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Abstract: With little time left for humanity to reduce climate change to a tolerable level, a highly
scalable and rapidly deployable solution is needed that can be implemented by any country. Off-
shore wind energy in international waters is an underused resource and could even be harnessed
by landlocked countries. In this paper, the use of sailing wind turbines operating autonomously in
high seas to harvest energy is proposed. The electrical energy that is generated by the wind turbine
is converted to a renewable fuel and stored onboard. Later, the fuel will be transferred to shore or
to other destinations of use. The presented idea is explored at the system level, where the basic
subsystems necessary are identified and defined, such as energy conversion and storage as well as
propulsion subsystems. Moreover, various operating possibilities are investigated, including a com-
parison of different sailing strategies and fuels for storage. Existing ideas are also briefly addressed
and an example concept is suggested as well. In this paper, the proposed sailing renewable energy
conversion system is explored at a higher level of abstraction. Following up on this conceptual study,
more detailed investigations are necessary to determine whether the development of such a sailing
renewable energy conversion system is viable from an engineering, economic, and environmental
point of view.

Keywords: sailing wind turbine; renewable energy conversion system; floating offshore wind;
power to X; electrolysis; hydrogen; autonomous marine navigation; sustainability; conceptual design
development; systems engineering

1. Introduction

Climate change is well on its way to wreaking havoc. The application of renewable
energy is a way of stopping it in its tracks. A huge increase in the demand for renewable
energy is expected as the world moves to a carbon-neutral economy. Offshore wind
energy is a highly effective way to meet this rising demand, but the sites suitable for the
installation of bottom-fixed offshore wind turbines are fairly limited when set in relation to
the available ocean area. By means of floating wind turbine systems, more areas can be
used for deployment, but still, there are limits.

Thus, there is a need to investigate ways to harness energy from areas further away
from the shore and in the high seas (also known as international waters). The idea of a
Sailing Renewable Energy Conversion (SailREC) System is born from this need. A SailREC
System is proposed as a technological system capable of harvesting different renewable
energy sources, including their conversion and subsequent storage. It is envisioned as an
autonomously operating sailing vessel. Such a solution would come with the following
advantages over a moored-floating or bottom-fixed wind turbine:
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¢  Fastrealisation and deployment: The SailREC System could be licensed as a ship and
operate in international waters provided that favourable legislation is developed in
the future under the United Nations Convention on the Law of the Sea (UNCLOS) [1].
Thus, fewer permits and authorisations might be needed;

¢  Cost-effectiveness: The design of a SailREC System can be optimised for mass pro-
duction, causing economies of scale to take effect;

*  Small footprint: Subsea infrastructure, e.g., grid connection and mooring lines, is not
required;

*  Tool for energy security: A SailREC System could be used by countries with limited
energy resources within their territorial boundaries.

The idea of harnessing energy for areas further away from the shore is not completely
new. The state of the art is briefly described in Section 1.1, while the objectives and structure
of this paper are outlined in Section 1.2.

1.1. State of the Art

A few ideas and concepts related to SailREC Systems do already exist. Some of these
are presented in the following.

1.1.1. Concept of the National Institute of Environmental Studies of Japan

The National Institute of Environmental Studies of Japan (NIES) proposes a floating
wind farm that is not moored [2]. The concept has multiple wind turbines arranged in a line
on semi-submersible hulls, as shown in Figure 1. The energy is converted to hydrogen by
electrolysis of seawater and later transported to shore by a supply ship. The whole platform
is mobile, which allows it to avoid storms and increase energy yield. Based on simulation
studies, an annual average capacity factor of 42.6% is expected to be achieved [3].

=
=
=

1

Figure 1. Floating wind farm proposed by the NIES; Reprinted with permission from Ref. [2].
2008, IEEE.

1.1.2. Farwind Concept

Farwind [4]—a spin-off of Ecole Centrale de Nantes—is working on a concept of an
autonomous sailing energy ship propelled by wind, as presented in Figure 2. Propulsion is
achieved using Flettner rotors. The kinetic energy of the ship is used to generate electrical
energy by means of two hydrokinetic turbines attached to the hull. This electric energy can
be either stored in batteries or converted further to chemical energy and stored as hydrogen,
methanol, or ammonia.
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Figure 2. Farwind energy ship [5].

1.1.3. Wind Hunter Project

Another concept [6] being developed in a corporate-academic partnership is the Wind
Hunter Project. The aim is to make zero-emission commercial shipping possible using
hydrogen fuel and wind power. Energy is harvested using sails and is stored as hydrogen,
which will be used for powering a propeller when the wind speed is low (cf. Figure 3 for
further details). The concept’s feasibility was demonstrated on a sailing yacht, and the
subsystems involved were investigated [7].
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Figure 3. Concept of the Wind Hunter Project; Reprinted with permission from Ref. [6]. 2020, MOL.

1.1.4. Other Concepts

Furthermore, there are numerous patents on related technologies. Raj [8] proposes the
idea of harvesting wind, wave, and solar energy and storing it in batteries to be used for
propelling a ship, so it can maintain an appropriate speed on a route. Gizara [9] describes
the use of a remote-controlled vessel: While sails propel the vessel, energy is harvested
by a water turbine and stored as hydrogen. Meller [10] proposes vessels using sails for
propulsion. The vessels are propelled along a linear path. The harvested energy is then
stored as hydrogen in inflatable containers. Vidal [11] patented the idea of an improved
method of propulsion for floating systems that are not moored. An energy recovery method
is also mentioned. Salomon [12] describes an idea to use modified sailboats (the sails are
kept upright with the help of lighter-than-air balloons instead of masts) for the capture
and conversion of wind energy to hydrogen. The generated hydrogen is stored in metal
hydride. The transport of stored energy in chemical form is an important step. The supply
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chain of hydrogen on a pilot scale is demonstrated in the project HySTRA [13]. Within the
project, a liquefied hydrogen carrier ship is being built as well as gaseous hydrogen tanks
for transport on roadways.

1.2. Research Objectives and Approach

The objective of this paper is the conceptual development of a SailREC System as
an autonomously operating sailing vessel that could even be deployed in high seas for
harvesting different types of renewable energy. The main focus, however, is initially on
wind energy. The concept of a SailREC System is investigated at the system level, and vari-
ous basic subsystems are identified and defined. These are described in Section 2 along
with the underlying method and requirements. Some subsystems, in particular, the En-
ergy Conversion and Energy Storage Subsystems as well as the Propulsion Subsystem,
are investigated in detail in Sections 3 and 4, respectively. Furthermore, different sailing
strategies are discussed and assessed with respect to their expected energy yield and ease of
technical realisation (Section 5). Based on the detailed investigations into single subsystems,
a conceptual SailREC System design is presented in Section 6. Within the context of the
discussion and outlook (Section 7), this concept design is set in comparison to the existing
ideas for similar system technologies outlined in Section 1.1. Finally, the paper is rounded
off with conclusions (Section 8).

2. System Synthesis

In this work, the terminology commonly used for systems engineering is applied [14].
The SailREC System is conceptualised by first revealing the requirements of a floating en-
ergy harvesting system. These requirements are then classified as core, optional, and generic
requirements. The complete list of requirements is tabulated in Appendix A. Then, the
requirements are used to define the subsystems that would be required to fulfill them.
Figure 4 shows the requirements and the subsystems that are identified. The subsystems
are described in more detail in the following.

