emission saving technologies envisioned for bulk carrier
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Fig.4: Emission saving technologies envisioned for cruise vessel

Figs.5 and 6 compares the expected CO, emissions to a baseline design, where the bars are
normalized to 100% for the baseline design, for bulk carrier and cruise vessel, respectively. The
selected measures lead to an expected decrease in CO2 emissions of 40% for the bulk carrier and 50%
for the cruise vessel.
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Fig.5: Expected emissions compared to baseline design for bulk carrier
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Cruise vessel energy and emission reduction - how we get to zero emissions
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Fig.6: Expected emissions compared to baseline design for cruise vessel
3. Ultrasonic technology contribution within CHEK

In relation to the AFS convention, IMO (2001), the EU Regulation No. 528/2012 details restrictions
on the marketing and use of biocide containing products. As an example, almost no copper-based
active substances will get permission to be used in the future. This leaves essentially two options:

» taking the risk of using less effective antifouling systems which leads to higher costs for
maintenance and repair as well as to higher fuel expenses
» looking for alternatives to replace the traditionally used antifouling systems

Ultrasonic systems are such an alternative and are increasingly adopted by various segments of
shipping. Ideally, such ultrasonic systems inhibit the chain of fouling development at the beginning,
namely the biofilm.

3.1. Biofilm

Biofilms are formed when bacteria adhere to a solid surface, Fig.7, and enclose themselves in a sticky
polysaccharide. Once this polysaccharide is formed, the bacteria can no longer leave the surface, and
when new bacteria are produced, they stay within the polysaccharide layer. This layer (the “biofilm”)
is highly protective for the organisms within it. In fact, many bacteria may not survive in the
environment outside of biofilms. Biofilms are ubiquitous in the environment. They form on our teeth,
inside our bodies, in our streams and oceans, on natural surfaces continually wetted by dripping water.
They also are formed on ship hulls and inside piping in ships.

In general, while a few fungi can form their own biofilms and a few inhabit bacterial biofilms, the so-
called "moulds" generally do not grow in or even on the surface of biofilms. This is because there is
generally too much water. Most fungi will not grow under water, and biofilms are almost always
under water. Biofilms will not go away on their own, and considerable effort is required to eliminate
them.
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6. Cycle repeats
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Fig.7: Biofilm under microscope (left) and biofilm growth cycle (right)

Biofilms can be scrubbed away or disrupted, e.g. by very hot water, steam, or concentrated oxidizing
agents. However, they will return quickly unless the water source is removed. Hence, there are always
biofilms present where water is always present.

3.2. Ultrasonic antifouling technology

Older ultrasound methods followed the idea of getting rid of hard growth which had already attached.
Using hard cavitation, this might work in certain situations but may also damage the vessel’s steel or
coating itself. Consequently, this approach was not accepted by the market. Low-powered ultrasound
(avoiding cavitation) destroys the cell structures in biofilm, thus the prerequisite for higher stages of
fouling, such as barnacles, shells, and algae. Unlike some coating solutions, ultrasonic antifouling
solution are also 100% effective at zero speed, e.g. in longer stays in port or at mooring. Ultrasonic
antifouling solutions have enjoyed exponentially growing market acceptance in shipping over the last
5 years. For details, see e.g. Kelling (2017), Kelling and Mayorga (2020).
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Fig.8: Tugboat without (top) and with (bottom) ultrasonic antifouling protection
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Fig.8. shows the effectiveness for a smaller workboat, Kelling (2017). Within the CHEK project, the
effectiveness of large-scale installations for hull and internal equipment of large commercial ships
shall be demonstrated.

4. Outlook

The CHEK project started in June 2021 and has a planned duration of 36 months. During this time,
concept designs will be developed, and performance monitoring will validate expected energy savings
of installed devices. Project progress and insight gained, with particular focus on the ultrasonic
antifouling technology, will be disseminated in suitable conferences like this one.
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Abstract

This paper presents the state-of-the-art of health management design practices on cruise ships,
through the method of case study analysis. The Covid-19 pandemic has had a strong impact globally
in people's daily lives and in all economic fields. As for the cruise sector, the pandemic has forced
companies to reshape organizations and strategies and to rethink the spaces on cruise ships. With the
help of smart technologies, design can play an important role in creating safer places. The results
show how smart technologies can improve the health safety of travel on board and indicate further
areas for development.

1. Introduction

The Covid-19 emergency has strongly marked people's daily lives and all economic fields. Looking at
the cruise sector, the annual report released by the Cruise Lines International Association, CLIA
(2020) has estimated in 2020 large economic losses between mid-March and September 2020: $77
billion in global economic activity, 518,000 jobs and $23 billion in wages. Meanwhile, the cruise
industry has stepped up health measures and protocols in place to prepare for a gradual resumption of
operations in the coming months. In particular, cruise lines have provided strict and science-backed
measures for embarkation and on-board activities: a complete testing of passengers and crew, mask
requirements and physical distancing, health communications and evaluations, and a coordination
with destinations for the shore excursions. Disinfection has played an important role in the safety and
well-being of healthcare workers and society. The main disinfection strategies have included chemical
treatment to remove any gross contaminants, thermal, chemical or irradiation treatment to remove any
remaining microscopic material. However, the disinfection action must be supported by the use
personal protective equipment (PPE) by workers and customers and social distance measures, in order
to be really effective, Armani et al. (2020). Furthermore, some entertainment companies for cruise
ships (e.g. RWS Entertainment Group) have developed, under the guidance of public safety experts
(e.g. CrowdRXx), specific guidelines for both performers and the audience, in order to restart live
entertainment activities in safety, some of which are reported here: online reservation system for the
management of capacity in queue lines and seating areas, turnover and time among performances,
sanitation treatments, air filtration systems or setting shows outdoors, subdivision of rehearsal spaces
into individual zones, reduction of interaction between performers and guests, and keeping performers
at a safe distance while showing the illusion of touch, Seatrade Cruise Talks (2020). Lights and
digital technologies can provide an additional contribution toward safety through interactive and
ephemeral solutions, Piardi et al. (2012). As an artwork for a social reflection in covid time, in 2020
the Korean artist Yiyun Kang showed an interactive projection mapping installation, ‘Proxemics:
drawing social bubbles’, in which visitors were engaged in a real-time interaction with video-
projections by drawing their own social bubbles. The artist intent was to make the visitors think about
the relationship among user, others and the space around him, and to interrogate about the spatial
dynamics in pandemic time, Kang (2021). So, lights and digital technologies can intervene creating
temporary and adaptive operations toward spaces, without modifying any element, and at the same
time artistic and pleasant operations toward users.

In 2020 travel analysts predicted a phenomenon of ‘revenge travel’ in the tourist sector, including the

cruise one, when tourism would have restarted after the countries shutdown for the covid emergency.
This phenomenon would be driven on one hand by people feeling more comfortable with traveling,
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due to a lower risk of infection when traveling, on the other hand by a desire of people to get away
after a long period of travel restrictions. In addition, expert have predicted an increase in travel
motivation toward relax and escape, and a traveller’s behaviour toward flexibility and last-minute
planning, Shadel (2020). Though a resumption of cruise operations since mid-2020, not all cruise
lines have restarted so far. As reported by The Association of Mediterranean Cruise Ports, MedCruise
(2021), here some cruise lines which have already restarted: Royal Caribbean Cruises since December
2020, MSC Cruises since January 2021, AIDA Cruises since March 2021, Costa Cruises since May
2021, Carnival Cruise Line, Celebrity Cruises, Crystal Cruises, Norwegian Cruise Line and Princess
Cruises since July 2021, Disney Cruise Line only for UK residents, MedCruise (2021).

Destinations will keep controlling COVID-19 negative tests or proof of vaccination, so cruise
companies and travel agents are reflecting on traveling in the post-pandemic era. Private islands,
exclusive destinations and revenue source for some companies, Klein (2006), may become more
popular in future, since they present a controlled environment during shore excursions. Other
companies may prefer small and expedition ships, which provide shore excursions in more remote
places, CLIA (2020), Coulter (2021).

Sustainability, health and safety represent the primary challenging management issues for cruise
sector for the future of cruise travel, Papathanassis (2017).

1.1. Theoretical framework

The cruise industry has recently recognized the importance of understanding how passengers feel the
risk and that planning a strategy for a post-covid time becomes essential for a successful restart in
cruise industry and in the tourism sector in general. The perception of the risk is proved to affect the
travel decision-making and the destination choice of tourists, but unfortunately there is little scientific
research about the risk perceptions in cruise holidays, Holland et al. (2021). In relation to cruise
travel, the perception of risk concerns especially infections outbreaks, sexually transmissible
infections, motion sickness, cruise accidents, terrorism, piracy and crime. However, risk may be
perceived differently according to the age, national culture, gender, personality traits, motivation to
travel and past travel experience of each passenger, so it’s important to target the intentions and
preferences of each group of customers and to develop risk management plans onboard. In addition,
an emerging category is the technological risk, which is often neglected and needs to be investigated
in further research, Le and Acordia (2018).

Regarding customer targeting, companies have recognized the value of customization, identifying the
different needs of their customers and subsequently offering customized goods and services, or
through additional components such as customized packaging, marketing materials, placement, terms
and conditions, product names and stated use, Pine Il and Gilmore (1997). Smart technologies,
through the acquisition of Big Data, may offer personalized services to each different kind of tourist,
in order to enhance the travel experience, Buhalis and Amaranggana (2015). However, the cruise
sector still lacks on a critical analysis of the impact of smart technologies on cruise customers. The
smart technologies onboard the new cruises may risk increasing inequalities in the definitions of
gender, race, class and aging. As warned by several scholars, the design of a digital experience for a
generic audience could result in some negative effects, like a frustration for some age groups during
the use, Dini et al. (2007), Spallazzo (2012), an homogenization of cross-cultural diversity and
specificity, Barendregt (2012), a disadvantage for groups which for socio-economic status or ethnicity
may use digital activities less intensively than their counterparts, and a gender stereotyping in the
digital contents and activities, Robinson et al. (2015). In this sense this research aims at stimulating
cruise industry to consider the customers not as an ‘ideal’ or ‘normal user’ to configure, but as a user
with specific features to preserve. In addition, the big amount of personal data collected by devices
and sensors may represent a critical factor for customers in terms of privacy, safety, security and
freedom, so that a correct management of personal data becomes a delicate and critical task when
digital technologies are used. The definition of design principles may guide the development of smart
technologies (and environments) toward more responsible solutions, some of which could be:
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transparency (e.g. clearer information of the use and management of personal data), privacy (e.g.
possibility by users of keeping some information private), hierarchy (e.g. communication
proportionated to the severity and the source of the reference), value (e.g. a level of insight added to
the data analysis), meaning (e.g. giving awareness to users about the mnemonic aspect of active
sharing a public content) and presence (e.g. evaluation of the level of ‘physical presence’ related to
users and provision of awareness about the digital-self), Varisco et al. (2017).

In recent time interior spaces have disentangled from rigid categories of time and function, showing
more flexible and fluid forms, which provide a functional and typological hybridization of spaces. So
new spatialities have emerged, based on new behaviour models and sharing principles. In the tourism
context, due to the increase of time travelling a year and to the transformation of mobility as a
lifestyle, spaces have become flexible to adapt to different activities. In particular, the main
motivations for travel have become equally work as well as leisure, generating so new phenomena of
‘bleisure tourism’, Scullica and Elgani (2020). Furthermore, mobile technology has created a
separation between the act of performing something and the place of performing, so that professional
freelancers can work everywhere they can access to technology and any space can become potentially
an office, Scullica and Elgani (2019). In regard to the bleisure tourism, in 2021 the company MSC
Cruises has launched a travel offer, called Smartworking@Sea, which allow passengers to perform
smart working in specific spaces onboard, without losing the leisure and entertainment of a cruise
travel, Leggieri (2021), MSC Cruise Lines (2021).

With the emerging experience economy, companies have started to offer experiences, not only goods
and services. Experiences are memorable events that a company stages, in a theatrical way, to engage
him in an intrinsically personal way. Experience is not about entertaining customers, but engaging
them, so that companies see their employees as performing on stage and drive them to act in a way
that can engage their customers. In this sense companies have encompassed theatre as a model for
performance in staging experiences and so spaces can be set in six areas, as in a theatre: backstage,
stage, auditorium, proscenium, entrance, and exit. Stage, proscenium and auditorium represent the
focal areas of the experience; backstage areas, not visible by customers, can be designed only for
functionality; the entrance and the exit are helpful for the introduction and the reinforcement of the
experience, Pine Il and Gilmore (1999). Traditional spatial strategies for defining the relationship
among environment, coverings and users are no longer sufficient to describe new spatialities as a
result of the theatralisation of spaces as new stages of experience and their hybridisation with new
smart technologies, so they need more categories of analyses for a clearer understanding of the
development of interior spaces.

2. Methodology

The traditional spatial strategy for the distribution of furniture and coverings in space, such as either
on base surface (i.e. floor) or on overhead surface (i.e. ceiling, vault) or on vertical surface (i.e. wall,
column) or above the furniture surface (i.e. table, chair, cabinet), Higgins (2015), is integrated by the
new categories of spatial layout gained by the theatre model and by the new dimensions of
immersivity and portability offered by new technologies. Based on an adaption of the six areas of the
theatre model, the spatial strategy for layout includes the entrance/exit (e.g. reception, lobby, cashier's
desk), the auditorium (e.g. dining, shopping, seats), the proscenium/stage (e.g. bar, Kitchen, screen,
stage) and the backstage (e.g. store, toilets). Based on an adaption of the taxonomy of virtual reality
systems, Muhanna (2015), technologies may be classified in no immersive (no digital interface), little
immersive (e.g. hand-based, monitor-based), partially immersive (e.g. wall projectors, immersa-desk)
and fully immersive (e.g. vehicle simulation, cave, binocular head based). In addition, based on an
adaption of the technological embodiment continuum, Flavian et al. (2019), technologies can be also
classified in touchless or contactless stationary external device, stationary external device with need
of touch, portable external device and wearable device. The technological development differentiates
the contribution of technology towards health depending on that being low, medium/high or smart. In
this sense, the technology continuum developed by the Texas Assistive Technology Network (2002)
best explains the degree of complexity of electronic component assembly.

142



Cruise travel is a complex and all-inclusive tourism product which includes a central service and
many peripherical heterogeneous services. The central service is onboard and involves travel,
accommodation, catering and entertainment. The peripherical services are partly onboard, as the ship
facilities (i.e. internet, lounge, laundry, sundeck, gift shop, library) and the additional services (i.e.
boutiques, casino, photography, spa), and partly onshore, as itinerary and destinations planning, travel
arrangements and transfers, ports and terminal embarkation and disembarkation, excursions, Penco
(2013). As a further response to the pandemic by cruise industry, a public document with
recommendations on public health has been elaborated by experts in public health, infectious disease,
biosecurity, epidemiology, hospitality, and maritime operations. This document supplies a list of
recommendation, which are considered as the most effective, scientifically sound ways to make the
cruise experience healthier and safer. These recommendations can be summarized in health-related
services offered by cruise ships during travel: testing, screening & exposure reduction, sanitation &
ventilation, response, contingency planning & execution, destination & excursion planning, mitigating
risks for crew members/passengers, Healthy Sail Panel (2021).

The research methodology is based on a qualitative analysis of case studies and aims to answer the
following research question: how can smart technologies improve the health safety in spaces on board
during the cruise travel?

2.1. Case studies

Case studies have been collected in a theoretical sampling (Eisenhardt, 1989) based on a cluster
including cases coming from cruise vessels with smart features and related to cruise risks limited to
infections outbreaks, Le and Acordia (2018). The sampling involves fifteen case studies from Cruise
Industry and five from university courses on cruise design (BSc course in interior design at School of
Design, Politecnico di Milano - AY 2019-20, AY 2020-21), which were collected from January 2020
to January 2021.

Table I: Case Studies Cluster

Cruise related risks

Sexually Transmissible Motion Cruise Terrorism, Piracy
Infections Sickness Accidents and Crime
Source: Le & Acordia, 2018.
Table I1: Case Studies Collection
Context Case study N. Unit of analysis Year
Company Cruise Ship Environment affected by technology
01 Space equipped with Infrared Body Thermometer 2020
- 02 Space equipped with Contactless Sanitizer Dispenser 2020
------------------- 03 Space equipped with intelligent sanitation UV-C light system 2020
(e.g. MRD light system)
04 Space equipped with air filtration system (e.g. HEPA filters) 2020
—————————————————————————————————————————— 05 Space equipped with HVAC system with ionization solution (e.g. | 2020
Siemens NPBI)

O I I 06 Space equipped with smart mobile temperature check (e.g. 2020

E eCruise Health Check)

%’ ------------------------------------------ 07 Space equipped with smart health screening and temperature 2020

a monitoring wristband (e.g. Zeeko zCare)

Z [Carnival Cruise Lines Spirit 08 Space equipped with Panedia Cruiseabout VR headset 2016
Celebrity Edge 09 Space equipped with Access Tour app for smart mobile devices 2018
MSC Meraviglia 10 Space equipped with MSC for Me Wristband 2017

11 Space equipped with Zoe Personal Assistant (e.g. smart speaker) | 2017
Princess cruises Caribbean Princess 12 Space equipped with Ocean Medallion 2018
Royal Caribbean Line Oasis of the seas 13 Digital wayfinder 2009
Royal Caribbean Line Quantum of the Seas 14 Bionic bar 2014
15 Space equipped with Expedition TW070 2014
MSC Cruises Meraviglia (Connect to Greenline) 16 Pilates zone with reservation through smartphone app 2020

E (fictional projects 2-3-4-5) | Meraviglia (SenSea) 17 Smart capsules 2020

2 > Meraviglia (Digital Stadium) 18 Indoors with smart floor 2019

&) Meraviglia (Connect to Greenline) 19 Feel the cities 2020

Meraviglia (Odissea 2.0) 20 Thalassa 2020
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Fig.1: Selection of case studies from university activities: (a) Pilates zone, (b) Smart capsules, (c)
Indoors with smart floor, (d) Feel the cities, (e) Thalassa.

Table 111: Parameters for the case studies analysis

Technological development
Low Middle - High ‘ Smart
Source: Adapted from Texas Assistive Technology Network, 2002.
8 Technological embodiment continuum
5" Touchless or contactless Stationary external device Portable external device Wearable device
2 stationary external device with need of touch
§ Source: Adapted from Flavian et al., 2019.
= Taxonomy of virtual reality systems
No immersive Little immersive Partially immersive Fully immersive
(no digital interface) (e.g. hand-based, monitor-based) (e.g. wall projectors, immersa-desk) (e.g. vehicle simulation, cave, binocular
head based)
Source: Adapted from Muhanna, 2015.
Spatial strategy for distribution
Base surface Overhead surface Vertical surface Above the furniture surface
@ (i.e. floor) (i.e. ceiling, vault) (i.e. wall, column) (i.e. table, chair, cabinet)
§ Source: Adapted from Higgins, 2015
= Spatial strategy for layout
Entrance / Exit Auditorium Proscenium / Stage Backstage
(e.g. reception, lobby, cashier's desk) (e.g. dining, shopping, seats) (e.g. bar, kitchen, screen, stage) (e.g. store, toilets)
Source: Pine Il & Gilmore, 1999
Cruise related services
Itinerary and Travel Ports and Central service: Additional services: Ship facilities: Excursions
destinations arrangements terminals travel, accommodation, boutiques, casino, internet, lounge, laundry,
. and transfers catering, entertainment. photography, spa. sundeck, gift shop, library.
8 | Source: Penco, 2013.
E Health related services
& Testing, screening & Sanitation and Response, contingency | Destination & excursion | Mitigating risks for crew
exposure reduction ventilation planning, & execution planning members/passengers
Source: Healthy Sail Panel, 2020.

This paper reports the data collection and the analysis of case studies included in the theoretical
sampling. However, this research is planned to have further steps: the validation of cases through the
use of multiple sources of evidence (i.e. literature, archival documents, interviews and observations),
the construction of a chain of evidence (i.e. research questions > data collection > data analysis >
discussion > conclusions) and a review draft of case study report by key informants (i.e. cruise
companies, design offices for cruise companies), Yin (2003).

The data collection has included low technologies for testing, screening and exposure reduction and
health sanitation and ventilation of spaces onboard, represented by the infrared body thermometer,
which provides a contactless temperature measurement, HoMedics (2020), and the contactless
sanitizer dispenser, which dispenses sanitizer gel without touching it, unlike manual sanitizer bottles
or foot-operated dispensers, Oakter (2020).
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Fig.2: Diagram of case studies analysed for the relationship smartness and health safety

The data collection has included middle/high technologies for health sanitation and ventilation of
spaces onboard, represented by the intelligent sanitation UV-C light system (e.g. MRD light system),
which sanitize surfaces by shining light or UV directly onto the object, MRD Lighting (2020), the
high-efficient air filtration system (e.g. HEPA filters), which can help reduce air contaminants,
including particles containing viruses, Cartledge (2020) and the HVAC system with ionization
solution (e.g. Siemens NPBI), which can achieve constant treatment of both airborne and surface
pathogens in ways that filtration alone cannot, Giles (2020).
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Fig.3: Diagrams of case studies analysed for the relationship smartness and health safety, according to
low, middle-high and smart tech cluster.

Moreover, it has included smart technologies for healthier spaces onboard, which are represented by
the smart mobile temperature check (e.g. eCruise Health Check), which is a tablet with a facial
recognition system and a no-touch thermometer that acquire and transfer passenger’s temperature data
to the cruise medical system during check-in, eCruise (2020), and the smart health screening and
temperature monitoring wristband (e.g. Zeeko zCare), which monitors temperature and captures
health parameters of customers continually, https://gozeeko.com/zcare. Other case studies are
expressed by further smart technologies which can improve health in spaces onboard by mitigating
risks for crew members and passengers, and by supporting customers in destination and excursion
planning. These technologies involve Panedia Cruiseabout VR headset, which allows customers to
look at immersive videos of spaces, so offering them a virtual onboard tour, Lennon (2016), the
Access Tour app for smart mobile devices, which offer to passengers an augmented reality tour of the
cruise ship with binaural audio and soundscaping, Cruise Industry News (2018), the MSC for Me
Wristband, which trough NFC technology permit the passenger’s identity and position recognition
and a dedicated check of safety systems on board, MSC Cruise Lines (2020), the Zoe Personal
Assistant, which is a smart speaker with a multilanguage Al system able to supply information about
on board services, guidance and suggestions or to help in booking a service, Mathisen (2019), the
Ocean Medallion, which is a small disk made of two sensors and a battery capable to contactless
operations, as cabin door opening, payment, order of food and drinks, location recognition and other
services, McDonald (2019), the digital wayfinder, which is often located in the elevator lobbies of
most ships and offers guests information about what ship events, ship travel and restaurant
information, Hochberg (2015), the bionic bar, that provides a robot bartender, to which passengers
can order mixed drinks by using tablets, Silverstein (2020), and the Expedition TW070, which is an
app for smart mobile devices, able to offer AR gaming experience in spaces onboard, Twangster
(2020). Cases from university show possible scenarios for design of cruise spaces onboard, so
stimulating cruise companies toward further solutions and helping research in analysing fields not yet
much explored. Academic cases include a pilates zone accessible with reservation through
smartphone app (project MSC Meraviglia - Connect to Greenline, 2021), smart capsules which offer
private smart experience of entertainment to passengers (project MSC Meraviglia — SenSea, 2021),
indoors with smart floor, which can detect the position and movement of customers for safety,
consumer tracking and data collection purposes (project MSC Meraviglia — Digital Stadium, 2020), a
space with video-projections on walls, which offer an immersive virtual tour of cruise destinations
(project MSC Meraviglia - Connect to Greenline, 2021), a cabin equipped with a touch screen display
and a patented digital weight system with sensors (e.g. Tonal) for a smart fitness experience (project
MSC Meraviglia — Thalassa, 2021).

3. Findings and discussion

Case studies show a variety of solutions for health management onboard. The cases' collection

146


https://gozeeko.com/zcare

demonstrates that the cruise sector is experimenting many smart technologies, offering different
health related services. Case studies with low technologies display an almost coherent behaviour
through the several parameters of analysis, focusing on testing, screening & exposure reduction and
sanitation & ventilation service, all related to central service, located in entrance/exit area and with no
property of immersion. Case studies with middle-high technologies show a coherent behaviour
through the several parameters of analysis, focusing on the sanitation and ventilation service, locating
in the auditorium area of spaces and overhead surfaces, and with technologies offering no immersive
experiences and touchless or contactless interaction. Cases with smart technologies show a more
varied behaviour through the several parameters of analysis, revealing a diffuse use in the various
areas of layout of spaces, different configurations on the surfaces in the space, different level of
immersion and different technological embodiment for customers. In particular, portable and wearable
technologies often cannot be categorized in spatial strategy parameters, since they are capable to be
carried or moved. However, these technologies are linked to space due to their capacity of
communicating to the surrounding environment through sensors and 10T applications. Blank gaps in
the clusters indicate that there are other potential areas to explore, either through independent research
or by drawing from other disciplines. In addition, academic design projects confirm the effectiveness
of smart technologies in improving the health safety of travel on board and their versatile attitude to
respond to multiple tasks.

4. Conclusions

The covid-19 pandemic has exposed many weak aspects of cruise industry and has generated a great
debate on environmental and health issues in the sector. Despite the travel restrictions and economic
losses, the pandemic has created a great opportunity for cruise companies to rethink their corporate
culture, their business models and their human resources management, and to adopt new risk
management strategies and concrete sustainable development actions, Belda Font (2021). In this
context, technology has played an important role, transforming cruise spaces and guest services
onboard toward smarter versions. Since the resumption of cruise travels, touchless and contactless
technologies have supported many operations from embarkation to safety operations and on-demand
services, including new applications onboard, as the biometric facial recognition, contactless health
screening and new types of security scanners. Even the shore excursions have been changed by the
introduction of digital technologies which can enhance the experience by providing further
information, Bond (2021). The new technologies are revolutionizing the live entertainment sector by
including the use of virtual and augmented reality, which potentially reduce the risk of infection, and
the offer of immersive experiences, which can engage passengers into all five senses, Payne (2021).
Furthermore, smart technologies support a spread use of touchless and contactless operations in
different areas and services on cruise ships, so mitigating the risk of infection too.

The evolution of technologies implies opportunities and, at the same time, the appearance of critical
factors, such as the management of personal data and the development of a responsible technological
innovation. So, cruise industry innovation should not be merely technology-driven but lead by a
responsible attitude. A responsible innovation must be (ethically) acceptable, so respecting the right
for privacy and data protection, sustainable, so contributing to the sustainable development of the
sector according to economic, social, and environmental dimensions, and socially desirable, so
enhancing the quality of life and the equality among men and women. In this context, the use of
technology assessment and technology foresight can be very helpful for cruise companies in building
a real responsible innovation, Von Schomberg (2013).
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Abstract

Designing a ship consists in achieving a delicate balance between many entangled, conflicting
constraints. The inherent complexity of the design process cannot be reduced, but we believe that
software tooling can ease the task of the naval architect - making complexity easier to address, if not
simpler. To this aim, we have taken inspiration in the Lean Startup principles and developed an early-
stage ship design tool called ShipBuilder. Our original intuition was that a lightweight, easy-to-use
ship sketching tool could speed up the early stages of the design process significantly, as compared
with existing practice. In this talk, we show how our vision was confirmed with hypotheses, MVPs, user
feedback, pivots, all terms that can be found in Eric Ries' 2011 bestseller The Lean Startup. The result
is a ship sketching tool with professional naval architecture features, that requires limited onboarding
effort and offers a carefully crafted "gameplay" to ship designers.

1. Introduction: facilitating early-stage ship design

Operational capability, as defined by the ship owner, is the prime driver of a ship’s design. The role of
a ship designer is to ensure that the vessel is able to deliver the operational capability while satisfying
a number of other criteria such as cost, feasibility, seaworthiness or safety. Evans synthesized the ship
design process by introducing the design spiral, Evans (1959). The various criteria are evaluated one
after the other in a convergent process that spirals inwards from early-stage concept studies to detailed
design stages.

In practice, it is not uncommon to consider several alternatives during the early-stage design phase,
Fig.1. A complete loop is run for each alternative, even if a single design will be worked in more detail
eventually. All the criteria making up every ship alternative are evaluated, at least roughly, in order to
choose the best of all explored concepts.

Mission
requirements

Proportions
Cost

Contract

Damaged stability
Detailed Hull form

design

Capacities Floodahle length

Weight Arrangement

Powering Structure

Fig.1: The design spiral, Evans (1959). The thick arrow represents one early-stage iteration, where all
the criteria characterizing the ship are evaluated (albeit not in great detail) to elaborate the best
possible concept.
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In a competitive context, it is vital for a shipbuilder to propose the best concept in the shortest possible
time. Ship design tools that have been developed for detailed design phases have been optimized for
other purposes — essentially, they focus more on delivering accurate evaluations and detailed models
rather than on building coarse models very quickly.

When we set out to develop an early stage design tool, we had the intuition that a tool dedicated to ship
sketching would allow ship designers to model the basic features of a ship very quickly and easily , and
to evaluate concept ships in a very short time, although in a coarse level of detail.

We considered 3 options for designing the tool:

- Option 1: start from an existing CAD tool, specialized in ship design or not, and implement an
“carly-stage design” plugin. The plugin would restrict the broad range of features natively
available to provide a reduced, easily manageable set of features. The advantage is that model
formats, geometric operations, model management features are readily available. However, the
single fact that a full CAD environment has to be installed beforehand means it will be harder
to access which is why we decided to drop this option.

- Option 2: specify the expected features of an easy-to-use ship sketching tool, then implement,
test and deploy the tool. This “waterfall” approach has the advantage that the development
scope is defined beforehand; the work can be scheduled a priori, and the project can be managed
with a standard cost/quality/delay project management approach. However, at the very
beginning of the project in 2016, we felt uneasy specifying features a priori, let alone
prioritizing them. To which level of detail shall the models be implemented? Shall users be
allowed to edit hull shapes? In which ways? This led us to consider agile development as a
third option.

- Option 3: develop features incrementally and leverage user feedback to guide and prioritize the
work continuously. In our case, the advantages are many: work can start immediately, on the
most basic features; user value is generated incrementally from day 1, with the most valuable
features being developed first; the risk to develop useless features is limited, since every feature
is developed to, at least, be used right away. We chose to apply option 3 — agile development.

The next two sections provide some background on the method and illustrate a few of the steps we have
taken on our journey to a functional early-stage ship design application. Opting for agile methods had
an unexpected benefit: spending time with our users and building the application together shifted our
focus from implementing features to developing an experience. Looking back, much of our effort was
guided by gameplay. We discuss this collateral benefit of the method in the last section.

2. Applying the lean startup principles
2.1. The Lean Startup

In 2011, Eric Ries published what has become a bestseller titled “The Lean Startup”, Ries (2011).
Inspired by years of experience in digital startups, the book describes a method to develop creative
businesses in a context of extreme uncertainty.

Acknowledging the difficulty of setting up a robust business plan in an unknown — emerging — business
environment, Ries claims that the main goal of a startup is to generate knowledge about its environment
rather than execute a predefined business plan. The Lean Startup can be read as a handbook for those
aiming at creating disruptive businesses and products, with a number of concepts that can be readily
applied to a wide variety of domains.

The core of the process is synthesized in Fig.2. The basic principle is to build the product incrementally,
and use every release to gather user feedback. User feedback is then used to steer the development of
the business (and of the product). The process is applied with a focus on formalized assumptions;
Minimal Viable Products (MVP); unbiased (and whenever possible, quantified user feedback).
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Assumptions are used at each iteration to formalize the learning into a hypothesis that is specific enough
to be built and tested. MVPs designate the increment of the product that can be built in the minimal
amount of time, to test the assumption with product users. The focus on execution speed at product-
grade quality is the major criterion at this stage. Unbiased user feedback is gathered in a number of
ways that depend on the product and business. A/B testing is one such way to obtain objective feedback
from the community: two different MVPs are implemented and rolled out to random users to measure
the traction of each option.

The canonical concept of pivot states that, when an assumption has been proven wrong, the team shall
consider substantial changes in its understanding of the business. When it is pivoting, a startup shall
consider substantial changes in the product, the assumptions, and maybe the measure of user feedback.

assumption MVP

E

=

unbiased
user
feedback

Fig.2: Sketch of the Lean Startup process
2.1.1. The early-stage ship design project

At the very beginning of the project, we set up a small team that comprised a design engineer, a software
developer and occasional contributors. The vision of the team was that:

A ship designer with a lightweight sketching app
could run early-stage design loops extremely fast,
increasing her chances to hit the best possible design.

The development of the tool started in 2018 with the collaborative research project HOLISHIP and it
received later funding by Naval Group and Naviris. The version of the tool implemented in the context
of HOLISHIP was described, for instance, in LE NENA (2021); the application has undergone a
complete makeover, as described in section 3.4, since the project ended by the end of 2020. The
development of this new version is still ongoing.

The community of stakeholders and users evolved during the project. It included HOLISHIP partners
at the beginning of the project, and now consists mostly of naval architects from Naval Group and
Naviris.

The “measure” stage of the Lean Startup process, Fig.2, is regularly amended with interviews and
applications of ShipBuilder to existing ships. Users are asked to show and describe how they use the
tool (“I designed the ship from the keel up”, “I use the side and top views more than the front view”, “I
found it difficult to work with 0.1m cells in z”,...). The two main ways to improve user experience

153



emerge at this stage, namely the need for additional features (e.g., be able to evaluate a center of
buoyancy) and ease-of-use (e.g., fix a confusing layout).

The “learn” stage is when team work is the most intense. Every two or three weeks, users and developers
meet to elaborate a workplan for the next iteration. The goal is to formalize the learning by explicitly
prioritizing features from the backlog and trying to strike the best balance between:

- usability (friction removed),

- capability (additional features),

- implementation time (short term),

- technical debt (sustainability of the development).

The first two bullet points are about user value; the last two are about implementation costs.

The “build” stage is when the workplan is implemented. The development team implements features
as described in the “learn” stage, so that the added value for users can be measured within two or three
weeks.

All this process is supported by an extensive use of continuous integration. Every feature starts as an
entry in the issue tracker of Gitlab; we use Milestones to prioritize issues; every implementation starts
in a feature branch connected to the original issue, and ends with a merge in the master branch.
Developments are thoroughly tested and proofread and deployment is automated, to guarantee the
quality of the application.

Section 3 describes the main stages the application went through. The assumptions, the application and
the feedback from users are described at each step.

3. The steps to a fully-fledged early-stage design tool
3.1. MVVP1, a silhouette sketcher

The very first assumption was directly inspired from the vision that we wanted to develop a lightweight
application for designing ships. We had some experience with web technologies and knew that a web
page would be a good candidate for a simple, versatile design application. The team had general,
however limited, insights about ship design: our prime goal was to involve users in the development of
the application.

As far as we knew at this stage, the visual aspect of the ship was a cornerstone of the work of naval
architects. We had not built a community of users yet, and we were beginners in geometric modelling.
In order to start learning geometric modelling and have a starting point for conversations with ship
designers, we took the following assumption as a starting point:

Assumption 1
Our lightweight ship design tool shall
offer a visual, editable display of a ship.

The first version we showed to a ship designer is displayed in Fig.3; let us call it MVP1 (for “Minimal
Viable Product number 17°). The application is a web page with a large display area where the silhouette
of a ship is displayed. Users can add decks to serve as a guide for placing “elements” — compartments
or large equipment.

It was one of the first times we implemented an application with a visual display where objects could

be dynamically modified. We put as little effort as we thought necessary in the user interface, but we
made sure the assumption was verified. The decks are dynamically displayed and updated when users
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change the parameters (number of decks, steerage), and the “elements” can be resized either by typing
their parameters in text boxes or manually (drag & drop).

130

"'I_I|H|

Name Length Height Mass Thrust Consumption
Element | a0 30 0 0 0

[Element 81 285 | 0 0 0

Fig.3: MVP1: the first version allows users to edit the general arrangement of the ship in 2D

We showed the application to a handful of ship designers. The feedback was negative: ships are 3D in
nature, and the software was rippled with bugs and far off the quality standards of marketplace
applications in terms of look and feel. Properly speaking, this first version was not a minimal viable
product and the negative feedbacks were a clear call to improve the quality of our future releases —
which we did.

Yet, we had achieved our first goal which was to start conversations with users. We had indications on
what to implement next (3D modelling); this was our first learning. Also, a seed for the “build”
environment had been sawn: we had a first repository and a first continuous pipeline set for this project.
We had set up a fragile yet complete build-measure-learn loop.

3.2. MVP2, a construction game

The feedback from MVP1 prompted us to go 3D. After we had found a few javascript libraries that
supported 3D graphics, we decided to test a new assumption:

Assumption 2
Our lightweight ship design tool
shall support 3D models.

The second version of the tool is represented in Figure 4. Essentially, this version has the same features
as the first one, with a large display area, parameters displayed in text boxes, and objects that could be
edited by typing or from the graphical display area.

The main difference is that the user handles 3D objects. The objects are parallelepipeds — the simplest
3D objects that could be implemented to test assumption 2. For instance, the aviation hangar on the aft
deck of the ship in Figure 4 is represented by a pink block. The general spirit of the application is that
of a “construction game” where the ship is modelled as an aggregate of parallelepipeds.

The general aspect of the application has been improved a lot. Parameters have been grouped in

thematic “workshops”, while in the first version, for instance, the number of decks appeared on the
same page as the size of blocks. Each workshop has a specific tab with parameters related to one aspect
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of the model; the size, center of gravity, density,... of each block are grouped in a single tab displayed
in Fig.4.

SIREHNA  ShipBuilder

i Width A
Hull 12 Side Front
— Height

Partitions 6.2
- L
|
I &

bl Center of gravity & f
. N & N |

@ CoGy 10.3
KPI
° CoG, 6

1= CoG; 3.1 ’

Modeller 0=z Top Perspective 4
Volume /
1533
Density
o T
Mass ]

Fig.4: MVP2: the ship is modelled by an aggregation of parallelepipeds

The application that we now called ShipBuilder received better feedback from potential users. One of
the partners in the HOLISHIP project called it “a space reservation tool”. We had also built a special
relationship with one naval architect, who had developed an early stage ship design tool himself — on
totally different grounds, though. He had found our approach interesting, but was still bothered by the
absence of a hull below the ship. This led us to formulate the third major assumption.

3.3. MVP3, a construction game with a hull

It took a while before we decided to explore the third assumption, because we anticipated a lot of error-
prone, mathematically challenging geometric calculations. Nevertheless, the feedback from our users
was unequivocal about the absolute necessity for ships to be equipped with hulls, the size and shape of
which should be adjusted to the mission and size of the vessel.

Assumption 3
Our lightweight ship design tool shall
support 3D models with adjustable hulls.

We set out to develop a simplified hull modeller, to be able to apply homotheties to a parametric
representation of a hull. After several iterations with the users, the modeller had grown to include basic
library management features, and transforms ranging from the well-documented prismatic coefficient
adjustment with the Lackenby (1950) method to adjusting the LCB, the repartition of the volume
between the aft and fore sections of the vessel, or the filling coefficient at the master cross section,
Fig.5.

User feedback about the hull modeller was good. Once the base hull had been imported, the transforms
were very easy to implement. However, the hull and the parallelepipeds representing the compartments
were completely disconnected at the time. Unless the user took care of placing the blocks strictly inside
the hull, the corners of the blocks would protrude from the hull, inducing a bias in the calculation of,
e.g. the volume of the capacities.
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Fig.5: MVP3: ShipBuilder implements basic hull modeller and hull library management features.
Users can import a hull of their choice and, e.g., adjust the prismatic coefficient. The area
curve, the displacement and other parameters of the hull are updated in real time.

The users made it clear that they wanted to evaluate the volume of compartments and capacities within

a few percents already in early-stage design. Protruding cubes did not provide a faithful representation
of the compartments within the hull.

3.4. MVP4, trading bricks for cells
We used the feedback from our users to formulate the third assumption:

Assumption 4
Our lightweight ship design tool shall
intersect protruding blocks with the hull.

3.4.1 Pivoting

Once we had learnt how to handle, on the one hand, parallelepipeds, and on the other hand, an arbitrary
3D hull, it was not a huge challenge to intersect the former with the latter. Yet, the “construction game”
paradigm had shown several limits, among which:

- The necessity to manage overlaps and voids between blocks, to make sure that the hull was
filled 100% - not a percent more, not a percent less,

- The necessity to introduce a library of components (as a minimum: shapes) if we were to handle
more complex shapes,

- The need to implement magnetism to align the blocks with the decks of the ship,

- The need for parametric deformation rules and parameters, in order to move the blocks
consistently when a deck or a bulkhead is moved.

We knew that these features would take us a long time to implement, with an (uncertain) result that
would in all cases be very similar to existing marketplace CAD software. We also knew that parametric
CAD models take some time to build and maintain, which is inconsistent with our overall vision of a
lightweight sketching app [to] run early-stage design loops extremely fast.
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Since the beginning of the project, we had learned that the internal structure of many ships could be
adequately represented with an orthogonal structure (horizontal decks, vertical bulkheads), but that the
ship herself had smooth general shapes that were not directly connected to the internal structure, except
for the main deck, the keel, the transom section. The orthogonal structure of the ship defines a number
of cells, and, essentially, each compartment takes up one or more of these cells.

Instead of adding a new feature — intersecting the blocks with the hull — we decided to apply substantial
changes to the way we modelled ships. We imagined splitting the entire space with cubic cells, then
model the ship’s general arrangement by assigning cells to compartments, not bringing in independent
parallelepipeds. This was a big change in the product (the application) but also required our users to
change the way they modelled ships. By contrast with previous features, the change could not be
incremental, and it was felt by the team as a pivoting moment in the design of ShipBuilder.

The advantages of this new approach are many:

- Overlaps and voids are prevented by construction,

- Compartments are sets of cells, and complex (even non-contiguous) shapes are obtained easily,
by assigning a complex (not contiguous, maybe) pattern of cells to a single compartment,

- Blocks are aligned horizontally and vertically by construction (no magnetism needed),

- When the user changes the spacing between two lines of the grid, e.g. between two decks, the
blocks above move in a coordinated, straightforward fashion, following the cells defined by
the grid.

The main advantage of this new way to model ships is the ease with which decks, bulkheads,
compartments can be modelled. The experience is close to that of popular construction videogames
accessible to school kids.

3.4.2 MVP4

Recalling assumption 4 — that blocks shall be intersected by the hull — we complemented the new 3D
modelling of the general arrangement with a feature that literally trimmed the cells that intersect the
hull and kept only the inner part of the cell for all subsequent volume, mass and center of gravity
calculations.

The modelling principles are displayed in Fig.6. Users assign cells to “areas” by clicking and dragging
the cells in a 2D view of the ship, and the application aggregates and intersects the cells with the hull
to generate elaborate 3D objects that can be displayed and used for calculations.

The feedback of our users was extremely positive. The modelling interface is easy to use, the 3D views
can be generated in a few clicks, and a number of indicators can be calculated such as weights, volumes,
surfaces, hydrostatics, ...