Core Requirements

Wind Turbine Subsystem

Focus on wind energy

Energy Conversion Subsystem

Energy Group
Operational in offshore conditions Energy Storage Subsystem
Can store and transfer energy to a destination Energy Transport Subsystem
Mobile floating structure Propulsion Subsystem
Autf)nomous perception and navigation in the : Anti-Wind Force Subsystem
environment Navi Group

Follow a resource efficient trajectory

Control Surfaces Subsystem

Avoid/survive storms

Floatation Subsystem

Damp excitation from external forces and torques

Communication Subsystem

Safe from pirates

Position Detection Subsystem

Operational in a fleet or single unit

Collision Avoidance Subsystem

Optional Requirements

Pirate Protection Subsystem

Incorporating other sources of (renewa

ble) ener Safety Group
gy Storm Avoidance Subsystem

Clean the ocean

Offer communication services to ships

Storm Survival Subsystem

Designs that could work as green cruise/cargo carriers

Condition Monitoring Subsystem

scientific/marine research

Act as a platform for weather forecast and

Control Subsystems

Optional Subsystems

Figure 4. Mapping of requirements to subsystems.

2.1. Energy Group

The Energy Group is comprised of subsystems which are part of the generation of
energy as well as conversion, storage, and transport thereof.

The Wind Turbine Subsystem is the primary source of energy for a SailREC System
as considered in this study. Due to the specific application of the wind turbine on a floating
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and moving SailREC System without any grid connection, the operational strategies and
wind turbine control need to be adjusted.

The electricity generated by the Wind Turbine Subsystem and all other energy plants
implemented on a SailREC System is converted by the Energy Conversion Subsystem
into renewable fuel. All components necessary for chemical energy conversion, such
as electrolysers, storage of chemical precursors, and chemical reactors, belong to this
subsystem. The conversion and storage of energy are further elaborated on in Section 3.

The storage of the produced renewable fuel is taken over by the Energy
Storage Subsystem.

All the hardware and software necessary to transfer the captured energy to a desired
place (e.g., a port or a floating fuel station for ships) belongs to the Energy Transport
Subsystem. There are many implementation options for this. In the case that a SailREC
System travels on its own to a port to transfer the produced fuel, the Energy Transport
Subsystem will likely consist of software for the most part. If, on the other hand, a tanker
docks in the open ocean on to the SailREC System to pick up fuel, the tanker belongs to
the subsystem.

2.2. Navi Group

The Navi Group is the set of subsystems necessary for making the SailREC System
navigable and controllable and to keep it in a stable state of motion in all degrees of freedom.

All the components needed to accelerate the SailREC System in the water make up
the Propulsion Subsystem. This facilitates location change, course correction during
operation, avoidance of collisions with other vessels, staying away from the coast during
storms, and more. It is not a requirement for the Propulsion Subsystem to have both Active
and Passive Propulsion Components, however, it can be an advantage. Active Propulsion
Components generate a force by themselves and not through an external potential. Their
operation would necessitate the use of a power source, which could be stored renewable
fuel or electric power. Passive Propulsion Components, on the other hand, generate a force
through an external potential applied to the SailREC System. This could be a sail or a
Flettner rotor. The Wind Turbine Subsystem itself creates a high thrust force and, hence,
can also be used as a Passive Propulsion Component.

Movement of the SailREC System in wind direction decreases the resultant wind
velocity on the wind turbine, which results in reduced power output. Thus, the Anti-
Wind Force Subsystem compensates or reduces any force that is acting downwind on the
system. Not all potential solutions are able to compensate for the wind turbine thrust,
but only reduce it. While a water parachute could reduce the thrust, a keel may be able to
completely compensate for the thrust in wind direction if the SailREC System would sail
perpendicularly to the wind, similarly to a sailing ship.

The Control Surfaces Subsystem comprises surfaces that have fluid flowing over
them. These are movable to control the state of motion by changing the angle of attack.
The SailREC System can not only have control surfaces in the water but as well in the air.
A control surface that likely needs to be implemented is a rudder. How many and which
control surfaces will be used depends on the overall design of the SailREC System.

The Floatation Subsystem must be able to withstand the loads to which the SailREC
System is subjected at sea, e.g., waves, currents, and overturning moments of the wind tur-
bine. This is realised by the following components: The Buoyancy Component, which could
simply be a ship hull, generates buoyancy for the whole system and, hence, compensates
for the gravitational force. The Counter Torque Component compensates for torques, such as
the torque generated by the thrust on the wind turbine and tower, or the torque applied to
the rotor axis of the wind turbine. The Damping Component dampens the SailREC System’s
angular oscillations and ensures a stable frequency response to external excitation, bringing
the system back to an equilibrium state.
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2.3. Communication Subsystem

A Communication Subsystem will be needed for the communication of the SailREC
System with other interfaces, e.g., a control centre onshore, other SailREC Systems, ships,
or vessels in the vicinity. The Communication Subsystem will be used for the transmission
of telemetry data, which will include the sensor and condition monitoring data and can
also include scientific data. The Communication Subsystem will be required to receive
control commands from an external, onshore control centre. There is also the possibility of
using the same transponders to act as an alternate network at sea for ship communication.

The hardware is mainly expected to comprise satellite communication and very high-
frequency radio links. A combination of a low-cost and high-capacity, very small aperture
service for use in most cases and an alternative service in the L-band can be an option.
To ensure that the connection to shore is reliable, two independent communication channels
with different systems and frequencies can be used. The end-to-end communication
would need to be encrypted so as to protect it from access and threats arising from hostile
parties [15,16].

2.4. Position Detection Subsystem

A Position Detection Subsystem is required for a SailREC System to localise itself,
primarily for the safety of its own and other vessels. The subsystem will assist on a local
level in detecting nearby or approaching vessels and on a global level in tracking them in
the high seas. Thus, the Position Detection Subsystem plays a crucial part in making the
SailREC System follow the desired trajectory. The positional information is also required
for enabling the transfer of fuel in the case of a tanker docking to the SailREC System,
or also making the decision of docking to a port if the system is navigating to one.

2.5. Safety Group

The high seas are territories where the deployment of any assets of value will need to
be guarded from physical damage due to harsh conditions and theft.

The Collision Avoidance Subsystem is responsible for avoiding collisions with other
vessels or other obstacles, such as sea banks. This would involve the use of both Communi-
cation and Position Detection Subsystems to detect its own and the positions of vessels in
the vicinity, then communicate the expected path with others, involve the control centre if
required, and also adapt the course to achieve a margin of safety from collision.

As a SailREC System has resources of value, including fuel or stored energy, machinery,
and the material used for construction, it must be protected from theft by using a Pirate
Protection Subsystem. Since the SailREC System is envisioned as autonomous, the possible
solutions are a design that is hard to access by other parties and steal from, as well as a
strategic deployment in areas of operation where hostile activity might be avoided.

The Storm Avoidance Subsystem is responsible for adapting the course of the SailREC
System in such a way to avoid storms and other extreme environmental conditions. This
subsystem also decides whether an expected storm is too dangerous and should be avoided
or passed through. For this task, position data, global weather data, and data from other
systems of its kind will likely be used.

The Storm Survival Subsystem is responsible for increasing the chance of survival
if an environmental risk factor was underestimated by the Storm Avoidance Subsystem
or to improve the stability if areas of extreme environmental conditions need to be passed
through. Possible mechanisms may include floodable sections, increasing the draught of
the system to reduce the centre of gravity, etc.

2.6. Condition Monitoring Subsystem

There must be sensors used along the SailREC System to track the health of critical
subsystems. This can be monitored for safe operation and predictive maintenance of the
system. The data acquired by the Condition Monitoring Subsystem is sent out to the
control centre through the Communication Subsystem. The SailREC System could also
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have on-board sensors to monitor the weather, which can be used for trajectory planning,
apart from using these data for research and science.

2.7. Control Subsystems

The Central Control Subsystem is the main decision unit of a SailREC System and
ensures an autonomous fail-safe operation. The task of this subsystem is to coordinate
the work and requirements of all subsystems with a focus on controlling the course of the
system to maximise energy yield. It should also be able to keep the SailREC System in safe
operation when possible subsystem failures occur.

There will be a need for a control centre onshore for the monitoring and operation
of fleets of SailREC Systems. The facility will keep track of and set trajectories for the
fleets based on global weather data and will have the ability to take over control from
autonomous mode if required. The control centre will also communicate with ships making
distress calls when they radio a SailREC System.