4. Discussion on agile methods, users and the gameplay
4.1 Agile methods

The experience we have had with agile methods shows that involving users during the development
process is an absolute must. By involving users from day one, you create a shared experience and a
shared ownership that bring value on the long term. Early users are happy to hear about and test the
latest evolutions of the application, and they are pleased to provide insightful, valuable feedback on
any occasion. Committed users can also be ambassadors and propagate the word-of-mouth about your
tool.

Another advantage of involving users at every iteration in the development process is that features are
developed incrementally: user value is accumulated in a continuous fashion, both with additional
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features and removed friction (see section 2.1.1). Rather than rolling out a tool designed up-front with
no user feedback, user value and user experience improve incrementally on every iteration.
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Fig.6: MVP4: cells from a Bredeﬁned grid are assigned to the red “area” in the 2D top section of
the display area. The cells assigned to the area are aggregated, intersected by the hull (blue),
then displayed in 3D in the bottom part of the display area.
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4.2 Gameplay

Gameplay is a generic term for qualifying the pattern of interactions between a player and a video game,
and it plays a crucial role in user experience. The choices we made - consciously or unconsciously -
improved the gameplay in four ways:

- Satisfaction: the ship designer receives immediate feedback on every design decision she made,

- Efficiency: MVP4 has dramatically improved design efficiency, by removing a number of
hurdles in the modelling process,

- Immersion: the application speaks the language of naval architects, and key indicators go hand
in hand with appealing views of the ship,

- Emotion: visualizing the ship’s internal structure intersected by the hull gives an undeniable
feeling of achievement.

We have not had many opportunities to explore the social aspects often associated with a good
gameplay. However, we hope that the versatility of our application will allow teams to update and
evaluate ship models in the course of technical conversations and benefit collaborative work
substantially.

4.3 Hand in hand with users

The interactivity that we eventually came up with is reminiscent of some video games, where entire
worlds can be built with cubes. The result is a world made of voxels that has two major advantages: the
building process is accessible to all (school kids soon become masters at creating cities and castles) and
extremely flexible.

This modelling paradigm emerged after the design team had observed naval architects using the first
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versions of the tool: the users had requested to be able to place blocks inside the ship, but the first action
they took on a new model was to define an orthogonal structural grid with decks and bulkheads. The
users had the perception that their job was like a construction game — which it is, when it comes to
inserting an engine inside a propulsion room — but they had not perceived that, in the earliest design
stages, designing the general arrangement could be seen as assigning functions to pre-existing cells
delimitated by decks and bulkheads.

The traditional paradigm is that users need to learn how to use software applications. Our ambition was
to minimize the efforts of the users and to adapt the software to the user. The team applied agile methods
to learn what users needed (not what they wanted). The result is a ship sketching application with an
easy-to-use modelling interface, appealing views and reliable naval architecture calculations designed
to unleash creativity.
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Abstract

In the absence of standards, ship owners, shipyards and vendors have had to settle for proprietary
methods to tag sensors associated with ship equipment and systems. This has made it difficult to get
structured overviews of the data and been a barrier to fleet-wide analysis and development of new
applications. This paper presents a standardized sensor naming scheme, developed by DNV, utilizing
the Vessel Information Structures (VIS) - an information model maintained since 2005 to support
classification services. The paper presents the developed sensor naming scheme, its role in the 1SO
19848 standard and a new web-based sensor naming tool supporting users.

1. Introduction

Sensor data from ships is playing an increasingly important role in ship operations. Many different
on-board systems are generating data for automation and decision-support, primarily for dedicated on-
board use but to an increasing extent also sent to shore utilizing capable and affordable connectivity
options. Over the last years, all maritime players have made significant investments in digitalization,
however pilots projects have shown that there are still barriers against sharing and efficient use of
such sensor data in new applications, Lag and With (2017).
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Fig.1: Ship sensor data is used on board and sent to shore

To keep track of metadata and to structure the storage and processing of sensor data, there is a need
for a unique identification of sensors as well as the components and systems subject to monitoring by
sensors. As no standard naming method has been available, legacy implementations have been based
on different proprietary, vendor-defined naming schemes, that have been difficult to interpret. Lack of
standards have therefor hampered interoperability, sharing and reuse of data.

In addition to providing uniqueness for referencing, a good naming scheme should also provide
additional information and context relevant for the ship, sensor and the monitored component or
function. VIS, a rich and mature information model, used in DNV’s classification services since 2005,
has been found highly suitable for this purpose. This paper describes the new standard sensor naming

161


mailto:steinar.laag@dnv.com
mailto:vidar.vindoy@dnv.com
mailto:kristian.ramsrud@dnv.com

method “dnv-v2” defined and maintained by DNV utilizing VIS to help creating a common language
for exchange of sensor data in the maritime industry.

2. 1SO 19847 and 19848 — standardizing ship sensor data
In the autumn 2018, 1SO published two new standards for storage and exchange of ship sensor data:

e ISO 19847 “Ships and marine technologies — Shipboard data servers to share field data on the
sea”, 1SO (2018a); and

e ISO 19848 “Ships and marine technologies — Standard data for shipboard machinery and
equipment”, 1SO (2018b)

ISO 19847 is a standard for a shipboard data server, defining requirements for functionality,
performance, and data handling.

Data Provider Data Consumer
[ Ballast Shipboard data server M/E Condition
System monitoring
: Input Data Input Function Output Function Output Data
‘ Cargo Data Streaming | Performance
| System IEC 61162-1/2 Data Streaming |, Streaming et analysts
——— /450 sentence )| Transport service Sentence data
AMS I _ Remote
(Machinery) maintenance
1S0 19848 Data Stored | ) [Request-Response Flso 19%(1148
Format data e | Trans service ormat data
[ VDR - Transport service Weather
—_— i routing
( 1 File based on | File Transport File based on
‘ ECDIS J 1SO 19848 Stored Data service 1SO 19848 ()ptimum
\ trim
GNSS J

Fig.2: 1SO 19847 — Shipboard data server Input/Output model, ISO (2018a), Ch 5.1 Fig 1-4

The contents include:
¢  Minimum requirements for functionality and interfaces
Reliability and performance requirements e.g. availability and logging speed.
Systematics for configuration and meta data
Data structures & formats (ISO 19848)
Environmental requirements tailored for maritime e.g. temperatures and vibration levels
Cyber protection e.g. schemes for authorised access.
Test requirements, providing the basis for 3rd party verification.

By specifying standard input and output protocols and providing a “neutral ground” for storage
between data providers and data consumers, the standard enables interoperability and lowers the
integration barrier for new applications.

ISO 19848 is more of a data standard, standardizing data concepts and data structures, that the 1ISO
19847 data server must use. The standard defines:

e Time Series data, in the form of Tabular data or Event data.
e Sensor meta data (Data Channel Property)
e Systematics for sensor naming (Data channel ID)

The Time Series data is the payload data, i.e. the actual readings or measurements from the different
sensors. The Tabular Data structure is suitable for uniform high-frequency sampling of multiple
channels of physical measurements such as temperature and pressure, while the Event data structure is
suitable for low-frequency asynchronous data sources such as event- and alarm logs.
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Instant e.g. e.g. Decimal Enum e.g. e.g e.g. e.g.
Average 1 sec 60 sec Integer FractionDig 0 120 kw Active power
Max Boolean Length Pa Pressure
Min String MaxExcl
StdDev MaxIncl
Calculated MaxLength
SetPoint MinExcl
Alarm MinIncl
. MinLength
Pattern

Fig.3: 1SO 19848 Data Channel Property - standardized sensor meta data

uopn|oARy aulbug ulep *b's

vy Jainioejnuely ¥d3 :uopesot ‘b

ISO 19848 also defines a standard data structure for Data channel properties, which essentially is
meta data for the sensor, e.g. unit of measure, validity range and format. Such meta data is essential
for correct interpretation and use of the data but is often insufficient or absent. The various data
structures have been defined in XML, but implementation options in CSV and JSON are included in
the standard.

Although 19848 is mandatory for a 19847 shipboard data server, it is also highly relevant for data
providers and data consumers on board as well as shore-based data platforms to be able to ingest the
1SO-19848 data.

Finally, ISO 19848 defines standard methods for constructing “universal IDs” — a unique reference to
a sensor on board a vessel. The universal ID is a URI (Uniform Resource Identifier) and could be a
unique URL (Uniform Resource Locator — i.e. a hyperlink) representing that particular sensor signal.
The structure is flexible in that it allows different “naming rules” with associated code books to be
defined by different “naming Entities”.

UniversallD
|

f \
http://data.shipdatacenter.jp/imo1234567/jsmea_mac/MainEngine/Cylinder1/ExhaustGas/Outlet/Temp

I

: T T T
Naming Entity Ship ID . Naming Rule Local Data Name )

T
LocallD

UniversallD
]

[ ]
http:!f‘data.dnv. com;‘imo1 234567/dnv-v2/vis-3-3/411.1/C101.31-2/meta/qty-temperature/cnt-exhaust.gas/pos-inlet

T T
Naming Entity Ship ID Naming Rule Local Data Name
L J

Y
LocallD

Fig.4: ISO 19848 Standardized sensor name using the “jsmea-mac” and “dnv-v2” naming rules

In the initial version of 1SO 19848, two naming rules were introduced, one from JSSMEA (Japan Ship
Machinery and Equipment Association) and one from DNV. DNV’s naming rule, called “dnvgl-vis”
in the initial revision and “dnv-v2” in an ongoing revision of the standard, is based on the VIS (Vessel
Information Structures) information model.
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VIS is further explained in the next chapter, and we will return to a detailed description of the “dnv-
v2” naming rule in chapter 4.

3. VIS master information system
3.1. General

The VIS provides the master information used as basis for the classification processes in DNV. An
important part of the VIS is the Generic product model (Gmod), a functionally oriented model
describing the vessel. The Gmod and its use in the classification processes is described in Vinday
(2008).

The Gmod provides:

e a functional breakdown of the vessel

o alibrary of product types that may be installed on the vessel, and a functional breakdown of
these

e unigue codes and names for all items
¢ allowable assignments between functions and product types

Based on the Gmod, unique vessel product models (Pmods) may be set up by a partly automatic and
partly manual process.

3.2. Gmod scope

The Gmod is intended to cover
e All types of vessels subject to classification by DNV
All vessel lifecycle phases
All product types with a classification scope installed on board classed vessels
All regulatory regimes relevant for classification
All engineering disciplines

3.3. Gmod principles
The Gmod is based on 7 principles:

a) The functional breakdown of the vessel is set up as a hierarchy, with 14 level 1 vessel
functions, currently totally 2883 functions. The coding of the vessel functions is based on the
inherent hierarchy of the decimal system. All vessel function names are globally unique.

b) A library of product types is provided, currently comprising 773 items. The product types are
grouped according to their associated engineering discipline. The codes of the product types
start with the discipline code followed by a number. All product type names are globally
unique.

¢) Product types may be given a functional breakdown based on the same principles as used for
the vessel. Currently, 2727 product functions are defined. The codes of the product functions
start with the code of the product type, followed by a hierarchical number based on the
decimal system. Product function names are unique in the context of the product type.

d) Allowable assignments between functions and product types are set up. This applies to vessel
functions and to product functions.

e) In some cases, more than one product type may be assigned to a function. This is covered by
the concept Product selection, a set of product types from which the wanted product type may
be selected.

f) In some cases, selectable branches are set up in the function hierarchies. This is covered by
the concept Function selection.
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g) Some functions are commonly set up in multiples, e.g. a vessel will normally have more than
one fuel oil pump. Such functions are set up to be individualised, and the function code is
appended by an i.

3.4. Normal assignment and naming

See principle 3.3 d). The allowed assignment between a function and a product type is denoted a
‘normal assignment’.

Example 1:
Function Normal assignment to product type | Common hame
621.21 Fuel oil conducting S90 Piping Fuel oil piping

This implies that S90 is the only product type that is allowed to be assigned to function 621.21, on any
vessel.

The Gmod provides a ‘common name’ for the combination 621.21/S90: ‘Fuel oil piping’. Common
names are set up for all allowed combinations of functions and product types. They provide physically
oriented names aligned with common terminology in the maritime industry.

Common names are defined at all levels of the Gmod.

Example 2:
Function Normal assignment to Common name
product type
411.1 Propulsion driver C101 Reciprocating Propulsion engine
internal combustion engine
C101.41 Reciprocating linear piston | C465 Crankshaft Crankshaft
motion to rotation conversion

For the full path 411.1/C101.41/C465, the common name will be ‘Propulsion engine/Crankshaft’
The common name here consists of the two parts

411.1/C101 Propulsion engine

...41/C465 Crankshaft

3.4. Pmod creation

a) The Pmod creation is initiated by applying a filter to the Gmod. The filter is based on high-level
vessel characteristics, Vindgy and Dalhaug (2016). The filter will remove functions that are
irrelevant for the vessel type.

b) Remaining non-existing functions are removed manually

¢) Product selections and function selections are resolved

d) Individualisation is performed, by setting the cardinality of the function and by providing a
unique identificator for each individual function.

The effort required to make a Pmod is on average 20 hours, when performed by trained personnel.
3.6. VIS versioning
The VIS including the Gmod is systematically revised to

¢ Follow development in scope and content of maritime regulations

e Correct errors
e Improve user-friendliness
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Normally, a main VIS release is published twice a year. The main releases are identified by a release
number, currently 3-4. Minor updates are performed at need and are identified with a letter appended
to the release identifier, e.g. 3-4b.

In connection with a VIS release, information about the changes to be implemented will be made
available. In some cases, the associated vessel information will have to be converted to be aligned
with the latest version of the VIS. DNV converts all Pmods upon each main VIS release.

3.7 Gmod and Pmod use

Pmods have been created for all vessels in DNV class since 2005, i.e. about 25000, corresponding to
around 25 - 30% of the world’s fleet. This is probably one of the largest sets of digital twins available
anywhere.

The Pmods have been the basis for DNV’s classification services since the introduction in 2005.
Based on user experience, the Gmod and therefore also the Pmods have been revised two times per
year since the introduction. This implies that the Gmod now has been subject to 16 years of extensive
use, comments and revisions, and is today a well proven reference.

The Gmod is used for many purposes, for a full description, Vinday (2008). Each time the Gmod is
taken into use for a new purpose, some modifications or additions will normally be required.

Following the publication of 1ISO 19848 in 2018, where the Gmod is a reference, it has now been
made available also for external users. New references as quantities, and modifications and additions
to the Gmod supporting the use for sensor annotation was published in VIS 3-4, June 2021.

4. DNV’s sensor naming standard
4.1. General

The main purpose of sensor name (tag) is to have a unique reference (identifier) that can be used in
sensor-related data such as the measurements, configuration, meta data, analysis or results from
processing the data. The advantage of having a standardized naming scheme is to have reference that
can be interpreted accurately and automatically across a fleet of vessels and from different
manufacturers. A standardized approach makes exchange of sensor data between different systems
and companies easier and less error prone.

The rules for constructing the standard sensor name string will typically require inclusion of elements
providing additional information or context about the sensor, for example location, measured quantity,
and the monitored equipment on board the vessel. Although this kind of meta data is typically stored
separately and in more detail in dedicated data structures (ISO 19848: Data Channel List) having
some key attributes directly available from the sensor name is increasing transparency and
convenience for human interpretability. It also helps getting a structured overview when the humber
of data point gets high e.g. into the thousands, which is not uncommon for a modern ship.

As described in Chapter 2, 1SO 19848 defines LocallD as a unique and standard identification of each
sensor or data channel onboard a given ship. The “dnv-v2” naming rule defines how such a LocallD
can be generated using Reference libraries and associated codebooks. The reason for using the version
suffix “v2” is to distinguish it from the first version of the naming rule “dnvgl-vis” presented in the
initial publication of 1SO 19848 in 2018.

The reference library used in the “dnv-v2” naming rule is “vis”, i.e. the Vessel Information Structures,
DNV’s information model used for ship classification (Chapter 3).

166



4.2. Selection of Primaryltem and Secondaryltem

In the “dnv-v2” naming rule. the basis for the sensor name is to select one (or two) suitable item(s) or
node in the Gmod tree of VIS, the first one, <Primaryltem>, is mandatory and the second one,
<Secondaryltem>, is optional.

<Primaryltem> is a reference to the node in the Gmod hierarchy describing the function or product on
board the ship that the data channel is assigned to or associated with. <Primaryltem> is represented by
an <ltemPath>. Normally, this would be the function or product on which measurements are

performed, i.e. the monitored item.

¥ (ve) Vessel Function/product | Category
> General VE asset type
> Main structure o 400a asset function group
> Stability, watertight and weathertight integrity -
> Hull equipment 410 asset function
v Propulsion and steering arrangements comp05|t|on
> Propulsion and steering arrangements 411 asset function group
v Conventional propulsion arrangement 411i asset function
¥ @ Propulsion driver arrangements Composition
v Propulsion driver arrangement 411.1 asset function leaf
M Propulsion driver CS1 product selection
v .
';‘:rd o _ | c10 product type
procating internal combustion engine .
> Engine casing arrangement C101.4 product_ _ function
» @B Cylinder and piston units composition
v Crankshaft arrangement C101.41 product function leaf
v Crankshaft C465 product type
» @ Crankshaft

Fig.5: Crankshaft in the VIS Gmod hierarchy

For example, if a sensor is monitoring some quantity of the crankshaft in a propulsion engine, then the
crankshaft is selected as <Primaryltem> and the naming rule requires the path reference
“411.1/C101.41/C465” to be included in the Local ID (sensor name). The “dnv-v2” naming rule also
offers a verbose option which will retrieve the Common Names for the relevant functions in VIS
codes. In case of selecting the verbose option “411.1/C101.41/C465/~propulsion.engine/~crankshaft”
will be included in the Local ID string. Note that “verbose” is just an optional extension to improve
readability for humans. It is not part pf the unique Local ID and shall ignored by URI parsers.

In some cases, the data channel is not adequately described by the <Primaryltem>. Therefore, it is
possible to add an optional second reference to another node in the Gmod hierarchy,
<Secondaryltem>, describing another function or product on board the ship, which also is associated
with data channel.

Example: Consider a sensor measuring cooling water temperature at cylinder 5 in the propulsion
engine. The monitored item is the cooling system of the propulsion engine, since the sensor is
measuring temperature of the cooling water. The cooling system is represented in <Localld> as
/411.1/C101.63/S206. In this case it is appropriate to use <Secondaryltem> to specify that cylinder 5
(/411.1/C101.3i-5) is the location of the measurement. The <Localld> would then contain the
following string: /411.1/C101.63/S206/sec/411.1/C101.3i-5. The key word “/sec” is used to separate
the Primaryltem and Secondaryltem in the VIS Item path string.

If the verbose option is used, the following string is appended:
“/~propulsion.engine/~cooling.system/~for.propulsion.engine/~cylinder.and.piston.unit.5.”
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v Propulsion driver
V¥ (&2 Driver

¥ @@ Reciprocating internal combustion engine

B Engine casing arrangement
¥ EEE’) Cylinder and piston units

Secondary item ——» Cylinder and piston unit

> Crankshaft arrangement
> Camshaft arrangement
v Engine mounted systems
= Fuel system
3 Lubricating oil system
v Cooling system

Primary item ————> (3l Cooling system

Fig.6: Selection of Primaryltem and Secondaryltem in the VIS Gmod hierarchy

4.3. Selection of meta tags

The selection of Primaryltem and optionally Secondaryltem, is not sufficient to create a unique sensor
name, as the VIS Gmod only describes functions and products on board, but nothing about the sensor
itself. One may also have multiple sensors associated with the same function or product i.e. the same
item in Gmod hierarchy. To be able to distinguish between such sensors, the dnv-v2 naming rule
defines eight meta tags serving as sensor descriptors providing the means for creating unique LocallD.
The metadata tags are optional but at least one shall be used. A metadata tag consists of a name and
value. The allowed tag names and their meaning are listed below:
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“gty” (quantity): describes the physical quantity associated with the data channel. Quantity is
used in a broad sense which includes any kind of measurement relevant for ships and their
operation. The provided codebook is a superset of the quantities in 1ISO 80000 with additional
guantities relevant for the maritime context. Examples: pressure, temperature, heading,
speed.over.ground.

“cnt” (content): describes a substance of which a property is measured. The tag “cnt” is an
abbreviation for “contents” as it typically is a substance (e.g. liquid or gas) that is contained
within the relevant VIS item such as a tank or piping system. Examples: exhaust.gas, fuel.oil,
sea.water.

“calc” (calculation): describes different calculations that may be applied to a measurement,
e.g. time-based aggregation or averaging across several signals. This tag may be omitted for
data channels which contain instantaneous (i.e. not aggregated) measurement values.
Examples: mean, maximum, sum, first.

“state”: describes data channels which contain binary or categorical data rather than
measurements of physical quantities. Examples: opened, closed, running, not.running, on.off,
failed.

“cmd” (command): describes data channels containing commands, for example an instruction
to a system to enter a specific state. A command is often a consequence of a state, e.g. a
system may be commanded to stop due to a measurement exceeding a certain threshold.
Examples: start, stop, shut.down, slow.down.

“type”: describes type of data source. This tag shall be omitted if the source of data is a sensor
signal. Examples: set.point, manual.input, control.output

“pos” (position): describes a relative position of the sensor on the function/product where it is
installed (as opposed to <Location> which describes position of the function/product itself on
board the vessel). This tag is useful to differentiate between multiple sensors on the same



function/product. In addition to the values in the provided codebook, digits are also
considered standard values (i.e. they may be used with the hyphen-syntax as in /pos-2).
Examples: inlet, outlet, upper, lower, 2.

. “detail”: a free text used to provide additional important information about the sensor which
is not conveyed by the other elements of Local ID, or to assure uniqueness of the Local ID.
Examples: xyz567, at15degrees.