2.8. Optional Subsystems

The subsystems described next are optional and are not required for a SailREC System
to work. Some of them might have a positive impact on the energy yield or lead to
additional revenue.

An Ocean Cleanup Subsystem installed on the SailREC System can be used to clean
oceans of floating plastics. A collection mechanism that does not require the use of any
power would be ideal. The collected plastic can also be transferred to shore when fuel is
transferred. Furthermore, to collect plastics, the subsystem can—depending on the design—
increase the hydrodynamic drag in the wind direction, thereby acting as an Anti-Wind
Force Subsystem. This would facilitate increased power production by the wind turbine.

The incorporation of additional energy sources, such as solar, wave, or even ocean
thermal energy conversion, can be thought of. While such additional subsystems, falling
into the Energy Group, will increase the energy output of the SailREC System, their
utilisation might not result in a lower cost per unit of energy due to more costly and
complex construction and design.

The SailREC System can also transport cargo during its usual operation. The optimal
path for maximum energy yield may coincide in part with trading routes. So the transporta-
tion of cargo could bring additional revenue. Furthermore, as the mass of the whole system
increases, the inertia is increased as well, which can lead to lower drift velocities and, thus,
a higher effective wind speed at the wind turbine and, in turn, more generated power.

Just as with cargo, the concept can be extended to include the transport of people with
a passenger module. Additional safety features might be required in this case.

An aquafarm incorporated into the SailREC System can also be used for carbon capture
and to generate additional resources. The carbon capture can be performed by feeding
farmed algae to a pyrolysis reactor.

3. Evaluation of the Energy Conversion Subsystem and Energy Storage Subsystem

In a SailREC System, the energy harvested needs to be converted and stored in
chemical form. In Section 3.1, the conversion of renewable power to hydrogen (liquid and
gaseous), ammonia, and methanol are discussed as well as the state-of-the-art thereof. —
Another option that could be of interest is methane, which, however, is omitted from the
analysis. The reason for this decision is the advantages of methanol over methane, such as
higher efficiency, lower cost of transportation, and higher volumetric energy density, even
though the production costs of both are similar [17].—A primary analysis using a trade
study is performed for the choice of the fuel to store the energy (Section 3.2).

3.1. Conversion Process

The starting step of all electric Power to X (P2X) conversion processes investigated is
the generation of hydrogen, which is obtained by means of electrolysis of water
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(Section 3.1.1). Then storage takes place either as hydrogen (liquid or gaseous)
(Section 3.1.2), or further conversion to ammonia (Section 3.1.3) or methanol (Section 3.1.4)
using the Haber—-Bosch process and methanol synthesis, respectively.—Hydrogen storage
via physisorption, metal hydrides, and organic liquids containing molecules capable of
reversibly releasing it are not investigated [18].—A point to focus on would be that the
processes of conversion to ammonia and methanol are assumed to be seaworthy and re-
motely operable on a small scale. This scale of production is not usually seen in plants that
produce these fuels commercially.

3.1.1. Electrolysis

The SailREC System, as envisioned in this study, has seawater as a primary source
of water. Since direct seawater electrolysis is not established yet, conventional polymer
electrolyte membrane (PEM) or alkaline electrolysis of seawater might be performed after
purification steps [19]. Solid oxide electrolysers are still in the research and development
phase in terms of technological maturity, apart from having the challenges of thermal
cycling, chrome migration, and corrosion while offering higher electrical efficiency. Like-
wise, direct seawater electrolysis faces the challenge of designing selective electrodes that
suppress chloride chemistry [20]. The use of PEM electrolysers is foreseen, as they have a
faster response to supply changes, higher power density, and less maintenance compared
to alkaline electrolysers, though PEM electrolysers have a higher cost in the application.
The electrolysers would be fed by purified water. The by-product of the purification of sea-
water is brine. This would have to be disposed of, and unlike in coastal waters, discharge
in the high seas is not expected to have a negative impact on the environment, but further
inspection of this and the legal regulations would be required.

3.1.2. Hydrogen

Hydrogen (Hy) is a clean energy carrier, has a high gravimetric energy density, and can
be used in fuel cells and combustion engines to get back energy, where the former has
higher efficiency than the latter but does not reach the efficiency of batteries. The challenges
in hydrogen-based storage are that it is expensive and the fact that it is the least dense
element, which creates the need for either compression or liquefaction owing to volumetric
constraints. Storage of hydrogen as a high-pressure gas (Hz(g)) requires the use of compos-
ite materials for the vessel, whereas the liquefaction process for obtaining liquid hydrogen
(Ha(1)) is energy-intensive [21].

3.1.3. Ammonia

Ammonia (NH3) is also a clean energy carrier in the sense that it does not release
carbon dioxide at the point of use as an energy source. It can be used to generate energy
with conventional technologies with modifications (e.g., ammonia can be reformed to
yield hydrogen and nitrogen, which can be used in internal combustion engines [22], gas
turbines, and alkaline fuel cells without further purification [23]). It has half the energy
density of gasoline and is easier to store than liquid or gaseous hydrogen. Although toxic
and corrosive, the transmission and storage technologies are mature. The Haber-Bosch
process is considered for synthesis, and the nitrogen (N;) needed for this can be separated
from air using pressure swing absorption (PSA). The process of electrochemical synthesis
of ammonia is not explored since the yield rates and efficiencies are still low and below
commercially viable levels. Furthermore, the Haber-Bosch process is not flexible—it is
optimised for continuous operation. If the process is run at uneven intervals, there are risks
of lower catalyst and equipment lifetime due to thermal cycling and reduced production
efficiency. A hydrogen and nitrogen buffer would be required in the SailREC System to
take care of renewable energy intermittency. Another approach might be to make the
process vary its output just as with energy by plant design and operation techniques. This
capability to turn down could be a better solution if possible [23-26].
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3.1.4. Methanol

Methanol (CH3OH) is another option as an energy carrier. It is liquid at room temper-
ature and has advantages due to its compatibility with existing infrastructure—including
tanks, pipelines, and fuelling stations—as well as its suitability for application in com-
bustion engines [27]. The carbon dioxide (CO;y) for the production of methanol can be
sourced from carbon capture from processes releasing it, such as cement manufacturing,
steel-making, or biomass and power plants, or even obtained through direct air capture
(DAC), which can be either onshore or locally at the SailREC System (there are containerised
solutions available for DAC, which might be well suited for application in the SailREC
System [28]). For nitrogen, separation from air is competitively easier than for carbon
dioxide due to the higher concentration of the former in the atmosphere (78% for N,
<0.5% for CO;). DAC of carbon dioxide is still under development and is not competitive
enough with flue gas capture on a commercial level [29]. If DAC at the SailREC System
is not used, then the transport of carbon dioxide to the system and its storage will need
to be addressed. The conversion reaction is not flexible enough to account for the power
intermittency and it follows that buffers for the feed-stocks will be required just as in the
case of the Haber-Bosch process for ammonia.

3.2. Trade Study

A trade study is conducted because the choice of the fuel to use as energy storage is
highly complex. To do so, an abstract representation of the system and underlying processes
is made (cf. Appendix B for more details). The steps included are the harvesting of energy
by a wind turbine, required conversions to chemical sources, storage on the SailREC System,
followed by transport, and the final use of the energy in the form of heat and electricity.
Similar chains of production, transport, and use of the different fuels are followed to make
comparisons between the options possible. The flow chart for liquid hydrogen is presented
in Figure 5. The hydrogen gas generated after electrolysis is liquefied and stored as a liquid
on-board in Dewar tanks (cf. Appendix B.1 for further details on the storage tank) at 20.68 K
(i.e., —252.47 °C) at a pressure of 4 bar. The liquefier consumes 10 kWh for the liquefaction
of 1 kg of hydrogen. Thus, the efficiency of the block is calculated as 70%. The flow charts
for gaseous hydrogen, ammonia, and methanol can be found in the Appendix B.2. Overall,
the trade study is conducted for a specific use case, as summarised in Table A2 in the
Appendix B.3.

Loss Cooling loss CTE loss CTE loss
N
L &>  Onboard Seaborne Land based
Liguefier —— —> —>{  transport and
S storage ¢ transport storage (Truck) $
Losses

CTE Cooling and transport energy UoF

UoF  Use of Fuel

$ CAPEX Electrical l

¢ OPEX or heat
energy

Figure 5. Liquid hydrogen as the stored fuel.

The trade parameters used in the trade study, along with their values and weights
(considering a range of 1-10), are listed in Table 1. As technology in the energy sector is
very cost-driven, the trade parameter levelised cost of energy (LCOE) is given the highest
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weight of 10. Having the main motivation of a SailREC System of delivering clean energy
in mind, 7 is assigned as the weight for the trade parameter on environmental friendliness.
Another trade parameter is the partial load capability, which is the ability to produce fuel
with interruptions in input power. Fuels requiring chemical reactors and intermediate steps
would be at a disadvantage in this assessment. The weight for the partial load capability is
set higher than the remaining ones because power harvested in a SailREC System could
be subject to periodic stopping. Considering the fact that the weight of the fuel itself and
its storage containment needs to be carried by the SailREC System, the trade parameter
displaced water volume—referring solely to the specific fuel and storage tank (in future
studies, the weight of the production facilities, auxiliary systems, etc. of the fuel can also be
taken into account)—is defined, since fuel which requires more displaced water volume
may also require a more challenging design of the entire SailREC System. Further trade
parameters are the technology readiness level (TRL) of the systems finding use in the
Energy Conversion and Storage Subsystems as well as the safety of maintenance personnel.
Finally, the transport infrastructure readiness level in 2032 is thought of as a measure of the
maturity of infrastructure ten years from now, for transporting the fuel through pipelines,
rail tracks, etc., and connecting ports (where SailREC Systems would offload) with points

of use inland.

Only for the trade parameters LCOE and displaced water volume are values calculated
(cf. Appendix B.1 for further details on the calculation of LCOE), which, however, are
not intended to represent exact values but rather serve as indicative measures that can
be used for comparison within the trade study. For the remaining trade parameters,
the values are quantified by ranking. This is achieved by distributing the values from 1 to 4,
with 1 representing the worst-scoring fuel and 4 the best-scoring one. This ranking is based
on literature research and discussions with, among others, experts from the Department
Hydrogen Labs and Field Tests of the Fraunhofer Institute for Wind Energy Systems
IWES. For the evaluation of the trade study, the values are normalised for each trade
parameter. Subsequently, the normalised values are multiplied by their respective weights.
Finally, the sum of all weighted values across the parameters reflects the score for each
fuel. Upon this, the best ranked fuel option turns out to be liquid hydrogen, followed by

gaseous hydrogen, methanol, and then ammonia (cf. Table 1).

Table 1. List of trade parameters, their fuel-specific values, and weights used.

Parameter Values

Trade Parameters Unit Liquid Gaseous . Weights
Hydrogen Hydrogen Ammonia  Methanol

LCOE [€cent/kWh] 24.45 18.81 38.16 22.29 10

Environmental friendliness [-] 4 3 2 1 7

Partial load capability [-] 3 4 1.5 1.5 5

Displaced water volume [m3] 62.50 164.58 144.24 158.02 4

TRL [-] 4 3 1.5 1.5 4

Transport infrastructure [-] 1.5 1.5 4 3 4

readiness level in 2032

Safety of maintenance personnel [-] 3 2 1 4 2

Scaled and weighted final value [-] 29.44 27.27 18.04 20.14

Rank [-] 1 2 4 3

The span of values in the scaled and weighted final score gives a picture of how each
fuel will perform against the others according to the selected trade parameters. The values
range from 18.04 for ammonia to 29.44 for liquid hydrogen. Furthermore, the values for
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liquid and gaseous hydrogen are close to each other at 29.44 and 27.27, respectively, which
is also the case for ammonia (18.04) and methanol (20.14). Finally, it can be seen that the
values of ammonia and methanol are just about two-thirds of the values for hydrogen
(liquid and gaseous).

As mentioned earlier, it is very complex to decide which fuel is most suitable. The trade
study provides a framework for making this decision, although the result may not be
completely objective and unequivocal. In the following, some critical points of view
and areas of improvement for the trade study are addressed. The fuel options explored
sometimes have their own niche use cases (e.g., ammonia is used for the production of
fertiliser); in the study, only the use of fuel for heat and electricity generation is taken into
consideration. The fuel ending up with a lower score in this trade study might not make it a
bad choice for it to be produced on a SailREC System if another application of the generated
chemical is the aim. The projected future demand for each fuel, which is used not only
for power generation but also as a feed stock for other chemicals and similar applications,
could be explored in further studies. Furthermore, when referring to the trade parameter
LCOE, it should be clear that a value for each fuel is calculated, which, however, does not
correspond to the market price of the fuel. It is just an indicative value and, hence, all the
CAPEX and OPEX are not meticulously charted but can still be used for comparison of
fuels. The abstraction made in the flow charts is fundamental in nature; detailed design
and modelling can be performed in further studies:

*  For example, in the abstract representation of the model, the process for desalina-
tion as well as PSA and DAC—in the case of ammonia and methanol, respectively
(cf. Appendix B.2)—are not taken into consideration;

*  Furthermore, the model can be adapted for a more detailed investigation of seaborne
transport and the use of pipelines and railways for transportation on land instead
of trucks;

®  The processes used (such as liquefier, Haber—Bosch process, etc.) are taken to be
continuous processes and are assumed to be performed on the scale of the power
rating of the SailREC System. From an engineering perspective, the processes could
be considered batch processes. This is not modelled accordingly in the trade study.
Considering buffer storage between processes and aptly power-rated processes would
need further exploration.

Finally, the trade study is subjective in the choice of parameters, the weights assigned
to those, and the varied assumptions used in the spreadsheet calculations (cf. Appendix B.1).
Under a different set of these, the ranking of fuels may vary. For reasons of simplicity,
in this study, some of the assumptions are made to allow comparison of the different fuel
options and might not represent the optimal design decision for each of them.

4. Investigations on the Propulsion Subsystem

The Propulsion Subsystem shall serve for navigation (e.g., for course correction, driv-
ing to a port, etc.) and stabilisation (i.e., to keep the SailREC System stable under dynamic
forces, for example, under extreme weather conditions).

The overall stability of the SailREC System should be ensured using passive means,
while powered propellers would provide support in the case of adverse conditions where
a higher degree of precision and faster response time is essential. The requirements for
the Propulsion Subsystem in terms of stabilisation may be similar to those for dynamic
positioning (DP) [30]. DP is used in drilling and oil and gas exploration vessels. For in-
stance, when used in floating production storage and offloading vessels, which are usually
moored, the DP system assists in position mooring when there are severe environmental
conditions [31]. This system relies heavily on the Control Subsystems and the Position
Detection Subsystem to produce control outputs that actuate the propellers to maintain a
specific position or heading.
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The general navigation of the SailREC System to follow a trajectory should not happen
by means of powered propellers. Some potential sailing strategies are described in Section 5.
Wind assisted propulsion, such as by wind sails or Flettner rotors, can also be used to
manipulate the motion around a trajectory and at the same time reduce fuel consumption,
as demonstrated in applications in container ships [8]. The use of active propulsion should
be kept to a minimum to reduce the energy required for navigation.

In the following, it is elaborated in more detail on propellers (Section 4.1) and the
prime mover (Section 4.2).

4.1. Propeller

For the navigating procedures, screw-type propellers could be used. An exhaustive
list of various propulsion systems can be found in the book by Carlton [32].