To facilitate consistency and automatic validation DNV provides codebooks with standard values for
all tags (except the “detail” tag, which has a free text value) at data.dnv.com/naming-rules. However,
for flexibility and to cover all possible use cases, there is also a need for custom tag values. Therefor
two syntaxes are supported; for standard values the tag name and tag value separated by a hyphen (*'-
") and for custom values the tag name and tag value separated by a tilde ("~"). The first (standard)
syntax signals that the value should be validated against a codebook. The second (custom) syntax
signals that the tag value is custom and should not be validated. Example: “/cnt-marine.gas.oil” and
/cnt~orange.juice.

4.4, Compiling the full sensor name
The selection of Primaryltem and optionally a Secondaryltem produces a “VIS Item path”. The
determination of one more meta tags describing the sensors produces a “Tag Elements” string. These

strings are combined to form the Local ID.

LocallD
1

[ \
/dnv-v2/vis-3-3/411.1/C101.31-2/meta/qty-temperature/cnt-exhaust.gas/pos-inlet

JL J L J
T T T I

Naming Rule VIS version VIS path Tag Elements

Fig.7: A fully compiled LocallD according to the dnv-v2 naming rule

The key word “/meta” is introduced to separate the “VIS Item path” and the “Tag Elements” string, to
enable parsers to decompose the combined string. Some examples are provided below.

Table I: Localld examples

Example 1 Pressure sensor in the propulsion engine fuel oil pump

VIS Item path  |/621.22i/S110.1/S101/sec/411.1/C101

<TagElement>s |/meta/qty-pressure/cnt-fuel.oil

LocallD /dnv-v2/vis-3-3/621.22i/S110.1/S101/sec/411.1/C101/meta/qty-pressure/cnt-fuel.oil

Example 2 Temperature of exhaust gas at the inlet of the propulsion engine’s second turbocharger

VIS Item path  {411.1/C101.65/S210/sec/411.1/ C101.663i-2/C663

<TagElement>s |/meta/qty-temperature/cnt-exhaust.gas/pos-inlet

LocallD /dnv-v2/vis-3-3/411.1/C101.65/S210/sec/411.1/C101.663-2/C663/meta/qty-
temperature/cnt-exhaust.gas/pos-inlet

Example 3 Running indicator (binary value) for the third generator set (auxiliary generator)

VIS Item path | 511.1i-3/C101

<TagElement>s |/meta/state-running

LocallD /dnv-v2/vis-3-3/511.1i-3/C101/meta/state-running

169




4.5. Management and operations

Both the Naming rule and the Reference libraries can be updated over time and are therefore
associated with versions. The current version of Naming rule is “v2” and the current version of the
VIS (Reference library) is 3-4a. These and future versions of Naming rules and Reference libraries
will be defined and maintained at https://data.dnv.com/dnv-vis/. At the same site DNV will provide
the meta tag codebooks, user guidance documentation as well as a Sensor naming assistant, a web-
based tool intended to aid implementers, see Chapter 5.

In addition, the informative Annex C of ISO 19848 also provides explanatory information and
examples to assist implementers.

5. Support utilities

Defining a sensor naming standard alone will not alone change the industry. To make standard useful,
we need to acknowledge practical challenges with using the standard. For that reason, DNV offers a
variety of support utilities that mitigates a significant amount of conversion problems from existing
legacy sensor tags to a standardized tag:

Understanding the standard: Sensor naming assistant | Understanding VIS: VIS navigator

SENSOR NAMING ASSISTANT
IS0 19545 NAMING FIULE V-5

orNvGL

Pl HORIZON

@ Propuson engne > Exhaust system

> G—

enabling exploration and | Search and explore the VIS structure
experiments with generation of VIS based sensor

names
Reduce sensor naming complexity: Machine | Handle large number of sensors — reducing
Learning assisted contextualisation conversion effort

fensortag

D/GNO1 EGE EXH. GAS TEMP HIGH

From the existing sensor names, the tool suggests an =
1SO19848-C compliant name. This is enabled by
machine learning algorithms trained on a large set of
sensors where the correct Annex C names are
verified.

ML can automatically bulk-suggest an
unlimited number of sensor names using the
ML based tools. DNV provides this as part of
a tools and support processes for verifying
correct names and improving the sensor name
accuracy
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https://sensor-naming-assistant-internal.azurewebsites.net/

Quick-start: Library/template of common sensors User guidance documentation containing
DNV’s recommended principles and methods
== | for 1S019848-C compliant Local ID
| | construction.

DNV

ISO19848 annex C

List of frequently used ship sensors pre- tocal 1D construction guideline
contextualised to VIS-standard.

6. Applications and benefits

For a long time, data and information has been regarded as some of the most valuable company assets,
being strictly protected by both technical and organisational security mechanisms. But hoarding data
creates no value. To take advantage of the data asset, data must be applied and used in value adding
business cases. Isolated data sources have limited business value, but when combined with other data
from the business value chain, new business opportunities may be identified. With efficient
mechanisms for exchanging information between companies, companies may gain more value
through information sharing than the value of their own data sets isolated. An efficient network of
companies sharing data can release large innovation business gains.

Shipping Manufacturer Egﬁ;‘;ﬁgﬁ?t Sl 23l
N4
Platforms Ship builder
Standard

Class Manufacturer

Fig.1: Enabling information sharing between Fig.2: Examples of mutual benefits that may be
maritime  actors  enables  industrial enabled by data sharing
cooperation and data driven use cases.

Sensor data comes with a large variety and large volumes. A vessel usually contains many sensors
with non-standardized names. Establishing of information structure and development of value-adding
services is therefore complex. The VIS name standard provides not only a common sensor name,
enabling companies to use the same language, but also to harvest value from its rich expressivity.
Being a function oriented standard, VIS natively supports function-oriented use cases, e.g. service-
oriented analytics. It can also be used for analytics from other perspectives, e.g. types of products.

Eunction Propulsion hours

All lubricating oil pump sensors
Product

Main generator 3 mean power generation

Fig.3: The VIS standard offers different context angles to ship sensors
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Manufacturers delivers products and like to have a standard set of sensor names repeatedly used for
every manufactured product. This conflicts with the requirements in the standard to include vessel
specific information. The VIS structure enables manufacturers to create what we call “VIS-ready”
names, enabled by the VIS hierarchical structure. Manufacturers will then populate the sensor name
with known information about the product, and leaves ship installation details to actors assembling the
component to a vessel.

Manufacturer

Reusable sensor names

Sensor name Main bearing 01 temp PV C101 - Engine
VIS-ready name  /dnv-v2/vis3-4a/C101.44i-1/C261/meta/qty-temperature C261 — Main bearing

Installed on the ship

Vessel specific info added

VIS-ready name  /dnv-v2/vis3-4a/IMOno/411.1/C101.44i-1/C261/meta/qty-temperature  411.1 Propulsion engine
Fig.4: Manufacturers can create reusable, VIS-ready sensor names
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Creating Sustainable Marine Structures
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Abstract

The application of composite technologies continues to grow across all segments of the marine industry.
In comparison to traditional materials, composites offer a progressive and sustainable approach to
manufacturing through weight reduction in the vessel’s structure, resulting in better fuel efficiency and
lower emissions. This paper addresses the embodied CO; value of the vessel from cradle to gate. The
sustainability benefits of applying composites to marine structures compared to metallic vessels are
highlighted alongside a selection of case studies demonstrating sustainable practices. The main
barriers for entry are explored alongside the importance of regulatory requirements to support the
adoption of composites in design engineering.

1. Introduction

The use of composites is constantly being adopted in new industries, with benefits including weight
saving, corrosion resistance, electrical resistance (for Glass Fibre Reinforced Polymers (GFRP)) and
ultra-low magnetic signature which helps to reduce noise in incoming data for communications systems
whilst protecting the equipment from environmental effects. The effect of reducing weight on the vessel
structure is one of the key benefits to reduce the quantity of materials used and also to reduce the fuel
consumption during the service life of the vessel.

In the current crisis of global warming and recent warning from the IPCC (Intergovernmental Panel on
Climate Change), the effects on the environment of building from product is becoming one of the key
factors that drive decisions on materials and operational sustainability of products. The effect of
reducing weight, along with using a lower energy intensive process to produce the material, shows a
lower embodied COge, leading to lower amount of greenhouse gases being released into the
environment.

To illustrate the decision on material, manufacturing and operational efficiency choice, an example has
been taken of a typical 16m patrol vessel with the following material options:

Aluminium

Glass fibre (GF) (E-glass) PVC Core Infused

Carbon Fibre (CF) (Standard Modulus) PVC Core Infused
Carbon Fibre (CF) (Standard Modulus) PVC Core Prepreg

Table I: Vessel material options and structural weights

Aluminium Glass Fibre PVC | Carbon Fibre Carbon Fibre
(Baseline) / Infusion PVC / Infusion PVC / Prepreg
Vessel structure 5,500 kg 4,481 kg 3,654 kg 3,077 kg
weight

2. Equivalent CO; (CO2e) — “Cradle to (factory) gate”

CO2e is the value of measuring the carbon footprint of all greenhouse gases released into the atmosphere
through the processing of raw materials, intermediate processes and final manufacturing process to
create a product. The scope of the COze value in this case study is limited from cradle to factory gate,
taking into account emissions during production only.
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Each material, including its constituents, intermediate and final manufacture processes, has a value of
CO2e, which can be multiplied by the mass of the material, giving a total CO-e value for the product
when released from the factory.

2.1. Effect of raw material choice on embodied CO.e

For raw materials production, materials which require a high amount of energy to convert from a
mixture of constituent materials, to their usable form, typically embody a higher amount of COze (i.e.
conversion from polyacrylonitrile (PAN) precursor to carbon fibres or conversion from alumina and
bauxite to aluminium). The temperature is approximately 3x higher for carbon fibre production than
aluminium. Natural materials, such as balsa wood, which is typically used as a core material in the deck
and superstructure of vessels, have a negative CO2e, which is a step towards becoming carbon-neutral.
This is because through the tree’s life, it will absorb CO- and emit O, requiring very little energy to be
grown and harvested.

2.2. Effect of intermediate processing on embodied CO,

Intermediate processes to convert the fibres to usable fabrics, such as stitching, weaving and application
of resin film to the glass or carbon fibres only requires 10-15% of the energy compared to the production
of the raw material. Therefore, the intermediate process contributes to similar percentage of CO.e. This
is mostly due to the processes being performed on weaving/stitching machines at ambient temperature.
Itis typical that only 30% of the energy is used for these processing machines, with the remainder being
wasted through heating and lighting of the factory space.

2.3. Effect of manufacturing process on embodied CO,

Manufacturing processes again mostly take place at ambient temperatures, where elevated temperatures
are used for curing the product at 50-100C for a short period at the end of the composite manufacturing
process. Factory inefficiencies such as heating and lighting play a significant role in the energy usage,
however these are accounted for in the appropriate CO-e values in the product.

2.4. Total embodied CO; in vessel (Cradle to gate)

The CO.e for the example vessels is outlined in Fig.1, accounted for from cradle to gate. Fig.2 outlines
a comparison on structural weight, material cost and COze.

Aluminium, assumed to be 100% virgin metal, has the highest CO-e of the options, mainly due to the
weight difference of the final product (as shown in Fig.2).

The E-glass fibre vessel, the “cost effective” option, has a weight saving of 20% over the aluminium
vessel, but the lowest CO.e of the options due to the relatively low CO-e value of E-glass fibre, having
only 10% of carbon fibre. In this vessel, the resin COe is the most significant contributor to the overall
CO2e content.

The carbon fibre vessels (both infused and pre-preg) contains significant CO.e due to the large
contribution of CO.e from the raw material, however due to the 35-45% weight saving compared to
aluminium, still contains less CO-e than the aluminium vessel.

In order to gain potential further savings, it has been highlighted earlier that most of the COe generated
during part production is through energy used to heat and light factories. The CO.e released into the
atmosphere for these overhead costs is dependent on the location of the factory, with some countries,
like the U.K. releasing approximately 40% less COe per KW than Germany.
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Total CO:e (cradle to gate), including distribution of CO:e in dry fibre,
core and resin
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Fig.1: CO-e values from cradle to gate, including material type breakdown
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Fig.2: Vessel comparisons for weight, COze and cost, compared to Aluminium baseline
2.5. Operational CO.e savings

The other key factor in a vessel’s emissions of CO; is during the operational life of the vessel. In order
to understand and quantify the potential CO, savings from creating a lighter structure, the diesel usage
has been estimated using the assumption that the vessel’s residuary resistance is roughly proportional
in the displacement operational range. It is assumed for this vessel that the majority of fuel consumption
for a typical workboat will be operating as a displacement vessel.

Fig.3 outlines the COze savings from fuel consumption only, assuming a vessel has 50% utilisation over
a service period of 30 years.

The carbon fibre vessels indicates that a reduction in weight can save up to 9% of CO.e over a 30-year

period compared to an aluminium vessel, which is equivalent to 300 tonnes of CO.e for this example
vessel.
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Equivalent CO: savings during operation compared to aluminium vessel
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Fig.3: Equivalent operational COe emissions from diesel
2.6. Overall COge savings

When the volume of COze is compared between “cradle to gate” and operational volume, the embodied
CO.e from materials and manufacture is only 0.65-1.6% of the total greenhouse gas emissions,
indicating that the materials selection is a small portion of potential savings, however composites can
be utilised for their weight reduction advantages to reduce the operational emissions, along with their
other corrosion and fatigue resistant properties.

Breakdown of total CO:ze savings against baseline (Embodied and
Operational)
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® Embodied savings % Operational savings %

Fig.4: Breakdown of total CO.e savings compared to baseline Aluminium vessel

Fig.4 outlines the breakdown of potential emissions savings compared to the aluminium vessel. All
options have cumulatively small overall CO-e reductions from 5.3% to 9.3% improvements. Which is
far from the net-zero goal from the IPCC in 2040.

Although the reduction of CO.e from composite vessels could easily be overcome by the use of recycled

aluminium, the weight savings, and therefore operational emissions would not feel any benefit from
this option.
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3. Challenges of adopting composites

There are many perceived barriers to entry to adopt composite materials, many of which are related to
the relative youth of the composites industry, which can take some time to develop without strong
commercial or regulatory backing. Although composites have been adopted in the smaller leisure and
racing marine market, the larger commercial and more regulated corner of the marine sector has
historically been slow to recognise the benefits of composite materials. There are a few key barriers
which delay the current adoption of composites:

e Design and analysis
¢ Regulations and certification
e Repair and maintenance

3.2. Design and analysis

Unlike metallic materials, which have the same properties in all directions, composites are orthotropic,
giving three times the number of properties. Whilst this is one of the key benefits of composites, where
fibres can be orientated to follow the load path, reducing wasted materials, this can increase the level
of complexity of design. Thankfully, there are increasingly more software packages being developed as
a “plug in” to the normal Finite Element workflow to ease the broadening of engineer’s expertise to
design using the benefits of composite materials.

3.3. Regulations and certification

Aside from the future regulations relating to sustainability, the main barrier into the larger commercial
marine sector is fire performance. Composites used in the majority of products do not have sufficient
resistance to temperatures above 90-100C, and will start to deform and burn above these temperatures.
Fire resistant resins can be used in order to reduce the smoke and toxicity of the burning composite,
enabling composites to be adopted into areas which aren’t relied on for escape routes, where safe
“failure” of the composite can occur in the event of a fire. Following the IMO’s release of “Guidelines
for use of Fibre Reinforced Plastic (FRP) within Ship Structures” in 2017, many ship builders are
looking into incorporating composites into strategic areas of ships, where the weight reduction,
increased stiffness and low magnetic signature are some of the key benefits for adoption of composites,
leading to increased stability, fuel savings and reduction of power requirements for hatches as a few
examples.

3.4.Repair and maintenance

Another key barrier for composites, which is linked to a strong previous development of metallic-skilled
workforce, is the repairability of vessels whilst in operation. Many ships are currently repaired whilst
at sea using welding both above and below the waterline on an ad-hoc basis. As composite resins require
a controlled humidity in order to cure and achieve the desired mechanical properties, the majority of
situations where a repair could be made with metals, composites require a controlled environment and
therefore would be preferable whilst docked. For a vessel operator, similar to the current industry,
vessels can be provided with a service contract, where repairs from damages and scheduled inspections,
refits etc. are provided along with the vessel.

4. Product end of life
4.1.Recycling and re-use of composite materials
Due to a ban of landfill from 2030, through the EC DIRECTIVE 2008/98, released in 2008, with the

ultimate goal of preventing waste, the wind industry has been taking steps to implement recycling
solutions for all wind turbine blades.
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There are currently three main options which are being implemented in the industry: Mechanical
recycling, development of 100% recyclable blades using thermoplastic materials and development of
chemical recycling of epoxy-based wind blades.

Mechanical recycling is the shortest-term solution, where the composite material is shredded, and the
recyclates being re-used as a concrete additive. Although this is a quick, simple solution using well
known methods, this solution is not a fully satisfactory option in the long term.

The second, medium term option, being implemented in the ZEBRA project by LM wind power, aims
to have a 100% recyclable blade through the adoption of thermoplastic resins, which can be recycled
using depolymerisation and dissolution. Thermoplastics also benefit from reduced COe content in
comparison with current epoxy and polyester resins which are used in the large majority of composite
products.

The third option, which is longer term, is the chemical recycling of epoxy-based composites. Currently
polyester based composites can be chemically recycled, with a high percentage of the recyclates having
the option to be re-used. Historically the majority of cost-effective composite leisure vessels were
manufactured using polyester which opens an avenue for them to be recycled, however the use of epoxy
resins has increased in the marine sector which provides more challenges to recycle cost effectively.

The wind industry possesses two large advantages to enable development; the industry is dominated by
a handful of large blade manufacturers, which can collaborate easily, and a high capital in order to fund
the recycling technologies. The marine industry on the other hand, is segmented with a large number of
smaller manufacturers, making collaboration very difficult.

As the materials used in wind blades and most composite vessels is similar, the technologies developed
by the wind market can be utilised by the marine segment, giving opportunities for the marine sector to
have sustainable options at end-of-life. However, this needs to be facilitated by a global body, such as
DNV, in order to benefit the whole sector.

What is clear is that the development of these technologies will require a close cooperation between
among others, chemists, material scientists, designers and process engineers to innovate economically
sustainable recycling solutions as demonstrated by all the examples.

5. Conclusion

Composite materials, although being high in COze by unit weight, typically result in a lighter structural
weight which yields savings in both CO.e and CO; emissions when considered for the vessel’s service
life. Although initial material costs are higher than their aluminium counterparts, the investment is
returned within the first 10% of operational period, however this is rarely considered as the builder is
typically not the operator of the vessel and is driven by building cost effectively.

The barriers of entry for composite products are driven by three main factors; design and analysis, where
understanding of composite materials is being adopted in the majority of teaching institutes, and the
integration into engineering packages already used for metallics, regulations and certification, where
fire safety is dominating the reluctance to incorporate composite materials into the commercial sector
and repair and maintenance, where the composite materials require more control during repair
operations to ensure sufficient mechanical properties.

Recycling of composites has been forced by EU directives, where the ban of landfill from 2030 has
been implemented, leading to change and development of recycling methods by cost effective and
environmentally sustainable means. The marine industry, due to its segmented nature, cannot be the
leader for development of recycling technologies, and must adopt learnings from other industries such
as the wind industry.
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6. Summary

Key drivers for projects are set to change from cost dominated decision to sustainability
goals/requirements.

Composites can be used as a method for reducing CO2 emissions by reduction of vessel weight.
“Net zero” emissions target by 2040 from IPCC has to be met by use of renewable based energy
production to offset the use of structural materials, but impact can be reduced by reducing
weight.

Onboarding of composites can be supported through collaboration to reach common goal of
sustainability.

Current recycling technology developments can be transferred from wind sector. Facilitator
required for knowledge transfer.
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Abstract

This paper aims to examine the performance effect of combining both daggerboards and vestigial keels
as underbody appendages on an existing sailing catamaran design which previously had either only
keels or only daggerboards. The impact of the underbodies on sailing and rudder performance is
explored in detail in a range of wind conditions, making use of a velocity-prediction-program (VPP) in
a RANSE-CFD code. Several variations to the appendages design and position are investigated to find
a trade-off between the protective benefits of a keel and the superior performance of a daggerboard.

1. Introduction

In this paper, the Balance 526 Sailing Catamaran is investigated, Fig.1, a design by Du Toit Yacht
Design in Cape Town, South Africa. It is a 16 m vessel (LOA) with 8.28 m beam (overall), aiming to
deliver both comfort and speed. On the comfort side, 3 double cabins can accommodate 6 people, and
a significant amount of payload is possible. The high-quality interior design is practical while at the
same time luxurious. On the performance side, the catamaran can reach over 20kn, without being hard
pressed. This is due to the lightweight construction of e.g. composites and closed cell foam, as well as
some well laid-out aerodynamic and hydrodynamic design.

Fig.1: The Balance 526 Sailing Catamaran
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The sailing boat can be supplied with either daggerboards as stabilising appendages or vestigial keels.
Daggerboards can achieve a slightly higher boat speed, especially when sailing upwind. Furthermore,
they are retractable, making landing and transporting much easier. The keels on the other side provide
safety against grounding and damage to the rudder. Since no boat built was equipped with both types
of appendages, this will also be investigated in this work.

For sailing boats several options exist to evaluate the performance, ideally using a velocity prediction
program (VPP). These come in many different forms and aim to output the boat speed depending on
e.g. the sails configuration, true wind angles (TWA) and true wind speeds (TWS). A VPP hence needs
to evaluate all the forces acting on the craft and indicate the equilibrium position. In this work we use
NUMECA’s RANS CFD code FINE™/Marine in conjunction with a dedicated software extension,
developed by Finot Cong in France.