For the stabilisation procedures, propellers typically applied in DP applications are
foreseen to be used. These are mainly azipod or cycloidal propellers, as they have a high
degree of manoeuvrability and shorter positioning times compared to other propellers.
Thus, a probable Propulsion Subsystem solution for the SailREC System would be a
combination of a screw propeller—as a main propeller for the navigation procedure—and
multiple propellers, which might be combinations of azimuth mounted and cycloidal type
propellers, for the stabilisation procedures. To decrease the overall cost of the subsystem,
the design might settle on some simpler configurations. Further studies on the Control
Subsystems and propeller configuration of the SailREC System would be required.

4.2. Prime Mover and Fuel

The mechanical means of powering the propulsion is provided broadly by two-stroke
engines. These engines have higher efficiencies and can be coupled directly with the
propellers when compared with four-stroke engines.—The four-stroke engines have higher
power densities and lower height requirements, though they will need a reduction gear to
reduce the high speed of rotation before coupling with the propeller [33].—These engines
mainly use diesel currently, but a development towards the use of alternative fuel is
being made where propulsion powered by hydrogen, methanol, or ammonia is used. In a
SailREC System, these are the very fuels that could be produced and would be used in the
engines. With higher demands for more efficient and cleaner ships, hybrid technology (i.e.,
additional use of batteries) is also being adopted and integrated into the marine industry.
The use of battery technology is shown to reduce the annual operational cost of ships as
compared with diesel-mechanical propulsion systems [34]. This is—apart from the target
of environmental friendliness and carbon neutrality—a sound argument for designing a
propulsion system which is powered electrically rather than just chemically.

A possible electric propulsion architecture that can be used in a SailREC System is
shown in Figure 6. The wind turbine feeds the power bus with energy, which is used by the
electrolyser and in the conversion processes (Haber reactor or methanol synthesis reactor).
The energy will also be used by other subsystems and auxiliary systems. Part of the energy
is stored in the electrical form in batteries, which can be used to feed the bus. The bus can
also be energised by using the stored fuel through a chemical to power conversion (X2P)
when required. The whole control of power on the bus should be monitored by a power
management system. The prime movers for the propellers are electric motors, and they
source power from the bus. The SailREC System will require a battery (or other storage
technology) to conserve energy to supply power for conversion processes that would need
power when the wind turbine is not generating (enough) power, as the processes may
not be flexible enough to be turned up and down depending on the fluctuating supply of
power. The power bus can be based on AC (alternating current) or DC (direct current);
currently, AC-based applications are more prevalent for marine applications. The study
by Chai et al. [35] has shown benefits in the use of DC-based systems—in both electrical
performance and fuel efficiency—in a diesel-electric marine vessel. The challenge would
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be the safety of the system, as designing protection devices for DC applications is of
increased difficulty.

Wind Turbine
" . ; Power Bus
Elemr;l'.,rser Bart;ries Other ;\,ﬂstems
Conv;rsion X2P Propellers
process
Storage

Figure 6. Use of electric propulsion in the SailREC System.

5. Assessment of Different Sailing Strategies

As envisaged, now it is considered that a SailREC System will sail on an energy
yield-optimised trajectory, which might change dynamically. Such a trajectory might be
closed, which means that the SailREC System starts the trajectory at a position and reaches
after one cycle a point very close to the start position. In this chapter, different trajectory
types and strategies to follow such a trajectory are presented and evaluated. These are
categorised into Downwind&Upwind (Section 5.1), Circle (Section 5.2), and Beam Reach
(Section 5.3). The final evaluation is covered in Section 5.4.

5.1. Downwind&Upwind

For the strategy Downwind&Upwind, the SailREC System, as depicted schematically
in Figure 7, sails downwind for a specified distance and then reverts the moving direction
or turns and drives straight upwind until it reaches the start point. In the downwind phase,
in which the wind turbine is operating, the resulting thrust force drives the SailREC System
forward while the hull resistance slows down the forward motion, and—to increase the
effective wind speed at the wind turbine—the driving speed can be further reduced by
means of a water brake, providing additional hydrodynamic drag. In the upwind phase,
the wind turbine is stopped, the water brake is released, and the active propulsion system
is used to drive back against the wind; however, opposing forces due to hydrodynamic
drag as well as aerodynamic drag on the parked wind turbine are again present.

This Downwind&Upwind sailing strategy might not be an ideal one since wind
energy can only be captured for a fraction of the time of one cycle. However, it is easy to
calculate the energy yield for this strategy and, hence, obtain a lower limit for the possible
energy performance.

For the evaluation of the effective power, a steady-state condition is considered,
meaning that the velocity of the SailREC System in the direction of travel (v4y¢) is constant
and, hence, its derivative (94yist) is zero, and it is assumed that all other parts of the SailREC
System except for the wind turbine rotor plane, the hull, and the brake have no aero- or
hydrodynamic drag, respectively. In the following, the downwind and upwind phases are
first considered separately. In the downwind phase, the equilibrium of the forces on the
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wind turbine (Frppyust), hull (Fgyyp), and brake (Fgpake), as presented in Equation (1), with the
total mass of the SailREC System (1system), is used as the calculation basis.

Wind Turbine ———

\

Brake

— \>

N

Figure 7. Sketch of the SailREC System for the Downwind&Upwind control strategy.

Active Propulsion

steady state

ZF = mSystemvdrif’t = Frhrust — FHull — FBrake 0 @

The thrust on the wind turbine can be expressed according to Betz’s law [36]
(Equation (2)), with the density of air (pa;ir), the swept area of the rotor blades (Aot),
the axial induction factor (), and the effective wind speed at the wind turbine (Vefective),
which itself is derived from the undisturbed wind speed (vying) following Equation (3).

1
Frhrust = EpAir Arotda ( 1—a ) Z)gffective @

Deffective = Uwind — Udrift- (3)

The total resistance of a hull in water (of density pwater) depends—as presented in
Equation (4)—on its wetted surface (Awetteq) and total resistance coefficient (Cr), which
depends on the Froude Number and, thus, on the specific hull length and actual drift
velocity [37,38].

1
Fun = EpwaterAWettedCTvzlrift' )
The drag from the brake is derived from Equation (5) in relation to the projected area

of the brake (Agpke) and its resistance coefficient (Cy).

1
F Brake — E Pwater ABrake CW vérift' (5)

Substitution of Equations (2), (4) and (5) in Equation (1) and solving for vg,if results in
Equation (6).

T . PAir4a(1 - a)
Odrift = 7 — Owind ~ with 7= .
rift 147 win \/PWater(ABrakeCW + AWetted CT)

(6)

For the upwind phase, the equilibrium Equation (7) contains only the propulsion force
(Fproputsion) and drag force on the hull. Thus, the propulsion force can be directly computed
by using Equation (8), based on Equation (4).

steady state
—0

@)

Z F= mSystemf]drift =h Propulsion — Frun

1 2
I8 Propulsion — > OWater AWetted CTUdrift . (8)

The time for one cycle shall be 2, i.e., once t for the downwind and once ¢ for the
upwind phases. The effective power (Pegfective), as expressed in Equation (9), is then the
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remainder of the power generated by the wind turbine (PwindTurbine) during the down-
wind phase less the power required by the propulsion system (Ppropuision) during the

upwind phase.
t t

Peffective = 2t PwindTurbine — EP Propulsion- 9

The power of a wind turbine is computed following Equation (10) [36].

1
PWindTurbine = EPAirArmAa(l - u>2(vwind - Z]clrift)3' (10)

The distance of travel within each phase is set to be s. For simplicity, it is assumed
that the SailREC System drives back at the same drift speed as in the downwind phase.
Hence, the pure power required by the propulsion system (ppropulsion) can be determined
according to Equation (11).