2. Some basics on sailing boats

Sailing boats are known since thousands of years, during which the boat and sail types evolved largely,
especially the latter now exist in various shapes and forms. Most modern (smaller) sailing yachts do
use a main sail and a foresail, though. Sailing in general is a highly dynamic and complex process, with
the two main players being aerodynamic forces and hydrodynamic forces, Fig.2A. Simply put, the
wetted parts of the boat (hull, appendages) are subject to drag forces and side forces, plus the buoyancy.
On the aerodynamic side, sails create the two main forces lift and drag, plus moments due to their
resultant force acting high above the vessel’s centre of gravity. These forces and moments are strongly
coupled to the vessel motions. Main factors in this system are the apparent wind angle and speed, which
are formed by the TWA and TWS and the boat’s speed and direction. The lift and drag forces generated
by the sails depend strongly on the local angle of attack, and they impact the useful propulsive force.
This leads to some significant differences in sailing operation, depending on the TWA, Fig.2B. In the
full upwind area (red), no propulsive force is generated; depending on the boat, this angle is around 30°.
As the TWA increases, so does the lift on the sails and hence the possible boat speed, and on higher
TWA (>90°) the drag also plays an increasing part in moving the vessel, until at 180° drag is the
dominant driver.
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Fig.2A: Forces on sailing boats, source: wikipedia Fig.2B: Operating condi-
tions depending on TWA,
source: wikipedia

The angle of attack on the sails is a key factor. There are various ways to modify it on the boat, Fig.3.
Trimming in is a change of the sail position relative to the boat, while keeping course, while bearing
off is basically the reverse: the course is changed and the sails untouched, Figs.3A and B. As with all
lift producing surfaces the camber (line) heavily affects the lift achieved, as well as the maximum lift
possible before stall and of course, also drag. By loosening or flattening the sail camber can be varied,
Fig.3C. Furthermore, an atmospheric boundary layer exists, also on the water, Fig.3D. This means that
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with lower altitude wind speed decreases, and this affects both TWS and apparent wind angle along the
mast. Hence sails often can have their twist modified, that is a change of sail angle along its height,
Fig.3E.

TRIMMING IN BEARING OFF

A: Trimming in to increase power B: Bearing off to increase power
Full Shape __ Flat Shape
more power less drag
E ¥ fri—
F N —_—
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C: Sail camber and its effect

Stronger wind and
wider angle higher up Miore Twisk

Open leech
and less power

Less Twist
Closed leech
and more power

Lighter wind and
narrower angle lower

D: Wind gradient E: Sail twist and its effect on sail power
Fig.3: An overview on how to modify the sail power (source: northsails.com)

All these measures change lift and drag along the sails and can hence affect the boats equilibrium
position (heel, trim, sinkage) and its speed and leeway. In this work the concept of sail power is used:
It is more or less directly related to the maximum lift to drag ratio on the sail, and will serve as a main
parameter in the CFD-VPP, combining flatness and twist of the sails. Interested readers are referred to
the Offshore Racing Congress (ORC) website.

3. Our velocity prediction program

A full-featured 3D CAD model is the entry point for this work. Theoretically, all such geometrical
features can be meshed and taken into account in the CFD simulations. However, as will be explained
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later, superstructure parts like mast, boom and stays can be handled in the VPP library, as well as the
sails. In terms of the sails’ arrangement, two configurations are given, Fig.4: main sail plus genoa and
main sail plus spinnaker. The latter is used for downwind course and provides large propulsive forces
via drag. All of the simulations shown are using a main sail and jib configuration, where a jib is basically
a smaller genoa sail that does not overlap the main sail. The boat is run in full scale using our free
surface code FINE™/Marine. Displacement is fixed at 12.5 t.

Fig.4: CAT CAD geometry and two sail configurations: main and genoa (mid) and main and
spinnaker (right)

Fig.5 depicts a typical VPP on the left side: it consists of a matrix of CFD runs, with fixed boat angles
(trim, heel), and fixed displacements. A full matrix can make hundreds if simulations necessary. This
discrete data set is then approximated via a surrogate model, to find all configurations in between and
hence also the ideal operating conditions. When the surrogate model is trained all combinations of TWA
and TWS can be evaluated, which is a big plus. However, this is only valid when the geometry
considered does not change.

Standard VPP Dynamic VPP

Imposed efforts

[ Convergence test

Power
control

[ Aero library ][Rudder control]

X

e.g. Drafts

) 4
[ FINE™/Marine ]

e.g. Heel angles

I |
Dynamic
Library
Solved Mations h

Fig.5: Comparison of a standard VPP to our dynamic approach

Fig.5 (right) shows the dynamic VVPP: it consists of the flow solver and a dedicated dynamic library that
contains all the VPP relevant data and control loops. The flow solver feeds the current body orientation
into the library, which in turn calculates apparent wind angles and speeds. These are used in the aero-
dynamic part and for the sail polars to calculate sail forces and application points. A rudder controller
rotates the rudder to balance the moments in gyration. A control loop for the sail power including a
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convergence check ensures that the user defined bounds for e.g. allowable heel angle are kept, and also
depowers the sails if necessary. Output of the library are the summed aero forces and moments, which
are applied in the flow solver and the new boat motion is solved for. This cycle is repeated in physical
simulation time at each time step until convergence is achieved, meaning the equilibrium point
(hydrodynamic and aerodynamic forces and moments) is found.

This VPP needs one simulation only per TWA and TWS (input parameters) while optimising the sail
power to find the best possible boat speed. It is furthermore a five degree-of-freedom (DoF) simulation
that allows high accuracy and an overall very realistic boat behaviour.

The library has been developed in partnership with Finot Cong and is originally intended for very fast
racing yachts like those used in the VVendée Globe. The one fixed DoF is the gyration, which is handled
by the rudder controller. A limiter is implemented that invalidates the current VPP iteration if the rudder
stalls due to too high angle of attack. The rudder itself must not be meshed,; it is represented via a lifting
line, which is fed a table of ¢ and c¢p coefficients over angles of attack.

All the hydrodynamic forces on the sailing boat are solved with the RANS CFD code, while a modified
Offshore Racing Congress (ORC) model handles the aero forces. This includes the sail forces but also
extra features like the mast or the superstructure. Finally, the atmospheric boundary layer is also fully
implemented; no need to create a fine and adapted CFD mesh here.

4. Case preparation

The link between any CAD software and a CFD system is always a critical one: even when using the
same geometry filter like IGES or STEP different software often handles geometry differently. In this
case only a few surfaces are missing after import into OMNIS™, and these are approximated efficiently
using OMNIS™/ Auto-Seal, Fig.6. It is based on an octree algorithm and required the user only to input
points defining the inside and the outside of the open geometry. The rest is fully automatic and only
takes a bit of CPU resources. In the present case, some very tricky closing surfaces are created (windows
to roof) in a couple of minutes, allowing a seamless progress towards the meshing.

=

R

\t\,

Fig.6: Preparation (;f the geometry via OMNIS™/AutoSeal: automatic creation of closing surfaces

Meshing tool is OMNIS™/HEXPRESS which creates unstructured hexa-dominant or fully hexahedral
(this work) numerical grids. Smart algorithms like curvature detection or edge- and surface-proximities
allow for a fast creation of high quality meshes. The focus in this work lay fully on the wetted geometry,
around 800k cells are used for this, without the viscous layers. Tunnel and superstructure were
deliberately kept coarse, increasing the cell count by only 300k. A high Reynolds-type viscous layer is
inserted on the wetted parts, adding another 400k cells, hence totalling to 1.5M. Fig.7 gives an
impression of the meshes for two appendage configurations.

To feed the VPP library with the rudder polars for the lifting line an intermediate CFD step is necessary.
It is a quite simple mono fluid simulation that contains only the rotate-able rudder, Fig.8. The top patch
is a Euler wall, the rest of the domain boundaries are either velocity or pressure conditions. A low
Reynolds approach is used here, and the rudder angle of attack is modelled via a rudder rotation in a
sliding interface.
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Fig.7: High-Re meshes for two appendage configurations
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Fig.8: Domain and mesh for the calculation of rudder polars

The resulting polars are given in Fig.9, showing the lift coefficient over the drag coefficient. Polars for
three inlet velocities and hence Reynolds numbers are calculated, these are used accordingly later on in
the VPP simulations.

A final input into the VPP is the sails data. This consists of the sail polars, and the layout or sections of
the sails considered. Polars (lift and drag over apparent wind) were not available from the sails’ maker,
and there was no time left to calculate them by ourselves in CFD. However, the VPP library contains a
default set of polars, coming from an IMOCA 60 racing yacht. These are using high-fidelity sails, and
hence the results of the VPP simulations must surely be seen as an overly positive result in terms of
boat speed. Since these polars contain internal knowledge from Finot Cong, they cannot be shown.
Lastly, the sectional data is defined according to Fig.10, and has to be provided for all sails as a simple
.txt file (as all inputs are).
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5. Results

The results of a typical VPP simulation are shown in Fig.11. It depicts the boat speed as well as heel
and trim angles over the physical time, and several phases are observed. The boat is initialised with a
user defined speed at time step zero, after which the VPP is fully active and the five DoF are solved. In
a first VPP iteration the sails are operating at 100% power, and the simulation is run until convergence
of forces, moments and motions. At convergence the equilibrium point is found, that is the boat speed
and orientation at 100% sail power (~90 s in Fig.11). In the same simulation a second VPP iteration is
started, reducing the sail power (by default to 61%). This leads to a loss of boat speed and also a
reduction of trim and heel, and the simulation is again run until convergence (~130 s). To find a new
and probably more suitable sail power setting a parabolic relation is assumed between the two boat
speeds and power values, and the new sail power value is calculated as the parabola’s apex. This sail
power is then used in the third VPP iteration and run until convergence. Fig.11 shows that this iteration
already gives a higher boat speed than at 100% sail power (~160 s), and the VPP can be continued to
optimise the sail power even further. Typically, four to five iterations suffice.
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Fig.11: Typical output of the VPP: boat speed and angles with varying sail power

There are now two main questions: why is the boat faster and how to interpret the sail power? When
reducing the sail power and hence forces on the sails, of course a negative impact on boat speed is
observed. The boat’s motions are affected too, however, and a reduction of heel can increase the
effective sail area facing the wind and also impact the hull’s resistance. The latter is even more
depending on the boat trim, and the reduced sail’s work will de-trim the hull from bow down upwards,
largely reducing hydrodynamic resistance. In the end it is a typical optimisation problem, with the best
trade-off to be found. The sail power is a combination of several parameters, and one cannot retrieve
the actual sail settings to be used for a given operating point. Instead, the efforts from the sails, which
are an output of the VPP as well, need to be correlated with aero matrices provided by the sails’ maker.

Sailing boat performance is normally plotted in a polar diagram as shown in Fig.12. The radial
coordinate gives the boat speed, while in circumferential direction the TWA is plotted. Zero degree is
on the top side and again fully facing the wind. The catamaran is run at various operating points,
covering TWA from 30° to 180° and TWS from 12 to 24 kn. In this sail configuration (main sail and
jib) highest boat speed is reaching almost 22 kn at 90° TWA and 24 kn TWS.
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Fig.12: Final VPP results: boat speed polars for the daggerboard (left) and keel (right) configurations

One objective of this work is the comparison of different appendage types. All configurations
investigated (keels, daggerboard, both) are shown in Fig.13. Using the daggerboard on top of a keeled
hull is clearly the worst configuration, with the penalties increasing with higher TWS. A surprising
result is the performance of the daggerboard though. It was expected to achieve superior speed over the
keel, especially in upwind conditions. In these first sets of simulations this could not be clearly observed,
there are only slightly higher boat speeds for low TWS (0.1 to 0.2 kn), and the trend reverses at higher
TWS. This is currently investigated further and might be shown in a later work. A final remark regarding
the low performance of the catamaran downwind: we are running with the jib as a fore sail, and the sail
of choice should a be a type of spinnaker (drag sail). This is perfectly possible in the VPP presented and
will also be part of continued work.
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Boat Speed [kn]

-12

-16
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Fig.13: All polars in comparison



Now quite a few operating points are considered, but what about the sail power, the optimisation for
boat speed at each operating point? This is given in Fig.14, listing the boat speed in m/s in the grey
columns and the ideal sail power according to our VPP in the column next to it. For a lot of operating
points 100% sail power just gives the highest speed, no need to de-power the sails for optimised boat
orientation. There is a clear trend observable though: as the TWA decreases and as TWS rises the de-
powering also increases, and the boat speed can be improved in these regions by up to 15%, compared
to 100% sail power. In downwind sailing conditions the catamaran is just a well behaving boat, and it
stays in its comfort zone for a large operating range. In Fig.14, four operating points are missing (TWA
30°, TWS 20 and 24 kn): here the limiter on the heel allowed kicked in and the VPP simulations are
stopped. The limit is set to 15°, after all this is a pleasure boat (and a catamaran on top) and not a racing
yacht. But again, the dynamic VPP would be perfectly suitable to calculate and optimise these points
as well. In fact, that is the origin of the VPP presented.

Daggerboard
TWS [kn]
12 16 20 24
30 3,398 | 91,40% | 4,13 i
a5 4,511 | 100,0% | 5,098 | 96,00% | 6,014 | 92,60% | 7,137
war] 4,921 | 100,0% | 6,203 | 100,0% | 8,13 | 94,70% | 9,399
90 5079 | 100,0% | 6,906 | 100,0% | 9,587 | 100,0% | 11,059 | 95,10%
135 4,057 | 100,0% | 4,623 | 100,0% | 5206 | 100,0% | 6,215 | 100,00%
180 3,046 | 100,0% | 3,96 | 100,0% | 4,587 | 100,0% | 5,162 | 100,00%
Keels
TWS [kn]
12 16 20 24
30 3,332 | 87,70% | 4,086 i
45 4,486 | 100,0% | 5,052 | 100,0% 6 93,10% | 7,244
wa ] | 4,887 | 100,0% | 6,051 | 100,0% | 8222 | 96,00% | 9,497 | 88,00%
90 5,065 | 100,0% | 6,826 | 100,0% | 9,618 | 100,0% | 11,189 | 95,60%
135 4,072 | 100,0% | 4,617 | 100,0% | 5,194 | 100,0% | 6,208 | 100,00%
180 3,041 | 100,0% | 3,966 | 100,0% | 4,575 | 100,0% | 5,16 | 100,00%
Both
TWS [kn]
12 16 20 24
60 4,887 | 100,0% | 6,027 | 100,0% | 7,936 | 100,0% | 9,128 | 91,60%
) 90 4,983 | 100,0% | 6,497 | 100,0% | 9,085 | 100,0% | 10,671 | 100,00%
TWATT M35 3,98 | 100,0% | 4,535 | 100,0% | 5095 | 100,0% 6 100,00%
180 2,95 | 100,0% | 3,88 | 100,0% | 4,521 | 100,0% | 5066 | 100,00%

Fig.14: Computed sail power depending on TWA and TWS

Since we are doing CFD here, we obviously are obliged to present some nice and colourful pictures.
Presenting all the data would leave the scope, but as a teaser Fig.15 is given, showing the version with
keels at 24 kn TWS and 90° TWA, the sails are slightly depowered in this final state. Due to the leeway
motion of the boat a large bow wave builds up on the port side of the port hull, and an overall nice wave
pattern is achieved. The side and front views give an indication of the heel and trim, and one can imagine
that the fun really starts here on the real boat!
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Fig.15: Boat operation at 24kn TWS and 90° TWA, Sail Power 95.6%

6. Conclusions

A CFD-based velocity prediction program for all types of sailing boats has been shown. It is very
dynamic, calculating equilibrium points for a given set of true wind speed and angle in only one
simulation. On top of that a de-powering scheme for the sails is implemented as well, optimising the
sail power to find the best trade-off between boat orientation (trim, heel) and extracting the most useful
energy out of the wind. This was done on an 16m Sailing Catamaran for which all the necessary inputs
were available. The boat was furthermore run with different appendages (keels, daggerboard, both) and
the effect on boat speed could be examined. While there is already a large amount of data and operating
points present, work continues to evaluate in more detail the effect of the various appendages, and also
increase the number of sail types used.
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Abstract

This paper presents insights drawn from an experimental campaign investigating how intermittent
Ultraviolet (UV) irradiation can successfully provide antifouling control on submerged surfaces in a
marine environment, but also causes several potentially negative impacts on the surface properties.
Specifically, the effect of intensity and exposure time has important consequences to antifouling
effectiveness but also influences the surface microstructure, which can have subsequent performance
impacts on the target hull or component including photodegradation and increased roughness.

1. Introduction

The operational, economic, and environmental consequences of biofouling are a constant problem
throughout the marine industry. All submerged surfaces are susceptible to biofouling with detrimental
impact such as an increase in hydrodynamic drag, reduction in vessel performance and adverse
functioning of submerged or semi-submerged marine engineering systems and sensors. Biofouling is
therefore a direct contributor to increased fuel consumption, emissions, maintenance costs, and down
time on ships and other ocean-based systems.

Existing antifouling solutions rely on coating applications to inhibit surface fouling organism growth.
An effective and potentially more eco-friendly alternative for marine anti-biofouling may be possible
through the application of ultraviolet (UV) radiation. For example, an LED panel antifouling approach
has been demonstrated successfully on an isolated location on a boat hull over a 21-month period as
shown in Fig.1.

“UVCALED Embedded
Panel Sugcessfillly Kept
Area Foul Free After 271
' Months Deployment

o

Fig.1 - Demonstration of UV-C LED Fouling Prevention, Jongerius et al. (2018)

This example indicates how technology innovations may enable UV biofouling control to be applied to
many different surfaces and diverse applications across the maritime industry. Importantly, it has been
observed that intermittent UV application can achieve successful antifouling results. This significantly
increases the design versatility for this approach to biofouling control.

However, the application of UV irradiation to exposed underwater surfaces, particularly ship hulls,
creates additional design, implementation and impact challenges. It is these secondary impacts on the
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target surface, and their implications on the environmental and economic performance of the ship, that
is the focus of this paper.

The paper first reviews important design factors for implementing UV irradiation systems on a ship or
other marine system. An experimental campaign, previously reported by Ryan et al. (2020), is then
summarised to demonstrate how intermittent UV can achieve successful antifouling results on
submerged surfaces. These experiments investigate several parameters important to intermittent UV
including the intensity, positioning and shadowing of the UV source. The study also investigates
practical issues for UV application including the manufactured variability of light emitting diodes and
photo-degradation of the applied surface.

The results not only demonstrate the potential application but also some limitations of UV irradiation
methods for biofouling control. These insights are discussed within the paper. They identify the need
for further research investigating the application of UV in combination with polymer coatings compared
to its use as a standalone alternative to existing systems. If the application of UV is to be used in synergy
with existing materials, further research is essential to determine the required UV dosage necessary to
prevent biofouling from highly challenging fouling species, while also avoiding negative consequences
such as polymer photo-degradation and surface roughening.

2. Background

Biofouling growth affects design, operation and maintenance across the entire maritime sector and
beyond and has the potential to influence all submerged surfaces. In the case of ships, vessel
performance can be impacted both externally through growth on the hull, and on internal systems - for
example seawater cooling system inlets may become obstructed by growth, heat exchangers may
become clogged resulting in reduced efficiency, and microbial influenced corrosion may result from
biofilms, Lewandowski and Beyenal (2009).

The need for biofouling control is intrinsically linked to critical environmental impacts from shipping,
particularly the airborne impacts from greenhouse gas emissions and the waterborne toxicity impacts
of biofouling control system.

The International Maritime Organization (IMO) greenhouse gases strategy aims to reduce overall
carbon intensity from international shipping, with a target to reduce CO, emissions across the industry
by at least 50% by 2050 compared to 2008 level. In addition to the uptake of alternative low-carbon
and zero carbon fuels, design and technical innovation, including biofouling control, is considered as
an essential contributor to emission reductions.

Existing antifouling solutions rely on toxic chemical coating applications to inhibit surface fouling
organism growth. Such chemical coatings have several disadvantages, including harmful contamination
of the local marine ecosystem through the leeching of toxins into the surrounding environment. In
addition to the direct environmental impact, the use of current chemical applications requires expensive
periodic cleaning and recoating of surfaces to maintain antifouling protection. Due to the negative
environmental impact, the use of chemical antifouling systems is becoming increasingly regulated.

The development of effective alternatives to chemical coatings is therefore highly desirable from both
an environmental and economic perspective.

The application of ultraviolet irradiation on to submerged surfaces is a potential alternative to
conventional chemical-based coating systems. UV irradiation methods and technologies are extensively
applied and proven in the fields of medical sterilisation and water treatment. These techniques are based
on the principle that if UV radiation of sufficient dosage is applied to a target organism the resulting
photochemical reaction which occurs damages the cells of the organism. The recent development of
robust, low power UV-C Light Emitting Diodes (LED’s), available at effective UV-C wavelengths, has
made the consideration of this UV irradiation method practicable for marine antifouling applications.
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3. UV Irradiation Design Factors
3.1. Mechanism for UV Irradiation of Microorganisms

When ultraviolet radiation/light is absorbed by the cells of microorganisms, damage is caused to the
genetic material (such as DNA and RNA) within the cell. This damage renders the organisms incapable
of being able to reproduce, thus preventing biofouling growth. This is the principle by which UV is
used in water treatment and purification systems and the basis for its proposed use in antifouling
applications, EPA (2011).

Light is a form of electromagnetic energy with both particle and wave properties. It is transmitted in
packets of energy called photons, Bolton and Cotton (2011). The fundamental unit of optical power is
a watt (W) and is defined as a rate of energy of one joule (J) per second.

Optical power is dependent on the number of photons, and significantly the wavelength of the light.
The energy per photon increases inversely to the wavelength of the light according to Planck’s equation
of photon energy Ryer (1997). Therefore, short wave ultraviolet light has much more energy per photon
than visible light, Lenk (2011). It is this high energy that causes changes to micro-organisms DNA and
makes UV light useful for microorganism inactivation and potentially applicable for marine antifouling
applications.

The detailed mechanisms of UV DNA disruption are complex and beyond the remit of this paper,
therefore only a concise overview of the process is described. The process of photochemistry occurs
when sufficient photon energy is absorbed by a molecule to cause the molecule to become excited,
resulting in a chemical reaction. UV light in the 200nm to 300nm spectral band is referred to as the
germicidal irradiation or UV-C range, because at these high energy wavelengths, UV light is absorbed
by the DNA and RNA of microorganisms at relatively low dose rates. It is this absorption of UV photons
by microorganisms that results in a photochemical reaction that changes the structure of their DNA and
RNA. In this state microorganisms are termed inactivated i.e. still metabolically alive for a period but
no longer able to replicate, Bolton and Cotton (2011).

A fraction of damaged organisms may self-repair through a process called photo-reactivation, whereby
microorganisms exposed to visible light during or after UV exposure can survive. This may be signifi-
cant in the medical and water treatment fields but is not considered to be a challenge for antifouling
applications because any reactivated organisms on a surface will be subject to further irradiation and
will likely be permanently inactivated, Kowalski (2009).

3.2. UV Dosage and Duration

The fundamental factor that determines if UV light will be successful at preventing biofouling growth
on a target surface is the dose applied i.e. the intensity of the light (irradiance) and duration of exposure
on the target surface. UV dose is typically expressed in units of mJ/cm? (1 mWs/cm? = 1 mJ/cm?). If
the application of UV-C light on a submerged surface is of a sufficiently high dose, then the bacteria
and unicellular algae in the initial attachment stages of biofouling are inactivated and cannot multiply.
Therefore, the initial biofilm necessary to establish fouling is prevented.

Irradiance from a light source reduces inversely in proportion to the square of the distance to the target
surface. Therefore, for UV projected antifouling applications the greater the distance from the source,
the lower the effective intensity at the target surface. This inverse square law dictates the maximum
distance that a UV light source can be located from a surface in order to adequately prevent fouling. In
addition to this, the clarity of the water also impacts on the maximum distance that a UV source can be
located from a target surface. Any reduction in UV transmittance (UV-T) of light which is caused by
the scattering and absorbance of UV in the water by suspended particles such as organic matter will
reduce the effective distance of a projected UV antifouling system. Reduced UV-T may require
increased dose rates or a reduction in the distance from the light source to the target surface.
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3.3. Microorganism Response

The response and resistance of microorganisms to UV light varies greatly depending on the species.
This is significant as there are more than 4000 potential biofouling species in the marine environment.
In considering the practicability of a UV based antifouling system it is essential to determine the
required UV dose necessary to inactivate all biofouling organisms that may be encountered. UV dose-
response is determined by irradiating water samples containing the specific microorganism and
measuring the concentration of microorganisms before and after UV exposure. The decay curve of
microorganism species is logarithmic with the slope defined by a rate constant specific to that species.

3.4. UV-C Light Emitting Diodes

The use of UV lamps for water disinfection is well proven and dates to the early 20™ century, with the
first UV water treatment plant commissioned in Marseille in 1910, Bolton and Cotton (2011). However,
conventional UV lamps contain toxic mercury. Due to the waste/disposal and associated negative health
effects associated with mercury, the manufacture and use of traditional UV lamps is set to be restricted,
with new limits set out by the United Nations Environmental Programme Minamata Convention.
Furthermore, to permit UV-C wavelengths to be transmitted, conventional lamps must be made using
fragile quartz glass.

The recent development of UV-C Light Emitting Diodes (LEDs) provides major advantages over
traditional UV-C lamps. UV-C LEDs require less power, are smaller, more robust, are not limited in
on/off power cycles and do not contain environmentally harmful mercury which is currently used in
UV-C lamps. It is the advancement of UV-C LED technology that makes the utilisation of UV
irradiation potentially practicable for marine anti-fouling applications.

LEDs have been available for over fifty years; however, UV-C LEDs with wavelengths applicable to
antifouling only became commercially viable and available in the 2000’s, Song et al. (2016). LEDs are
small, robust and have a much lower level of power consumption compared to relatively large fragile
lamps. LEDs have a long operational lifetime and can be powered on/off instantaneously without
affecting performance. This compares favourably to lamps which have a long off/on warm period and
lower lifetime.

LED power supply sources are less complicated when compared to traditional lamp ballast circuits,
Branas et al. (2013). This reduces production costs and increases the reliability for LED power supply
circuits. Furthermore, LEDs produce lower levels of heat and the devices can be engineered to
efficiently dissipate heat in water therefore mitigating the potential biofouling and increasing UV
output, Lawal et al. (2018).

4. Experiments

A series of field tests, previously reported by Ryan et al. (2020) and only summarised here, demonstrate
the effectiveness of UV-C irradiation of biofouling with low-cost LEDs, focusing on intermittence and
positioning of the UV-C source.

4.1. LED Bench Tests

To confirm the UV intensity level from each UV-C LED used during field tests, an EXTECH SDL470
UV-C wavelength meter was used to measure the power density output from each LED used for
experiments within this study. Tests were completed on widely available UV-C LED units (LG Innotek
LLHMAZ22-00JB02A Waterproof Modules). These modules were subsequently used for the field tests.

Each LED was measured with the unit in direct contact with the sensor face with maximum intensity

value recorded. Each LED was tested under identical conditions using a DC digital bench power supply
set to a constant 10 Volts DC, 0.023 Amps supply. The results recorded a wide percentage variation in
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the UV intensity output between LED modules. According to the LED module specification data, the
typical irradiance measurement for the LED modules should be circa 0.5 mW/cm?. However, the
measurements recorded range well below the specified value (UV-C = 0.043 mW/cm? to 0.138
mW/cm?). This variation may be due to the 278nm LED emission being at the edge of the UV sensors
measurement spectrum i.e. UV-C Sensor (280 — 240 nm), with the frequency bandwidth centre for the
UV-C sensor = 254 nm.

4.2. Proof of Concept Field Tests

Initial field tests were completed to establish how projected UV-C irradiation from low-cost LEDs could
prevent biofouling growth in a marine environment. To determine this, a LLHMA22-00JB02A
Waterproof UV-C LED Module was mounted above a 220mm x 120mm x 5mm Perspex test plate with
the UV-C projecting directly onto the plate surface. The LED was supplied with a constant 10 VDC,
23 mA supply via the bench digital control DC Power supply which has supplied from a 220 VAC
source. Biofouling growth was periodically inspected visually and compared against an identical control
test plate. A crucial aspect of the design of the LED test rig was to define the maximum distance that
the UV-C LED could be mounted above the plate to effectively inactivate fouling microorganisms.

A UV intensity threshold of 0.0116 uW/mm? was used for the field test design. The UV intensity
emitted from the LED was taken as 0.70 pW/mm? based on the UV LED intensity test results, Table 1.
Given the potential for a high level of dissolved matter at the test site, a conservative estimate of 50%
UV transmittance was assumed. Therefore, at a distance of 20 mm the expected UV intensity on the
plate surface was estimated at 0.175 uW/mm?2. This was a factor of 15 times above the calculated
threshold.

Based on the above calculations, test rig 1 incorporated a bracket to mount the UV-C LED at distance
of 20 mm above the 220 mm x 110 mm Perspex test plate and included an electrical supply junction
box as per Fig.2. As a control test rig 2 was built to the same dimensions and included the same
mounting bracket in order to account for any reduced growth that may have resulted from shadowing
on the plate surface from the bracket.

o /

UV-C LED Mounted

.Test Rig .\Iounted%g’
20mm above Test Plate Marina Structure with
Plates Submerged =

/

Fig.2: Field Test Plate Arrangement

b

Poolbeg Marina (53.3435° N, 6.2163° W) located in Dublin Port on the lower River Liffey Estuary was
identified as the site to carry out field testing. Previous studies at the location noted a diverse marine
ecosystem with fast biofouling growth over a short time period recorded on environmental sensors at
the site. The rigs were mounted to the marina in a South facing orientation in order to maximise
exposure to sun light and encourage growth on the plates, Fig.2. The plates were submerged from 22
September to 8" November 2018.

The rigs were visually inspected to compare the differences in biofouling growth between the UV-C
applied plate and the unprotected control plate throughout the 47-day deployment, Fig.3. Additionally,
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the LED power supply was monitored to ensure correct circuit operation and consistent voltage/current
levels were supplied to the LED and therefore a steady UV dose was applied to the plate for the duration
of the field test.

After 15 days of deployment the control plate showed deposits of early fouling settlement on the plate
surface which appeared to be consistent with the early stages of attachment of marine organisms. In
contrast, the UV protected plate had no visible deposits in a large area below the LED, with some
indication of fouling at the plate periphery.

Duration/Date | B¥=C hed Test Plate Control Test Plate

Test Plates
Visual
Inspection
after 15 Days
Submerged
3/10/18

Test Plates
after 31 Days
Submerged
22/10/18

Test Plates
after 47 Days
Submerged
08/11/18

Fig.3: Proof of Concept Field Test Plate Observations

After one month submerged the UV applied plate had a clearly defined area below and extending out
from the UV-C LED that remained entirely foul free with fully established growth towards the plate
periphery which indicates a distinct area where the UV dose is insufficient to prevent growth. The
control plate had 100% coverage and showed evidence of hard fouling species on the plate surface.

At the conclusion of the 47-day field test the UV protected plate had an entirely clean surface area free

from fouling of approximately 100mm x 100mm. The area outside the LED coverage area had algae
type growth coverage. The control plate on had 100% algae type growth coverage with some small
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crustaceans firmly attached. Both test plates had small areas of lost fouling coverage which was likely
to have been the result of flowing debris at the marina site coming into contact with the submerged
plates and removing biofouling. Significant fouling growth was observed on the rear of LED module
and the power supply cable throughout the field test. This was particularly prominent when the plate
was submerged and growth was suspended in the water.

Following the cleaning of the UV test plate, an area of visible discoloration of the Perspex directly
below the LED was observed, Fig.4. This is considered a direct result of the prolonged application of
UV-C to this area and an indication of photo-degradation.

e

Perspex Test Plate’Discoloration Due to

Exposure \

Pe b e
Fig.4: Test Plate Discoloration Due to UV-C Application

4.3. Effect of Exposure Time on Antifouling Performance

In order to examine the impact of reduced UV-C LED exposure time on antifouling performance, the
UV-C test rig was fitted with a new LED module. The original DC power supply circuit was modified
to include a programmable timer which was programmed with a duty cycle of 5 minutes on 100 minutes
off. The low on time duty cycle was selected to ensure that an excessive level of prolonged UV did not
have a detrimental effect on the overall number of organisms in the tank.

To encourage biofouling and allow research to continue throughout the winter months, testing was
relocated from the field test site to a heated seawater aquarium tank at The National Sea Life Centre in
Bray, Co. Wicklow, Ireland. A (900 mm x 300 mm x 220 mm) test tank was setup to accommodate
testing, Fig.5. The plates were setup at the bottom of the tank to promote settlement and growth. The
seawater used in the test tank was pumped directly from the Irish Sea via a screening inlet filter and
was preheated before being added to the tank. An artificial source of sunlight was mounted directly
above the tank operating for 12 hours per day. 25% of the tank water was replaced daily with fresh pre-
heated seawater. This water renewal routine was carried out to promote growth and to ensure a
continuous supply of biofouling organisms.

This aquarium tank test ran from the 18" December 2019 to the 6™ February 2019. Fig.5 displays the
growth on the two plates throughout the test period. No solid fouling was observed on either test plate,
this was possibly due to the Teflon filter on the aquarium main seawater inlet preventing larger
organisms from entering the tank. Although the UV-C dosage was reduced from 100% operation for
the marina field test to an operational cycle of 5 minutes on, 100 minutes off, a similar foul free area
was observed on the LED applied test plate, with only a small increase in growth on the plate. At the
test conclusion the UV test plate had a 95 mm x 90 mm foul free area. The control plate had 100%
coverage of heavy algae type fouling, Fig.6. There was no visible discoloration or evidence of photo-
degradation on the UV-C LED applied Perspex plate following a post-test inspection.
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Artificial Sunlight LED Lamp

Fig.5: Aquarium Test Tnk Setup

Date: UV-C Applied Test Plate Control Test Plate

Fig.6: Test Plate Growth Record with Reduced Exposure Time
4.4. Assessment of the Effective Antifouling Distance of UV LED

The objective of this experiment was to ascertain the maximum distance that a UV-C LED could
effectively maintain growth prevention on a submerged surface. For this test, the UV applied rig was
modified with the LED centre mounted at one end of the test plate. The Perspex plates were covered in
microscope glass test slides and deployed at the original marina site from 15" March to 10" May 2019.

As with the previous tests, the control plate had 100% plate fouling coverage. The UV-C protected plate
indicated a maximum achievable antifouling distance of 70 mm with this arrangement, Fig.7. The foul
free plate surface on the protected plate broadly followed the manufacturers specified irradiation beam
projection pattern. A finding of potentially greater significance from this test is the visible deposits of
heavy biofouling accumulation on the UV applied plate within the protected beam area. This growth
occurred in small crevices between the glass test slides. This indicates that significant growth can
establish in areas that are subjected to minor shadowing from direct UV application and demonstrates
a potential challenge for future UV based antifouling systems in protecting complex 3D surfaces.
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Fig.7: Effective Antifouling Distance of UV-C LED
5. Discussion

The field experiments demonstrate that intermittent application of ultraviolet (UV) radiation can
achieve successful antifouling results. This research involved an experimental campaign which
investigated several principal parameters of constant and intermittent UV applications on submerged
test surfaces. Field tests included the variation of applied UV intensity which was undertaken by
modifying exposure duration and positioning of the UV irradiation source.

Specifically, the results show:

e Itis possible to keep submerged surfaces free of biofouling in the marine environment using a
projected UV based antifouling application.

e The intermittent application of UV irradiation can be sufficient to keep surfaces foul free if it
is applied at a sufficiently high intensity.

¢ UV-C intensity measurements indicate that a manufacturing variability exists between LEDs
of the same model and specification.

e Minor shadowing from direct UV irradiation exposure can impede antifouling performance.

e Prolonged UV-C LED exposure is likely to result in the photo-degradation of polymer-based
materials.

Previous research indicates that prolonged exposure to UV irradiation on polymer-based materials may
cause damage. UV radiation is absorbed by many polymers, which results in photo-degradation, bond
scission and chemical transformations creating structural changes that can lead to the loss of material
characteristics and properties. Polymer degradation can manifest as cracking of flexible components.
Significantly, fibre reinforced polymer-based composites are used extensively in the boat building and
marine industry; with over 70% of smaller craft i.e. vessels less than 50 m in length constructed from
polymer based composite materials. In addition, the majority of current hull and offshore structure
antifouling coatings are based on polymers.

Increased surface roughness has been recorded as an early indicator of photo-degradation post UV
irradiation exposure. Previous research reported roughness values for foul release antifouling coatings
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ranging from 20 um to 120 um, with a general rule that for every 10 um of surface roughness, frictional
resistance increases by 1%. Therefore, resultant surface roughness due to prolonged UV-C exposure
could impact significantly on hydrodynamic frictional resistance and performance.

Further research is required to ascertain the required UV levels necessary to prevent fouling, while
maintaining the dosage below a level that may cause surface damage. There is also a need for further
research investigating the application of UV in combination with different polymer coatings compared
to a standalone alternative to existing systems. If the application of UV is to be used in synergy with
existing materials, further research is essential to determine the required UV dosage necessary to
prevent biofouling from highly challenging fouling species, while also avoiding polymer photo-
degradation and surface roughening.

6. Conclusions

This paper demonstrates potential application but also some limitations of UV irradiation methods for
biofouling control. An experimental campaign has demonstrated the fundamental principle that the
delivery of UV-C irradiation onto submerged surfaces can achieve successful antifouling results and
prevent the establishment of biofilms. These experiments indicate that surface embedded and
targeted/projected UV irradiation of sufficient dosage, can be effective at interrupting the early stages
of the biofouling surface settlement process, therefore, prevent biofouling growth before it becomes
established.

For UV biofouling control to be further developed, there is a need for an improved scientific
understanding of the UV response of target biofouling species and the interaction between UV
irradiation and the substrate of submerged surfaces. In particular:

o Determination of the required UV irradiation dosage for effective fouling control against mul-
tiple challenging biofouling species is necessary. This is essential to ascertain the required UV
intensity, distance form a target surface and intermittency of the UV application.

e The effect of prolonged UV exposure on polymer coated and uncoated surface microstructure
which can influence material properties and increase hydrodynamic drag through surface
roughening is required. This is necessary to evaluate UV exposure thresholds for such materi-
als.

e The influence of static/dynamic biofouling growth in combination with UV antifouling perfor-
mance is required.

e Overall foul control performance benefits and potential damage of applying UV irradiation on
existing coating systems is necessary.

o Evaluation of effective methods of delivering UV irradiation to target surfaces is required.

¢ Quantitative evaluation of ship performance and marine system efficiency benefits from the
application of UV biofouling control methods.
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Abstract

Superhydrophobic air-retaining surfaces represent a bioinspired approach to friction reduction in
shipping. A ship, which is coated with permanent layer of air will show a reduction in (i) friction, (ii)
biofouling, (iii) corrosion and (iv) noise. AIRCOAT aims to develop a passive air lubrication
technology for marine applications, using self-adhesive foils instead of paints and is inspired by the
Salvinia effect. This paper introduces the biomimetic concept with emphasis on the recently
demonstrated AIR Spring Effect, which provides a 100-fold higher stability of the air layer against
pressure fluctuations. A first test under marine conditions was successfully performed by coating
more than the half hull of a 12-meter research vessel with AIRCOAT foil.

1. Introduction

Maritime transport emits around 940 million tonnes of CO; annually. This is about 2.5% of global
greenhouse gas emissions. The European Commission’s target is to reduce emissions from shipping
by at least 50% by 2050. The H2020-AIRCOAT project is developing a bio-inspired solution, with
the aim of reducing friction (viscous drag) by inserting an envelope of air between the ship's skin and
the water. Oeffner et al. (2020) has already reported on the potential of this approach and on initial
investigations.

1.1. The Biomimetic Concept of the Salvinia Effect

The Salvinia effect or Salvinia paradox has its name from the floating fern Salvinia molesta, Barthlott
et al. (2010). The floating leaves of the Salvinia plant are densely covered with hairs (trichomes) to
form a permanent air retention under water. These hairs have a fur of nanocrystals made of wax. Their
surface thus is superhydrophobic, which keeps water from getting between the hairs, Fig.1.

phobic hairs (c)
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As early as 2007, five criteria for air storage under water were identified: 1) hydrophobic surface
chemistry, 2) nanostructured topography, 3) hierarchical architecture, 4) undercut structural features
(overhanging structures) and 5) elasticity of hairs, Solga et al. (2007). All these features are present on
the upper surface of Salvinia leaves and account for the Salvinia effect. The Salvinia paradox, on the
other hand, is the presence of the hydrophilic tips of the hairs, which are otherwise so hydrophobically
endowed Barthlott et al. (2009). The leaf thus "affords" itself hydrophilic areas and is therefore very
different from many other superhydrophobic surfaces such as that of the lotus leaf. These water-
attractive areas at the tips of the hairs stabilize the air-water interface.

2. Results and discussion

2.1. The Air Spring Effect

The Salvinia paradox is based on the fact that the air-holding hairs are superhydrophobic, but have
hydrophilic tips at their ends that stabilize the air-water interface. In our recent publication Gandyra et

al. (2020) we have used experimental and theoretical approaches to investigate the contribution of this
pinning effect to the extraordinary stability of Salvinia’s air layer against pressure changes.

Closed vs. open air spring

closed: open:

with knocked out “ (0 ‘

air spring effect air spring effect “i i ii
Q |
§J Ap <1 mbar 3 Ap <1 mbar ‘“ x
o]

closed leave

= Ap <60 mbar

open leave

without air spnng effect
= ‘\j& ‘ -

N ¢

keeping the air layer losing the air layer

Fig.2: 100-fold increase in air layer stability was demonstrated based on the recently demonstrated
AIR Spring Effect. The restoring force of the entrapped thin air layer stabilizes the air-water-
interface against pressure fluctuations (a-c). An infinitely thick air layer approximated here by
an open leave forms a bubble at very moderate underpressure of only 60 mbar. (d-f), Gandyra
et al. (2020). A thick air layer would be very susceptible to pressure fluctuations, which
would lead to air bubbles and thus to air loss in the flow. Therefore, a thin layer of air is much
more stable against hydrodynamic effects and pressure fluctuations than a thicker layer of air.

Among other things, the capillary adhesion method was used there to measure the adhesion forces of
individual hairs on the water surface to about 20 N per hair. The leaves maintain a stable air layer up
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to a negative pressure of about 65 mbar, which could be observed by confocal microscopy and fluo-
rescence labelling. Combining both results, we obtain a total pinning force that is only ~1 % of the
total air holding force. Therefore, the restoring force of the trapped air layer against pressure
fluctuations is responsible for the remaining 99 %. The model of trapped air acting as a pneumatic
spring (“air spring™) was verified in this paper by an experiment in which the air layer is short-
circuited, resulting in an immediate loss of air. Salvinia molesta thus increases its air layer stability to
pressure fluctuations by a factor of 100 by using the enclosed air volume as an elastic spring.