2 S
15 Propulsion — F Propulsion; =k Propulsion Vdrift- (11)

The SailREC System would use the energy of the fuel produced from the wind energy
captured during the downwind phase to drive back.—There are also other possibilities
with higher efficiency, such as superconductors or flywheels, that could be used for this
purpose. As, however, this is a worst-case calculation, the round-trip efficiency of the
produced fuel is used.—Thus, a round-trip efficiency (roundtrip) is introduced to the pure
propulsion power calculation (Equation (12)).

1 .
P Propulsion — — D Propulsion- (12)
"TRoundTrip
Finally, the effective power of the Downwind&Upwind strategy, using
Equations (8)—(10) and (12), is computed as summarised in Equation (13).

_ 2 3 3
by effective — P AirArota ( 1—a ) (vwind — Udrift ) OWater AWetted CT vdrift . (1 3)

477Rour1dTrip

5.2. Circle

In the Circle strategy, the SailREC System sails downwind on a circular trajectory.
After one cycle, the SailREC System has sailed around the trajectory. The wind is assumed
to always be tangential to the circular trajectory, which is justifiable under the aspect that
a large diameter is considered and the main wind flows are, from a global perspective,
almost smoothly changing their direction. The wind velocity is taken as a constant over
the entire trajectory. This strategy might represent an ideal one because the SailREC
System can harvest energy for the entire time and only needs to perform the manoeuvre of
steering. While perfectly circular trajectories are unlikely to occur, trajectories with circular
characteristics are not rare. We suggest having a look at www.windy.com (accessed on
22 April 2022) and trying to spot some of these. Evaluating this strategy might show how
much energy can be produced in the best case while sailing downwind. Furthermore, it is
easy to calculate the energy yield for this strategy as well.

The same model as shown in Figure 7 is used, however, the active propulsion might
not be required for this sailing strategy. The effective power output of the Circle strategy is
computed based on the law of energy conversion (Equations (14) and (15)) underlying the
circular motion shown in Figure 8. The thrust energy is considered as input energy to the
system, and drag and energy for staying on the circular path as output energy. The system
is considered to always be in a steady state so that the kinetic energy does not change.
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Figure 8. Sketch of the Circle sailing strategy.

The energy required to stay on a circular trajectory (Ecentripetal) 1S zero because the

centripetal force (ﬁCentripetal) is always perpendicular to the direction of motion (js).

ECentripetal = K Centripetalds =0 (14)

Frnrustds = Fprakeds + Frunds
(15)
= Frhrust = Fprake + Frun-
Equation (15) leads to the same relation as Equation (1). Therefore, the effective power
for the Circle strategy, as summarised in Equation (16), is the same as in the downwind
phase for the Downwind&Upwind strategy.

P effective — P WindTurbine

) 3 (16)
P effective — szirArota(l - a) (vwind - vdrift) .

5.3. Beam Reach

One other strategy to be suggested, which, however, will not be evaluated in more
detail, is to sail more beam reach and use the wind turbine as presented in Figure 9.
In the strategies Circle and Downwind&Upwind, the wind velocity at the wind turbine
is always reduced by the amount of the drift velocity. When sailing more beam reach,
the component of 7g,i, which is perpendicular to Ao, could be reduced considerably.
This would increase Tftective and cause the turbine to generate more energy than in Circle
and Downwind&Upwind. When sailing beam reach, a sailboat can get faster than the
true wind [38]. The focus in the case of a SailREC System would be to maximise power
generation, not speed.

F Thrust

Fdrl‘.ft
K ﬁ Fdrrfr

U effective

Figure 9. Simplified illustration of the forces and velocities while sailing beam reach; inspired
by [38] (p. 16).
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5.4. Evaluation of the Different Sailing Strategies Presented

To assess the different sailing strategies presented beforehand, Equations (13) and (16)
are utilised to determine the effective power in both Downwind&Upwind and Circle for
an exemplary scenario. Due to the conceptual character of this study, no distinct values
for either the wetted surface and total resistance coefficient of the hull or the projected
surface and resistance coefficient of the brake are known. Thus, it is assumed that Awetied
is 10% and Apyake is 1% of the swept area of the wind turbine rotor. All specific parameter
values used in the exemplary scenario for calculating the effective power values are listed
in Table A3. With Equation (6), this results in a drift velocity that is around 20% of the
wind speed.

Figure 10 shows, for the two sailing strategies Downwind&Upwind and Circle, as well
as for a fixed-location wind turbine, the produced power over the undisturbed wind speed
(Note: Here, it is not referred to the power curve of the wind turbine but to the power
output of a system that implements a sailing strategy, and, hence, the power based on the
energy generated over time for one cycle is meant by the term produced power.). The Vestas
V150-4.2 MW™, with a 150 m rotor diameter, 4 MW rated power (Peq), and 22.5 m/s
cut-out wind speed [39], is used in this exemplary scenario to sketch the power curve for
the fixed-location wind turbine, which is indicated by a dashed line after having reached
rated power. From this, the curves for the produced power following the two different
strategies are derived and included in Figure 10 by means of dashed lines as well. For Circle
and the fixed-location wind turbine, the wind speed range in which 4 MW are generated
is assumed to be the same length. For Downwind&Upwind, the cut-out wind speed is
the same as for Circle, since Downwind&Upwind in the downwind phase is the same as
Circle. Furthermore, the upper limit for the power produced by a system implementing the
Downwind&Upwind sailing strategy is 2 MW because the rated power of 4 MW can only
be reached for half of the time.

Fixed-Location Wind Turbine Downwind&Upwind Circle

4.5

3.5

P [MW]
N
(V2]

1.5

0.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
V,

wind [m/S]

Figure 10. Effective power of different sailing strategies; dashed lines indicating the produced power
curves after reaching rated power.

One can see in Figure 10 that the main effect of the sailing strategies Circle and
Downwind&Upwind is a shift of the effective power curve towards higher wind speeds.
This is also clear from the term (Vying — V4yift) in Equation (10). A second and related effect
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is a reduced growth rate of the power curve. The gradient at 4 MW for Downwind&Upwind
is smaller than the gradient of the fixed-location wind turbine at the same power.

While for Circle and Downwind&Upwind, the rated power range (i.e., the range in
which rated power is delivered) is shifted to higher wind speeds compared to a fixed-
location wind turbine, it is expected that the rated power range of Beam Reach starts at
lower wind speeds and ends at higher ones. The decreased start of the rated power range is
expected because sailboats can get faster than the true wind speed when sailing in a beam
reach style [38]. The increased end of the operational range is expected because the sailing
style becomes more and more similar to downwind sailing when increasing the angle
(cf. Figure 9).

The capacity factors for offshore fixed-location wind turbines were in the range of
about 20-58% in the years 2010-2018 [40]. This range comes from the variety of environ-
mental offshore sites and the installed wind turbine systems. For example, the Hywind
Scotland wind farm, with moored-floating wind turbines off the North Sea coast of Scotland,
achieved a capacity factor of around 57% [41]. The wind farm Nordsee Ost 1, with bottom-
fixed wind turbines in the German North Sea, achieved just a yearly capacity factor of
about 36% in 2019 [42]. In the FARWIND project, it is also shown that the capacity fac-
tor of a fixed-location wind turbine in the North Atlantic Ocean can be up to 80% [43].
Jamil et al. [43] write that it is still unclear whether traditional offshore wind energy tur-
bines can be installed there. The same opinion is shared, which is why capacity factors of
fixed-location wind turbines that would be deployed in the North Atlantic are not taken
into account in the analysis here. Moreover, this is another point that justifies the research
on SailREC Systems.

At the same time, it is shown that the capacity factor for the FARWIND energy ship
can be around 80% in the North Atlantic Ocean [43]. For the sailing wind farm proposed
by the NIES, the capacity factor is expected to be around 40% in the exclusive economic
zone of Japan [3]. These projects use different technical designs. Both use simulations
to determine the capacity factors. The simulations were performed differently and used
different boundary conditions. Both, however, have in common that they implemented a
kind of beam reach sailing strategy. The generated power is maximised when the wind
comes from a beam.