Through these observations and quantitative evaluations on the adhesion force of the trichomes, it can
be said, that with the action of the air layer as an elastic spring, a key factor for understanding the air-
holding properties of Salvinia molesta under fluctuating pressure has been identified and quantita-
tively understood. These results have been incorporated into the development of the AIRCOAT foil
and have led to the current state of development of the film. In general, it can be said, that the thinner
an air layer is, the more rigid it is against pressure fluctuations.

2.2. Application of the AIRCOAT Foil

Over several development stages, the AIRCOAT film was finally produced on a larger scale at KIT in
a continuous moulding process. After cutting the films and further processing by Avery Dennison, a
self-adhesive film was produced which could now be tested for the first time on a vessel in a maritime
environment.

J 3
The air layer is_clearfyVisible,
shining off'the sufface of the
fin like ami¢
SR

Fig.3: AIRCOAT foil under water in the lab (left). Fin surface coated with air-retaining AIRCOAT
foil (right) in maritime environment. The air layer under water reflects the light like a mirror
and gives the fin a silvery appearance.

2.2.1 Mounting of the self-adhesive AIRCOAT Foil in the shipyard

Fig.4: In June 2021 the research vessel ‘Gipsy Lee’ was coated in Valetta/Malta with AIRCOA foil.
The application of the self-adhesive AIRCOAT foil to the primed hull is seen on the right.

The application of the film on the test vessel took place in Valetta/Malta in June 2021. For this
purpose, one side of an approximately 12 m long ship was covered with vertical strips of the film.
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2.2.2 Air layer monitoring under water

Fig.5: Underwater shots after a first test run. The air layer is clearly visible. The dark stripes are
unstructured areas of the film.

To observe the air layer during the first hours of immersion a monitoring device with fixed angles
between light source and camera was built in a frame made from aluminium profiles with custom
mounts to fixate torch and camera. The orientation of cameras and torch can be changed as well as the
distance between them. This device was installed in a stern location at the transom just above the
water line to avoid any damage from waves and current. The camera used was a Paralenz Dive+
camera with a fixed orientation and fixed focal length. It was installed in a distance of about 30 cm
and due to the wide field of view almost the complete underwater portion of the portside transom is
visible in Fig.6. The air layer is clearly visible as the characteristic silvery shimmer spread all across
the image. The image in the upper left presents the initial conditions as the vessel is floating in still
water in the harbour just minutes after it was moved from the dry dock into the water. The camera
recorded a video over several hours and selected screenshots are displayed in Fig.6. The air layer was
present all time. In between air bubbles adhered to the air layer, which were washed away at a later
point as the vessel was moving at about 3 knots for approximately 30 minutes. The air layer, however,
stayed present.

After two days the air was still present. The monitoring device was removed and pictures were taken
from another perspective. Still, the silvery shimmer is present at a large portion of the transom. Air
bubbles are attached to the air layer at some parts and other parts lost the air layer as indicated by
black spots.
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Initial air layer ~30 min air layer

Fig.6: Condition of the RV air layer over time. This photo series shows the nature of the RV air layer
under sea water conditions in the Mediterranean Sea over a period of ~150 min. One can see a
change in the air layer by the altered intensity of the silvery shimmer, i.e. the air layer is
slightly decreasing over time. Note also the temperature increase of 1.1 °C.

3. Conclusions

The effect of the air layer as an elastic spring is a key factor in understanding the air retention
properties of the floating fern Salvinia molesta. These results have been incorporated into the
development of the AIRCOAT foil and have led to the current state of development of the film. In
general, the thinner an air layer is, the better it is protected against pressure fluctuations, to which it is
always exposed in hydrodynamic applications.

The coating of the ‘Gipsy Lee’ was the first attempt at a large-scale coating of a ship with a
superhydrophobic air-holding surface. The production of such large-scale, lithographically defined
structures in the form of a self-adhesive film thus represents a milestone for micro- and nano-
technological surface functionalisation.
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Abstract

Aiming at decarbonizing shipping activities, the industry investigates energy conversion alternatives
that depend less on carbon-based fuels, including fuel cells. Since no real data on large scale fuel cell
installations onboard vessels are available, simulation models can support the performance
assessment of fuel cell powered ships in comparison to their conventionally driven counterparts. This
paper presents an energetic performance assessment of a Very Large Crude Carrier (VLCC) using
modelling and simulation techniques. The solid oxide fuel cells (SOFC) replace the conventional
internal combustion engine and supply power to the propeller through an electric propulsion train.
The fuel cell (FC) stack is supplied with pre-reformed liquefied natural gas (LNG) and its hot exhaust
gas passes through a catalytic burner to ensure that no hydrogen traces escape. The exhaust heat is
used to produce electric power through a waste heat recovery (WHR) and steam generator system.
Electric loads are also covered from the fuel cell stack, whereas steam demands are covered by a
dedicated gas boiler. To maintain the pressure of the LNG fuel tank, a reliquefaction system is
considered, adding to the electricity consumption of the system. The fuel cell powered system is
modelled using our in-house DNV COSSMOS (Complex Ship Systems Modelling and Simulation)
platform. The fuel consumption and emissions are calculated per operating mode and speed. Annual
operational data on a real VLCC are used, based on analytical information provided by Euronav, an
owner and operator of VLCC’s. The combination of real ship data and energy system simulations
provides a realistic picture of the performance of a fuel cell VLCC. A conventional VLCC machinery
fueled by marine gas oil (MGO) is also modelled and compared to the fuel cell case. The results are
assessed per mode and the total fuel efficiencies of the two different systems are calculated, over a
complete year of operation, with several different operating modes with different propulsion, electric
power, heat, and steam demands. On annual terms, the total baseline efficiency is 42%, whereas the
fuel cell powered one is 60%.

1. Introduction

Fuel cells are mainly considered an option for decarbonization of the shipping industry due to their
capacity to operate at high efficiencies when using hydrogen as fuel. Until hydrogen becomes a
standardized marine fuel, LNG can be used as a transitional fuel from conventional carbon-based
fuels to a carbon-free economy. Fuel cells have the capacity to operate with variant fuels, including
LNG with proper fuel reforming.

Large scale fuel cells have not been demonstrated on ships and there is uncertainty related to their
performance. Process modeling and simulation tools offer the advantage to analyse the performance
of a technology in the computer in an easy and resource saving manner. The future performance and
benefits of the technology can be assessed, verified, and compared to the baseline systems.

This paper presents an energetic performance assessment of a Very Large Crude Carrier (VLCC)
powered by solid oxide fuel cells (SOFC), burning pre-reformed liquefied natural gas (LNG). At the
SOFC inlet, waste heat recovery is used to produce additional electricity at a steam generator system.
To maintain the pressure of the LNG fuel tank, a reliquefaction system is considered, adding to the
electricity consumption of the system.

The performance analysis is conducted using simulation models in DNV COSSMOS (Complex Ship
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Systems Modelling and Simulation). Two models are developed: a conventional VLCC machinery
and an FC powered counterpart. The models can predict fuel consumption and emissions at a range of
operating modes and speeds. Apart from the specifications of the systems, key input to the model is a
representative annual mission profile of a real VLCC, derived from actual operational data from a real
Euronav VLCC. The annual energy consumption of the FC powered vessel is calculated and
compared against the baseline case.

Section 2 presents the specifications of the vessel case, including the baseline machinery description
and the mission profile. Section 3 presents the developed model of the baseline and fuel cell systems.
Section 4 is dedicated to the simulation results at design conditions and on an annual basis. Finally,
section 5 summarizes the conclusions of this paper and suggestions for further works.

2. Case specifications

2.1. Baseline

The case study vessel is an A-series VLCC of Euronav that operates worldwide, with typical voyages
between Gulf of Mexico to Asia, Brazil to Asia, Arab Gulf to Europe, and others. The vessel
machinery system includes one 2-stroke marine Diesel engine of 24 MW MCR (max continuous
rating) at 65.7 RPM, three 4-stroke Diesel generator sets of 1530 kW at 900 RPM, a main engine
economizer, and an auxiliary boiler. Daily data on the operation of the VLCC were analyzed to
produce a representative mission profile as shown in Fig.1. For each mode and speed, the frequency
of annual time in that mode, the propulsion power in kW and the electricity demand (kW) were
determined.
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2.2. Fuel-cell powered variant

A solid oxide fuel cell (SOFC) burning pre-reformed liquefied natural gas (LNG) is considered.
SOFCs are high temperature fuel cells, that electrochemically produce DC electric current by
oxidizing streams of pre-heated fuel and air, at a typical operating temperature of about 8000C. The
pre-heaters operate by using the hot fuel cell exhaust. The remaining exhaust heat is utilized in a
waste heat recovery WHR component to produce steam. The steam is then led to a steam turbine (ST)
for additional power production. This combined cycle system is an expansion of novel marine fuel
cell concepts. The purpose of testing its performance for a VLCC is to understand the potential
benefits of combined cycle operation over the typical efficiency of fuel cells, which is at the order of
55 to 58%.

From the analysis of actual propulsion power demand data over a period of two years, it has been
observed that the demand exceeded a threshold of 14 MW, only for less than 10% of the vessel sailing
time, as shown in Fig.2. Consequently, the nominal fuel cell stack size was determined at 15 MW,
accounting for 1 MW of parasitic consumptions. Fig.3 shows a comparison of the parasitic loads for
both cases. It is notable that the order of magnitude of parasitic loads is similar between the baseline
and fuel-cell driven system, despite the inherent technical differences.
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Fig.3: Power demands for the baseline and the SOFC machinery
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3. Model development
3.1 Baseline model

A digital twin of the vessel’s machinery was built in the DNV COSSMOS modelling framework to
quantify performance of the actual ship machinery (Fig.6). The COSSMOQOS library contains a list of
component models of ship machinery systems, which can be connected to form complex ship system
models. Each component model comprises a set of mathematical equations that describe the principles
of operation of a ship component, at the necessary accuracy level fit-to-purpose for its intended use.
For this paper, the engines are modeled using lookup tables of part-load performance with
manufacturer data, including algebraic functions for fuel adjustments. The power train components
(generators, switchboard, shaft power-take out, and consumers) are modelled with load-dependent
performance curves. The auxiliary boiler and heat exchangers (economizers) are lumped first-
principles models, implementing mass and energy balances.

3.2 Fuel-cell powered VLCC model
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Using the DNV COSSMOS library, an integrated system model of a VLCC powered by two SOFC
modules and WHR was built. The component models were: SOFC, reformer, pumps, exhaust gas
force draft fan, heat exchangers for air and fuel pre-heating, waste heat recovery section, steam
turbine, switchboard and electric power train components up to the propeller, and electricity
consumers. The integrated model can capture the part-load performance of the fuel cell, including
power production capacity, air and fuel flow properties, system, and exhaust temperature. The model
can also evaluate the heat requirements for fuel and air preheating and the waste heat recovery
potential, i.e. the steam and power production from the remaining fuel cell exhaust heat. Finally, the
integrated model can calculate the fuel consumption at different overall power production thresholds,
the overall system efficiency, the steam turbine power production, and the system fresh water
demands for steam reforming.

The integrated model is shown in Fig.7. Air enters at atmospheric conditions with support from a
force draft fan. The air and fuel streams are pre-heated, using the SOFC exhaust heat, before entering
the SOFC. The preheating process is accomplished at two different temperature levels for both
streams, to exploit as much as possible the available heat. Heat is also consumed in the reformer,
requiring an additional fuel pre-heater before the SOFC. The remaining heat is used to produce steam
in the WHR and fresh water for producing the reformate.

The SOFC module is modelled by combining individual component models for the fuel cell, the
reformer, the catalytic burner and the air and fuel preheaters, as shown in Fig.7. The fuel cell model
was developed based on literature works from Aguiar et al. (2004), Kandepua et al. (2007), Amati et
al. (2009), Salogni and Colonna (2009), Li et al. (2010). It was verified against Aguiar et al. (2004),
demonstrating a relative error on power prediction of 2.5%. A catalytic burner model was also
developed to ensure that no hydrogen flows within the system at the fuel cell exit. The model
implements a cathode recycle to maintain the SOFC temperature at high levels, better manage pre-
heating streams and save heat for the WHR. The reformer model is the same as the one presented in
Dimopoulos et al. (2013).
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Fig.6: Baseline VLCC machinery system model in DNV COSSMOS
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Fig.7: COSSMOS model of fuel-cell powered VLCC with WHR and cathode recycle

4, Simulation results

The model was used to analyse the vessel performance at design conditions against the baseline
machinery. Since the baseline system is fueled by MDO, whereas the fuel-cell powered one is driven
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by LNG, all fuel units are converted to HFO equivalent, accounting for low heat value differences
between the fuels. The overall system performance (including parasitic loads, hoteling demands, etc.)
was 44% for the baseline ship and 63% for the fuel-cell driven one. It is noted that this efficiency is at
design conditions of the FC system.

The fuel consumption was then calculated at a range of speeds from 8 to 16kn, at stationary points
(harbor, loading and unloading), and at maneuvering conditions, as shown in Fig.8. The fuel cell
driven variant is consuming significantly less fuel compared to its conventional counterpart.
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Fig.9: Baseline VLCC machinery system model in DNV COSSMOS

The aggregated annual performance was calculated by integrating the results on annual basis, using
the frequency of service at different operating modes per year. The annualized baseline system
efficiency was 42%, compared to 60% of the fuel-cell driven one. Fig.9 shows the annualized average
fuel consumption for the two machinery cases. It is noted that this efficiency refers to the annual
energy consumed divided by the annual energy produced for propulsion and electricity loads.
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4, Conclusions

The purpose of this paper was to demonstrate how modelling and simulation tools can help estimate
the future performance of systems for specific application cases, including novel technologies like
fuel cells. Models can flexibly and economically predict the performance of alternative technical
configurations using a computer, supporting decision making at preliminary concept design stages.

The paper presented a model-based comparison of a fuel cell driven VLCC against its conventional
counterpart. A complex system model was developed in DNV COSSMOS, comprising of SOFC fuel
cell stacks, air and fuel pre-treatment, exhaust gas waste heat recovery and steam production, steam
turbine generator. The model was used to predict design and annualized vessel performance,
accounting for parasitic and hotel loads. The model results were compared against a conventional
VLCC machinery system performance.

Alternative configurations could also be tested using the same models presented in this study,
including the tuning of the fuel cell model on manufacturer data, the removal of the waste heat
recovery unit, the inclusion of advanced organic Rankine cycles, and more.

The results demonstrated a significant improvement in efficiency, both at the design point and for the
annual mission profile of the ship. At design conditions, ship overall efficiency was 44% for the
baseline ship and above 63% for the fuel-cell driven one. On an annual basis, the  fuel cell case
achieved 33% less fuel in HFO equivalent terms
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Power Distribution in Ultra-Efficient and Zero-Emission Ships

Marten Storbacka, WE Tech Solutions, VVaasa/Finland, marten.storbacka@wetech.fi

Abstract

This paper presents the concepts of ultra-efficient power distribution systems for vessels in the merchant
fleet. By utilising inverter-based technologies and DC (Direct Current) power distribution to link the
consumer with the generated power, we are not only optimising efficiency of the electrical power
distribution itself but also optimising both the consumer operation side and the power generation side.
Inverter-based technology i.e. power electronics is thanks to its flexibility able to link virtually any type
of power source and energy storage system to a distribution network and hence it is also a key
technology when building the future of ultra-efficient and zero-emission shipping.

1. Introduction

Electrical power generation and distribution became a necessity in marine vessels since the
implementation of electrical machinery onboard ships. Electrical motors driving pumps, fans, winches,
compressors, propellers etc. are almost always part of a function specific machinery or system with
functionality and capacity tailored according to the need. Hence the size and types of electrical
machineries are of a scalable design — very much the same as in land-based industries. However, even
though the shipping industry follows land-based industry standards for electrical machines and
equipment in general, there is an additional layer of rules and standards for the marine industry i.e.
standards set by IMO Conventions, www.imo.org. The IMO Convention for Safety of Life at Sea
(SOLAS) specifies the minimum standards for among other things, equipment and in our case electrical
equipment, components and solutions. This means that the standards that are followed in international
shipping industry often are more rigid when compared to land-based industry standards and naturally
this factor is limiting the availability of technology that can be introduced onboard ships. One can say
that there is the great upside of SOLAS technical and control provisions that ensure a good enough
standard of construction, equipment and operations of ships while the downside is the relatively limited
availability of equipment that meet these provisions.

We will briefly discuss the technical evolution of electrical power generation and distribution in ships
and which main factors are affecting the pace before we will look at the main drivers that now are
accelerating this evolution. Further, we will take a not that in-depth look at today’s technologies that
are utilised in power distribution systems and get an understanding of the main benefits therein. Today’s
technologies in this context is related to power electronics and direct current (DC) power distribution.
Implementation of such technologies will open up to benefits such as variable speed power generation
and limitation of fault currents, and we will contemplate on the impact and what it means for the
shipping industry.

In this paper we limit the scope of electrical power distribution utilising direct current (DC) to low
voltage (LV) standards. There is a requirement to go high voltage (HV) standards when the total
electrical power demand grows in excess of around 20 MW and at HV levels we are discussing a totally
different type of power electronics with multiple DC voltage levels and so on.

LV standards of power electronics e.g. variable frequency drive technologies are far more straight-
forward in comparison and hence remain in the position of most cost-effective technology in this regard
for the vast majority of vessels sailing in the merchant fleet.

2. Technical evolution in shipping

Considering the technical evolution in shipping industry it is fairly easy to dismiss the whole industry
as being conservative and careful in its nature, at lease if one compare with some of the land-based
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industries. However, at least the following two important key-notes should be taken into consideration
when comparing shipping industry with any other land-based industry, namely safety and remoteness.

2.1.  Shipping industry is part of the logistics chain

As per today, about 90 % of logistics on the planet is involving shipping in some form. When products
are manufactured in land-based production facilities the selected location is based on certain criteria
such as availability of raw materials, labour and energy. The consumer market being worldwide and
most often in other locations than the factories, it means that the goods manufactured, and also quite
commonly, the raw material for production needs transport i.e. logistics. Shipping being the primary
means of global logistics it means that the demand for safety and security is a top tier. Safety of goods
to arrive on time at designated destinations as well as safety of the crew of a ship crucial. Disturbances
in shipping logistics creates ripples through the fabric of our whole society.

With Safety this crucial it means also that factors that undermines safety and puts an e.g. merchant ship
at risk is avoided as far as possible. This unwillingness to jeopardise the logistics chain echoes all the
way down to selection of technologies to be implemented onboard.

The other factor is the remoteness. For a deep-sea sailing vessel, it is well understood that functionality
of machineries i.e. the technology implemented onboard must remain in operational condition even if
part or parts of the machinery malfunctions. This because the vessel is most of the time in a remote
location i.e. sailing on the sea, far away from external sources of assistance. The technology onboard
which is involved in keeping the vessel sailing, the essential systems, must be maintained and repaired
independently by the ship crew.

Already these two keynotes set rigorous demands and requirements on the technology installed onboard
a vessel, and of course the same goes for technology used in vessel electrical power generation and
distribution.

2.2. The drivers behind technical evolution in shipping

To go straight to the point, economy and environment are arguably the two top-drivers of technical
evolution in shipping industry. This goes for the general technical evolution as well as for electrical
power generation and distribution. While there are many aspects of technical evolution, we are here
focusing on energy efficiency improvements. It can be stated that improving efficiency of shipping
operations is always sought for. Ship owners and operators strive to improve the efficiency in operations
in order to improve their economy and minimise uncertainties. By improved efficiency in operations a
ship owner and its vessel (fleet of vessels) will be more attractive in the eyes of the charterer — entities
that purchase shipping services.

Operational expenditure (OPEX) became even more in focus since the financial crisis that erupted in
later part of 2008 and ship owners as well as ship designers started to look at means to reduce fuel
consumption in addition to optimizing cargo capacity in vessel designs. A new era in ship design came
along where fuel consumption got more, and deserved, attention. Nowadays we are talking about the
pre-, and post-2008 ship designs.

One of the recognised areas with potentials to improve efficiency was related to electrical power
generation and distribution. Fuel prices had sky-rocketed and one of the means to reduce fuel
consumption without reducing operations was to increase the efficiency also in this area.

Another driver for efficiency improvements comes from IMO who set forth the Energy Efficiency

Design Index (EEDI) in July 2011, www.imo.org, which in few steps stimulates technical innovation
in ship design and machineries.
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2.3. 140+ years of electrical power generation and distribution in shipping

The commercial electrification of marine vessels started in 1880s, Chai et al. (2017). Since then, many
things was going on and evolution had its pace but the mainstream of merchant vessel electrification is
based on alternating current (AC) power distribution until this day. We are not going to analyse
efficiency improvement steps that has taken place in this 140+ year way of generating and distributing
electrical power the traditional way but instead look at why it is feasible to steer towards direct current
(DC) power distribution.

As a starting point it is good to clarify that there is no clear-cut border line between AC and DC power
distribution — both technology bases are needed and will be utilised also in the future. For instance, AC
power is generated by rotating electrical machines that we commonly know as generators. An electrical
power generator is converting the rotating energy i.e. torque produced by a prime mover e.g. a
reciprocating internal combustion engine (RICE) typically into a three-phase (or more) electrical
system. As we are after highest possible efficiency in yet viable power generation technologies, shaft
torque will remain an important source of power and hence we are in a foreseeable future continuing to
use rotating electrical machines to generate power onboard vessels.

By implementing new improved materials in generators such as Neodymium-lron-Boron permanent
magnets we are reducing the losses in the torque to electrical current conversion. Already for some time
now the generators onboard ships have power losses of only two to four percent over a wide power and
speed range thanks to permanent magnet technology. We will come back to power generating
technologies utilising permanent magnets later in this paper.

With AC power in form three phase currents generated in rotating electrical machines we still need to
distribute that to the consumers in an efficient way. By utilising the traditional method of distributing
AC current to a consumer e.g. an electrical motor driving a pump, with a fixed frequency of 50 or 60
Hz we are firstly generating that constant frequency in the generator. Then we by means of an electrical
power distribution network transfer that fixed frequency electrical power to the electrical motor. Simply
by connecting that motor to the generator it will start rotating with a constant speed. That constant shaft
speed is defined by how the electrical motor is constructed and it is always the same. The total losses
of the simple electrical system described here comes from the losses in the generator, losses in the
electrical distribution (wiring, fuses and breakers) and losses in the electrical motor. From an electrical
point of view, this is the most efficient way to get that electrical motor to rotate and produce torque to
use for driving the impeller of a pump. Any additional components introduced to that electrical circuit
will add losses, from an electrical power generation and distribution perspective that is.

2.3.1. System level approach

That small electrical system described here will in most cases not be sufficient for serving the power
distribution needs in a vessel. A transformer that transforms the voltage level of electrical power is in
most cases also needed and this component adds not only losses but also increases weigh and takes up
precious space in the machinery of a ship. More important however is to look at the efficiency of the
system we have described here. Looking at the system from the consumer end firstly, as it is the
consumer that draws energy from the generator (newer the other way around) we had a constant rotating
speed electrical motor driving a pump. A pump operating with a constant speed produces a constant
pressure head and constant flow while the system that the pump is working in most often needs a means
to alter i.e. control the pressure and flow according to the needs of the system the pump is part of. With
a constant speed operated pump, the flow rate is controlled by means of a throttling valve, which
introduces frictional losses to the system. A means to increase the efficiency of a pump system is to
introduce variable speed control of the impeller and this is readily achieved with a variable speed drive
(VSD) to control the speed of the electrical motor that drives the pump. A variable speed drive also
known as a variable frequency drive (VFD) is a component that adds losses to the electrical system due
to the conversion steps that takes place within the AC drive (we call it AC drive as it is connected to an
AC power distribution system). However, the conversion loss of an AC drive is dwarfed in comparison
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to the system losses in which the pump is working. To further argue the case, with a constant speed
operating pump in a liquid cooling system, a three-way valve is introduced to control how much flow
goes through a heat exchanger to regulate the temperature and how much is by-passed. That is a great
way to regulate temperature but as all closed systems must be capable of the extreme conditions as well,
conditions that rarely occurs in normal operations, it means that such systems are most of the time
operating in sub-optimal conditions. Simply put, an extensive amount of coolant is unnecessarily
pumped around in the system for most of the time, year after year.

2.3.2. Power generation system

Looking at the generator side of the small system we have described here the AC generator is part of
that pump system as well. The AC generator delivers the electrical power to drive the electrical motor
which in turn drives the pump impeller. The AC generator will experience the load fluctuations of the
pump system in the form of increased or decreased demand of electrical current.

In order to handle the load fluctuations of the pump the generator driver, which we call a prime mover,
typically a RICE have to react on the increased or decreased demand in torque. We come to realise that
the generator and prime mover is a system itself that is interacting with the pump system — we have a
system in a system.

Traditionally the AC generator is delivering a constant frequency e.g. 60 Hz, which as described earlier
sets the rotating speed of the electrical motor. With a constant frequency demand on the AC generator,
it also means that the prime mover will have a constant rotating speed. The AC generator design and
construction is in the same way as the electrical motor design setting the rotating speed demand on the
prime mover.

2.3.3. RICE as prime mover of the AC generator

In shipping industry the RICE we are discussing here is very much the same machine that typically
utilised for driving a propeller shaft in a main propulsion system of a vessel. Main differences appear
in size, power, rotational speed, combustion cycle principle and fuel type used. Putting those aside it is
in practice the same reciprocating internal combustion engine we are looking at.

In the case where the RICE is driving an AC generator in a traditional generating-set application, a
remarkable limitation in efficiency is issued from constant speed operation. The constant speed is as
described earlier needed in order to get a constant speed of the electrical motor driving a pump. When
we have a constant speed operation on the RICE, we will limit the optimisation of fuel consumption as
the variable power output is a function of a fixed speed, Fig.1. The optimal efficiency area of the RICE
is limited and with a fixed speed function the load point will stray away from the optimal operation area
of the RICE load curve.

Considering that the power generation system described here is a derivative from the land-based
industry it means that the drawback of constant speed operation in a vessels electrical power generation
did not get much attention until lately. The main reason for this is because constant speed operation is
not really a drawback in land based electrical power distribution systems. In land-based systems AC
generators are typically connected to a larger electrical power grid which is built to distribute electrical
power to the consumers on a much larger scale. The fundamental difference between the two
distribution scenarios is land based grids have a great number of generators and consumers
interconnected while on a vessel the grid the same is very limited. In land-based grids power demand
is balanced between a vast number of consumers, which allows the AC generators and their prime
movers to operate in a predefined and constant power mode, with constant speed, generating 50 or 60
Hz. When operating in a constant speed and load at the design point, being it e.g. 95 % of maximum
power, the efficiency is the best possible as well, Fig.2, for a principle single line diagram of a land
based AC electrical distribution system.
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3. Breaking free from the land-based 60 Hz principle

As we have described earlier there is a remarkable incentive to optimise efficiency of the pump system
by introducing variable speed operation of the pump. We also realised that there is a strong incentive to
utilise variable speed in the power generation as the prime mover, being it a RICE is clearly benefitting
from reduced speed when the load is reduced.

With variable speed operations being beneficial in both ends of the system i.e. in power generation end
as well as in the consumer end when it is an application considering converting electrical power to
torque e.g. pumps, fans, winches, propellers and so on, it became interesting to look at the realm in
between. Translated into concrete readily available technology we need variable frequency drive
technology in both ends of the system and then it does not make any sense to have a fixed 60 Hz AC
system in between. Here a need for a major paradigm shift appears. As limited size electrical power
distribution systems onboard vessels have technologies derived from the land based 50/60 Hz world it
means that component manufacturers are supplying land-based technologies that fulfils recognised
marine standards and gets classification society approvals for use.

3.1. DC-link to the rescue
Taking a look at the AC drive technology that we now implement in both ends of the small pump system

described here in order to achieve best possible efficiencies in various load conditions it becomes
apparent that some conversion steps can be omitted, Fig.3.

Generator Motor

Fig.3: Pump system with VFD in generator and consumer end

As the AC drive or VFD on both sides have a DC-link inherently between its conversion steps from AC
to DC and back to AC, we can omit the AC in between. This simplification of the system means less
components to install and maintain and reduced losses in the electrical system. Further, with a DC-link
distribution between generator and consumer it means that AC system specific items like transformers
and harmonics are of no concern. Looking at the components of the DC-link distributed system, ref.
Figure 4, we remain in principle with the same VFD technology as in the previous example, only
renaming components as inverter unit (INU) from inverting DC back to AC on the motor side while on
the generator side we actively rectify AC to DC with a rectifying unit we also name INU. The reason
for this is because both sides use same hardware and differs only in their application software. With
different application software in the INU added with additional filtering techniques we can design
electrical power distribution systems that meets vessel machinery design requirements.

4 0—=

INU INU E- Pump
Generator Motor

Fig.4: Generator to consumer with DC-link and INUs
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3.2. DC and AC distribution network topologies

As we do not have to remain in the land based 50/60 Hz system thinking any longer, we can focus on
improving the efficiency in the various systems onboard a ship which are connected to the power
distribution network. By implementing different power distribution network topologies and combining
both AC power distribution and DC power distribution we are able to optimise the power distribution
system to a great extent. As explained earlier we are interested in optimising the systems within the
system by utilising variable frequency drives. However not all systems onboard a ship ask for variable
speeds to be most efficient and e.g. smaller pump systems might not yet have a variable speed design
implemented. Hence in order to not make a power distribution network overly complex we keep part
of the network as 50/60 Hz AC distribution sub-networks. Here we talk about DC and AC hybrid
network topologies that designers work together with the system suppliers to implement in vessel
specific design projects. In figure 5 an example in form of a simplified principle single line diagram is
showing a DC-link based topology that have an AC distribution network as well. The example albeit
simplified has a topology meeting dynamic positioning redundancy class 2 (DP-2). Electrical con-
sumers which benefit from variable speed operation are connected to the DC-link switchgear with their
dedicated INU while consumers with no benefit of variable speed operation can be connected to the AC
switchgear. Only main components such as generators, ESS, grid converters and propulsors are shown
in Fig.5.
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Fig.5: Principle single line diagram of a ship wide Hybrid DC Machinery
3.3. Benefits from DC-link power distribution
As the technologies involved in VFD and DC-link power distribution comes with a cost it is important
to balance that fact with the benefits it brings. The benefits with biggest impact to operational expendi-

ture (OPEX) is without doubt the variable speed power generation principle but there are several other
factors that contribute to offset the cost of technology i.e. capital expenditure (CAPEX) discussion.

3.3.1. OPEX improvements by implementing a variable speed generating set

As there are many answers to the question about benefits of running a marine generating set (electrical
power generator and RICE combined on a common base, working as a unit) in variable speed we usually
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address the concrete fuel savings at first. Secondary OPEX benefits comes from utilising condition-
based maintenance and taking advantage of lowered rotation speed, improved combustion process
(from better loading conditions) that reduces wear and tear of the RICE. A considerable OPEX benefit
presents itself also from the improved combustion process as less unburnt fuel dilutes the lube oil and
hence increases the lube oil change intervals. Anyhow the main savings is from reduced fuel
consumption as a simple calculation example shows.

Assumptions:

t=8760 h/a Generating set running hours per annum.

P =1000 kW Average electrical load.

SFOCiesign = 200 g/kWh Specific fuel oil consumption at RICE load point inside in optimal
operation area of load curve, Fig.1.

SFOCsup-opt = 240 g/kWh Specific fuel oil consumption at sub-optimal load point deviating from

RICE load curve due to constant speed operation, Fig.1.

E = 1000 kW x 8760% —>E = 8760000%
240 g S 0.24 kg S 0.24 kg 8760000 kWh 2102 tonne
_— . —_— . * =
kWh KWh Kwh a .
g g g g
24 _2 = 40—2— => 0.040 —2—
Own = 29%%wn = Pwn = %00 wn
0.040—9_ . 1000 kW = 40"
. * =40—
kWh h
kg h tonne

407 * 87605 = 350
350 tonne/a

L S 0fy — 0,

2102 tonne/a *100% = 16.7%

In the example, we assumed a generating set operated 6000 h per annum with average load of 1 MW.
Typical specific fuel oil consumption (SFOC) data in a specific load condition as given by a vendor,
presented in 1SO 1555:2002 (E) conditions, Wartsila (2013). The example is intended to illustrate the
difference in SFOC between optimal load point at variable speed and a load point that has strayed away
from the optimal operation area of the RICE due to constant speed operation. The assumptions made
are indicative and the outcome of the calculation of 16.7 % is the difference in fuel oil consumption
between constant speed and variable speed operation of the generating set.

3.3.2. OPEX improvements by implementing a variable speed shaft generator

As majority of the merchant fleet vessels are deep-sea sailing, they take benefit of utilising a single slow
speed main engine that directly drives the propeller via a propeller shaft. By introducing a shaft
generator to the propeller shaft which then is directly driven by the slow speed main engine we take
advantage of the high efficiency that the slow speed engine represents. It is also notable that the
development of carbon neutral fuels for shipping takes strong leaps on the slow speed engine platform.
As the electrical power generator is directly connected to a propeller shaft it is obvious that the generator
needs to operate in variable speeds. The DC-link power distribution in a vessel utilising a slow speed
main engine for propulsion adheres to the same principles as in the example described in figure 5, with
the addition of a shaft generator. The benefit of this kind of power generation system is that the SFOC
of a large slow speed main engine is typically far better compared to a generating set operating in
constant speed. And when the vessel is sailing (propeller shaft turning) all electrical power is generated
by the shaft generator at a lower SFOC. Notably, the main engine driving a fixed pitch propeller is
designed for a certain vessel service speed and the SFOC of the main engine is optimised accordingly.
Hence an increased saving is achieved as following calculation will show.

Assumptions:
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t =6000 h/a Shaft generator running hours per annum.

P =1000 kW Average electrical load.

SFOCesign = 160 g/kWh Specific fuel oil consumption of slow speed main engine at vessel
design speed.

SFOCsub-opt = 240 g/kWh Specific fuel oil consumption at sub-optimal load point deviating from

RICE load curve due to constant speed operation, Fig.1.

h kWh
E =1000 kW * 6000—=>E = 6000000 ——

a a
240 g S 024 kg S 024 kg 6000000 kWh 1440 tonne
_— . _— = . * =
kWh KWh Kwh a f
g g g g
240 — 160 =80——=>0.080—+
kWh kWh kWh kWh
0.080 kg 1000 kW = 80 kg
. * = _—
kWh h
kg h tonne

807 * 60005 = 480
480 tonne/a

——— x 100 % = 339

1440 tonne/a i % %

As the main engine is stopped when vessel is at berth, and if no shore power is available for taking care
of vessel electrical load, a generating set will have to take care of the remaining hours of operation per
annum i.e. 2760 h.

h kWh
E =1000 kW * 2760—=>E = 2760000 ——

a a
200 g > 0.20 kg > 0.20 kg 2760000 kWh cco tonne
_— . _— . * =
kWh KWh Kwh

As we calculated earlier the direct savings potential from variable speed generating set is around 16.7%
while we reach 33 % direct savings in electrical power generation by utilising a shaft generator.
Secondary savings potentials are somewhat more arduous to quantify, and operation profiles always
plays a big role.

3.3.3. Weight savings from limited fault currents

The conventional method of distributing electrical power onboard a ship is to ensure direct galvanic
connection to link the consumer with the generator. As a ship in operation has many consumers in forms
of electrical motors etc. and widely varying electrical power demand there are typically also several
power generators that potentially are online simultaneously. In electrical engineering we are
knowledgeable that electrical current follows certain dynamics, which are defined as rules and laws e.g.
Kirchhoff’s current law (1% law) which states that the current flowing into a node (or a junction) must
be equal to the current flowing out of it, https://isaacphysics.org/concepts/cp_kirchhoffs laws. We also
know that current flows through a path with have the lowest impedance (Z). From these simple facts
we understand that in case of an electrical short-circuit to ground anywhere in an electrical distribution
system, all of the electrical current i.e. the fault current will flow through the fault location. The fault
current is not only generated by the generator(s) but also from the electrical motors connected to the
system. This type fault current dynamics are mitigate by fuse links or electrical protection relays that
are designed to cut the current path after a certain time delay. As a time delay is present in a short-
circuit it means that the electrical power distribution system including switchgear bus-bars, circuit
breakers and cabling that links the consumers to the distribution switchgear must be dimensioned to
withstand a certain short-circuit current for a defined period of time, https://ieeexplore.ieee.org/
document/8007394.
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By introducing DC-link power distribution and INUs we get control of the dynamic fault current
scenario. Power electronics in the INU and AFE units are continuously measuring and switching the
electrical currents of the distribution system and we can parameterise the amount of fault currents that
are introduced to a potential short-circuit. With this ability to set limitations on fault currents we do not
need to dimension the equipment to withstand the dynamic levels as introduced with conventional
vessel electrical power distribution systems. This means that switchgear busbars, cabling and circuit
breakers can be considerably lighter in comparison. The weight savings in the electrical power
distribution system is very valuable in ship design and it also has a considerable impact on CAPEX.

3.3.4. Improved safety and redundancy of the electrical systems

The electrical power distribution network topology is not limited to conventional main switchboard
with two to four generating sets plus an emergency switchboard with its emergency generating set when
implementing DC-link power distribution. Multiple DC-link busbar systems together with dual to quad
stator winding systems of the generators presents redundant power distribution systems with virtually
no increase in CAPEX. Only partial black-outs and partial loss of propulsion in failure conditions
increase total safety of the ship.

3.3.5. Higher nominal speed of generating sets

With DC-link power distribution where the generating sets are connected directly to an INU there
requirement to match RICE nominal speed with either 50 or 60 Hz network frequency. The generating
set nominal speed can be increased to a maximum with RICE combustion process optimisation in mind.
Conventional limitations are based on pole number of the generator where the pole pairs must be
divisible with either 50 or 60 Hz. This means that for a typical 31 cm cylinder bore Dual Fuel RICE the
output is 530 kW/cylinder for a 60 Hz compatible generating set as the nominal speed is 720 rpm. For
a 50 Hz compatible generating set the nominal speed is 750 rpm and then the same RICE delivers 550
kW/cylinder, Wartsila (2017). As example for a twelve-cylinder generating set the difference is already
240 kW in benefit of the 50 Hz compatible 750 rpm version.

3.3.6. Improved electrical efficiency with DC-link and permanent magnet machines

When comparing conventional Diesel Electric propulsion systems with a Hybrid DC Machinery,
http://wetech.fi/solutions/solution-five/, where DC-link and high efficiency permanent magnet genera-
tors and propulsion motors are utilised, the total efficiency is improved in the range of 4.5 % at nominal
load point. The efficiency of the conventional Diesel Electric machinery declines substantially in part
load conditions. See Fig.6 for topology comparison. The permanent magnet type generators maintain a
very high efficiency over a wide speed and load range and outperforms other generator types thanks to
almost zero rotor-losses and maintained magnetic flux-density over full speed range. The Hybrid DC
Machinery have two conversion steps only, performed by same hardware INUs, between generator and
propulsion motor.

3.3.7. Utilising Energy Storage Systems for spinning reserve and peak shaving

The energy efficiency in a Hybrid DC Machinery is further improved by introducing a modest size
battery type energy storage system (ESS). Lithium-ion type battery modules are connected in strings
that match the DC voltage level in the DC-link. Direct connection is possible but not feasible as that
sets limitations on DC voltage level control. That’s why an efficient ESS system also incorporates DC-
to-DC conversion, again with the same INU hardware running a dedicated application software.

The principles of ESS utilisation in a Hybrid DC Machinery are focusing on three areas, namely peak
shaving, spinning reserve and black out prevention. With the peak shaving functionality the generating
sets are supported with batteries taking fast load changes (load peaks) and keeping electrical load as
seen for generating set constant.
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Pemmanent Magnet Generator,
efficiency 0.98 @ 100...70 % of
nominal speed

Synchronous Generator,
efficiency 0.96 @ 100 % of
nominal speed

690 VAC

Inverter unit, efficiency 0.985 P ;
ropulsion transformer,

efficiency 0.98

12-pulse frequency converter,

Inverter unit, efficiency 0.985 efficiency 0.98

duU/dt fiter, efficiency 0.998 du/dt fiter, efficiency 0.998

Pemanent Magnet Propulsion Motor,
efficiency 0.98 @ 100...50 % of
nominal speed

Induction Propulsion Motor,
efficiency 0.96 @ 100 % of nominal
speed

Total efficiency flywheel
to propeller shaft: 92.8 %
over wide load range

Total efficiency flywheel
to propeller shaft: 88.3 %
at nominal load only

Fig.6: DC-link power distribution and permanent magnet machines efficiency comparison with
conventional Diesel Electric propulsion

This ensures an efficient and surge free operation of the Auxiliary Generators while all large consumers
are provided a very fast load response and the electrical network is kept stable. Spinning reserve func-
tionality provides an energy reserve for power generation, allowing for operating a single generator at
all times i.e. no parallel running of generators resulting in low load conditions on two generating sets,
which happen when they are sharing a load. Black-out prevention is improving vessel safety as the ESS
is keeping the electrical network alive until a stand-by generating set is started and connected to the
network. This function allows single generating set (or shaft generator) operation also during manoeu-
vring.

The battery sizing in a Hybrid DC Machinery is depending on vessel operation profile. For deep-sea
sailing merchant vessels, the functionalities described here is handled by an ESS with energy storage
capacity (in kwh) of one third of a generating set power (in KW). As an example, a 1000 kW generating
set manages with a single ESS of 330 kWh with a battery technology allowing for 3C/1C discharge/
charge capacity. 3C equals three times the nominal charge current.

3.4. Limiting factors of DC-link based distribution networks

DC-link power distribution networks onboard ships have existed already more than ten years but has
not yet become mainstream due to several reasons. As these designs and implementations are still in
their infancy it also means that necessary technologies to support the designs such as availability of DC
current breakers with high power capacities and DC busbar modules are limited. Electrical engineering
education has not yet shifted towards this new paradigm to be and component suppliers has not yet
shifted their manufacturing capacities towards DC based technologies. The land-based industry that is
not that depending on megawatt (MW) class variable frequency drive solutions for improving energy
efficiency will remain mainstream and the marine sector that is implementing ultra-efficient DC-link
based technologies has not yet scaled up. And as with any new world thinking the change resistance is
always present.
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4. Future proof DC-link power distribution

As the technology leaps forward and zero emission technologies evolve the electrical power distribution
based on DC and AC distribution systems will be there to connect the machinery systems together. The
concepts of MW class variable frequency drive technologies which are already in use in shipping
industry today is flexible and provides the means to distribute power from virtually any source that
already exist or will be invented. Hybrid solutions based on batteries and fuel cells is evolving and pilot
projects are under development.

Considering zero emission and carbon neutral fuels for powering vessels the development of the large
bore main engines is ongoing and proof of concepts already exists. What is still today on a slower
development path is the smaller bore generating set engines. Higher speed generating set engines face
more challenges to burn e.g. ammonia (NH3) and the cost per kilogram of small bore engines burning
carbon neutral fuels is not looking promising. Hence the shaft generator that can tap electrical power
directly from the propeller shaft of large bore slow speed main engines will become a far more common
source of electrical power in merchant shipping.
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