The capacity factors of SailREC Systems (60% on average) seem to be predominantly
higher than those of fixed-location wind turbines (40% on average), but this will depend
on the specific sailing strategy. The different sailing strategies are technically feasible with
different degrees of ease, but are more complex than the long-standing fixed-location wind
turbines (although one may argue that fixed-location wind turbines may also be the most
difficult to realise due to their deployment in the high seas and the use of innovative
moored-floating systems):

e  For Beam Reach, the highest capacity factor of all three strategies is expected: The
capacity factors of systems that implement some kind of Beam Reach strategy (e.g.,
the FARWIND energy ship and the sailing wind farm by the NIES) are—with a mean
value of 60%—20% higher than those of today’s fixed-location wind energy farms.
Beam Reach likely has the highest capacity factor due to the large wind speed range at
which rated power is delivered, and trajectory planning might be easier than for Circle.
Beam Reach could be like Downwind&Upwind applied to a line that is perpendicular
to the incoming wind. However, it is argued that Beam Reach is the strategy most
difficult to realise as there are effects, such as heeling (happening because the force
of a sail, i.e., thrust in Figure 9, and the force of the hull and keel systems together
generate a torque, rolling a sailboat away from the wind [38]), which do not occur
during downwind sailing but need to be handled when sailing beam reach;

¢ While Downwind&Upwind requires no special wind fields such as Circle but just
wind, only a little trajectory planning is needed as the wind turbine will continuously
sail down a line and ship up. Furthermore, effects such as heeling do not occur. This
is why it is considered the easiest to implement out of the three sailing strategies
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considered. The maximum capacity factor for this strategy is limited to 50% because
the wind turbine operates only half the time of one cycle. For these reasons, it is
imagined that capacity factors of 20-30% are possible with Downwind&Upwind.
If this guess is right, Downwind&Upwind has a lower capacity factor than a fixed-
location wind turbine;

While the hardware for Circle could be similar to that of Downwind&Upwind—it
could be argued at this point that Circle does not necessarily need a propulsion system;
however, this is considered too dangerous—it is more of a challenge to plan and
maintain a circular trajectory. More complex software is likely required. Circle is
considered one step harder to implement after Downwind&Upwind. Systems that
implement a Circle strategy reach rated power at just a higher wind speed compared
to fixed-location wind turbines, which is due to the drift velocity of the system.
Furthermore, the capacity factor can be optimised through continuous relocation to
sites with better environmental conditions and by setting the general area of operation
to an area far offshore with high wind speeds. For these reasons, it is imagined that
systems implementing Circle can compete with fixed-location offshore wind turbines
regarding the capacity factor.

The results of the preceding discussion are summarised in Table 2. Further aspects not

yet considered may change the results. Thus, subsequent detailed investigations would be
necessary to validate them.

Table 2. Rating matrix of a fixed-location wind turbine and the sailing strategies Downwind&Upwind,
Circle, and Beam Reach; rating from 1 (best) to 4 (worst).

Sailing Strategy Capacity Factor Pyateq Wind Speed Range Ease of Technical Realisation
Beam Reach 1 low-high 4
Circle 2 high 3
Downwind&Upwind 4 high 2
Fixed-location offshore wind turbine 2 medium 1

6. Description of the Developed Design

A rough concept for a SailREC System is developed based on the system synthesis
presented in Section 2. It has to be mentioned that the concept is just one possibility of how
a SailREC System can be implemented. Figure 11 shows a sketch of the concept from both
behind (cf. Figure 11a) and the left (cf. Figure 11b), while Table 3 summarises the main
properties. The individual subsystems and the justification for their choices are covered in

the following.

Table 3. Main properties of the proposed concept.

Property Value

Wind turbine rated power, mass 4 MW, 435 t
Electrolyser power, mass 1.93 MW, 80 t
Time of one energy harvesting cycle 60d

Energy harvested per harvesting cycle 1100 MWhy,
Fuel to be produced Liquid hydrogen

Energy storage solution, mass (including Hy)

Total capacity of 40-ft equivalent containers

Number of 40-ft containers carried for energy storage
Number of 20-ft containers carried for electrolysis
Mass of additional hardware (e.g., liquefaction plants)
System length, width

Structural mass (e.g., struts, beams)

Double-walled, vacuum-insulated stainless steel tank in a containerised

solution, 217 t
44

14

5

200 t
72.2m,74.3 m
642 t
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Figure 11. Concept sketch (not proportionally scaled). (a) View from behind. (b) View from the left.

6.1. Wind Turbine

The wind turbine is set to have a rated power of 4 MW. Representative dimensions
are taken from the V117 by Vestas, namely 117 m rotor diameter and 84 m hub height [39].
However, the wind turbine should have a direct-drive generator with permanent magnets
because this concept prioritises reliability, low maintenance, and high efficiency over price.
The mass is hence estimated to be 453 t according to a wind turbine scaling model [44].

6.2. Sailing Strategy

The development and construction processes of a SailREC System are very likely to be
more complex and costly than those of a fixed-location offshore wind turbine. To justify
the higher investment, it is aimed at a higher capacity factor. According to the evaluation
in Section 5, since Beam Reach is the only strategy with a higher capacity factor than a
fixed-location wind turbine, this sailing strategy shall be deployed in the proposed SailREC
System. The ability to yaw the rotor enables a wide range of operating states to account
for changing wind speeds and directions. The power generation could be described in the
form of a polar plot as done by Babarit et al. [5]. Based on a conservative estimation and
since the SailREC System is smaller and therefore more manoeuvrable than the sailing type
offshore wind farm by the NIES [3], a capacity factor of 50% is assumed.

6.3. Energy Conversion

Even if liquid and gaseous hydrogen both rank best in the evaluation covered in
Section 3, liquid hydrogen is considered more suitable for the following reasons not yet
considered: First of all, the logistical effort of transporting gaseous hydrogen is much
greater than that of liquid hydrogen.—In a calculation based on the developed supply
chain models, it is found that four liquid hydrogen trucks transport the same amount of
energy as 20 gaseous hydrogen trucks. Thus, a society choosing liquid hydrogen benefits,
for example, from less traffic, fatigue of streets or other infrastructure, and noise pollution.—
Furthermore, the manufacturing costs for a gas tank (not considered in the supply chain
models) are expected to be higher than for a liquid tank due to the higher complexity of
producing a carbon fibre tank compared to a steel tank.

The implementation would happen with PEM electrolysers. The required number
of PEM modules would be housed in commercially available containers. This enables
modularity as well as easy manufacturing and maintenance. The wind turbine powers
the electrolysers and the liquefaction plants. Assuming an electrolysis efficiency of 75%
and a liquefaction efficiency of 70%, based on the trade study from Section 3, results in an
electrolysis capacity of about 1.93 MW and a liquefaction capacity of 2.07 MW—all other
power consumers are neglected at this early stage of the system design. Based on the data
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243 m

provided by a manufacturer of electrolyser containers [45], it is calculated that five 20-ft
containers weighing 16 t (based on data for an alkaline electrolyser container due to missing
information on the weight of a PEM container) each, for a total of 80 t, are necessary.

6.4. Energy Storage

For storing liquid hydrogen, specialised containers are considered, as sketched in
Figure 12. Each container has the outer dimensions and corner fittings of a 40-ft container,
which simplifies the logistics of the supply chain.—Because corner fittings are widely
used at, for example, ports and train loading stations, existing transport infrastructure
can be easily utilised. With the containerised solution, the liquid hydrogen can always
stay in one tank. Thus, discharging and filling steps and the associated pumping losses
are avoided.—Each of these containers incorporates a double-walled, vacuum-insulated
stainless steel tank to store the liquid hydrogen. In Section 3, the storage efficiency of a truck
tank comparable in size to the proposed container and a tank eight times larger, both double-
walled and vacuum-insulated, is modelled. For the truck tank, the thermal efficiency is
about 93% and, for the bigger tank, 97% for 60 days of storage. Given the advantage of
simplifying the supply chain, the drawback of having 4% less thermal efficiency is seen as
acceptable. Part of the container is also a small gaseous hydrogen tank to capture vaporised
hydrogen due to boil-off. When the container is in the SailREC System, the boil-off is
directly fed into the liquefaction plant or used for onboard fuel cells. Each container has an
active cooling unit to reduce the boil-off. The SailREC System has an interface to power
a container with electricity, to enable filling with liquid hydrogen and the withdrawal of
vaporised hydrogen. During the supply chain, transport systems may support only a few
of these interfaces or none of these.

hydrogen tank

12.19m
) 9.14m ‘
' — <+=--» Liquid hydrogen
w_i., __________ — 7- g _______"_::
Double-walled, vacuum- Carbon fibre Additional
insulated stainless steel liquid  gaseous equipment (e.g., Interface

hydrogen tank  active cooling unit)
Figure 12. Sketch of the liquid hydrogen storage container (view from the top).

In a rough calculation, the weights of the liquid and gaseous hydrogen tanks are
determined as 5465 kg and 822 kg, respectively. For the liquid hydrogen tank, the payload
is 2358 kg of hydrogen. The additional structural weight of the container is assumed to
be 3800 kg.—This is the empty weight of a standard 40-ft container [46]. For simplicity,
the same weight is assumed to be the structural weight.—Another 3000 kg must be consid-
ered for extra hardware, such as an active cooling unit or photovoltaic modules. In total,
this sums up to a weight of around 15.5 t for one storage container. One container has an
energy capacity of 78.5 MWhy, when considering the liquid hydrogen payload. For an
energy harvesting cycle of 60 days and an assumed wind turbine capacity factor of 50%,
about 14 containers are required to store the produced hydrogen of around 1100 MWh.
Thus, the total weight of all hydrogen storage containers is approximately 217 t.
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6.5. Navi Group

The Active Propulsion Component to be used has two modes: one to generate thrust
and drive the SailREC System forward, and one for regeneration. In the latter mode,
the propeller will work as a generator and deliver electricity to the power bus. This
component will be optimised for the regeneration mode. The Wind Turbine Subsystem will
be used as a Passive Propulsion Component. The thrust acting on the wind turbine is used
to move the SailREC System. This subsystem will primarily provide propulsion in order to
improve energy efficiency.

For the Anti-Wind Force Subsystem, a combination of four symmetrical keels is used
to fully compensate for the thrust on the wind turbine in the direction of the undisturbed
wind, preventing the wind from turning the system away from the wind and allowing a
small curve radius. The arrangement of the keels, as presented in Figure 11, is inspired by
the wing arrangement of a typical aeroplane.

Each of the two rear keels has a rudder attached to steer the SailREC System. This
makes up the Control Surfaces Subsystem.

The Buoyancy Component of the Floatation Subsystem consists of several hollow
bodies. Most of the buoyancy is generated by two long, fully submerged bodies that
are connected to the main platform via struts. Floodable sections allow the system to be
trimmed, the draught to be adjusted, or the payload to be increased. Only a small fraction
of buoyancy is provided by multiple smaller bodies that are also connected to the same
struts but are positioned between the main deck and the fully submerged bodies. This
arrangement will minimise the area of the Floatation Subsystem that is exposed to waves.
To dimension the Buoyancy Component, the total mass of the SailREC System needs to be
compensated for by the mass of water displaced. Considering the masses of all subsystems
and components as listed in Table 3—with reserving 200 t for additional equipment and
assuming the structural mass to be 40% of the system mass as done by Babarit et al. [5]—a
system mass of 1553 t is obtained. The displaced water volume, however, is increased by
20% to account for the floodable sections, resulting in a total of 1864 m3. By assuming a
length of the long, fully submerged bodies of 70.2 m—this length excludes the cone of
the buoyancy bodies in the front section (cf. Figure 11), which, however, is considered in
Table 3 for the overall system length by adding 2 m—which is 60% of the rotor diameter,
the diameter of the buoyancy bodies (the smaller buoyancy bodies’ volume is neglected
at this stage of development) is about 4.1 m. The catamaran-style arrangement of the
buoyancy bodies makes up the Counter Torque Component. While the two large, fully
submerged buoyancy bodies located 70.2 m apart (given as the distance between the centres
of the considered buoyancy bodies; thus, the cylinder radius needs to be added twice to
obtain the overall width of the system, as provided with 74.3 m in Table 3) provide static
torque countering, they do not generate additional buoyancy in dynamic situations, such as
when the system rolls. This, however, is provided by the multiple smaller buoyancy bodies.

6.6. Payload Area

The catamaran arrangement creates a large deck area, which is to be used to store
all liquid hydrogen containers, electrolyser containers, and any other required payload.
The payload area is estimated at 3744 m? (because of the inclined arrangement of the
struts and the required walkable areas, the length of the payload area is assumed to be
60.2 m and the width 62.2 m). Considering two levels of stacking on the deck and a
utilisation rate of 70% (the rest of the space is used, for example, for accessing containers
or the container interface, etc.), a total of 44 40-ft equivalent containers can be stored on
the deck. Since 14 40-ft containers are needed for the liquid hydrogen storage and five
20-ft containers for the electrolysers, 27 40-ft equivalent containers remain available for
other equipment.
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7. Discussion and Outlook

In this section, the concept design from Section 6 is put into the context of the existing
systems mentioned in Section 1.1. Based on this, the properties of the concept design and its
limitations are discussed, and future steps required to develop the concept design further
are pointed out.

The concept design from Section 6 implements, such as the FARWIND energy ship
and the proposed wind farm by the NIES, a kind of Beam Reach sailing strategy, as all
designs are expected to reach their peak power when the wind comes from a beam. Another
property that all proposals share is a catamaran-style floating platform. The concept design
from Section 6 and the wind farm from the NIES use both primarily or only wind turbines
to generate electricity [3]. The NIES concept incorporates 11 wind turbines [3] instead
of one for the concept design. On the other hand, the FARWIND energy ship uses only
hydrokinetic turbines to generate electricity. A hydrokinetic turbine is also intended to be
implemented by the concept from Section 6, but not as the primary electricity generator.
By comparing the sizes, the NIES proposal stands out with a length of around 2 km [3].
The concept design (74.3 m) and the FARWIND energy ship (31.7 m) [5] are on a much
smaller scale. The same relationship holds for the electrical power output. The FARWIND
energy ship with its two hydro turbines has a rated power of 1.8 MW [5], the concept
design generates with its single wind turbine 4 MW (the electricity generated by the
Propulsion Subsystem in generation mode—acting as a hydro turbine—is neglected),
and the NIES wind farm 55 MW with its 11 wind turbines [3]. Concerning manoeuvrability,
Tsujimoto et al. [3] state that a turning operation takes a few hours. The FARWIND energy
ship and the concept design are expected to be much more manoeuvrable, simply because
they are much smaller. The FARWIND energy ship’s manoeuvrability in operation is
expected to be better than that of the concept design. The reason for this is seen in the
Flettner rotors, which can be adjusted very fast to a new wind direction compared to the
limiting rotational speed of the wind turbine rotor. The difference in manoeuvrability
can not be quantified at the moment, nor can it be answered if the expected reduced
manoeuvrability compared to the FARWIND energy ship is a measurable drawback for
the capacity factor of the concept design. This might depend on the number of fast course
changes during operation. The concept design is, compared to the other two designs, still
in a very conceptual phase and introduces many new untested ideas, as is the aim of this
study. The open question of how well these ideas would work in reality is, for example,
applicable to the liquid hydrogen storage containers. Susiso Frontier, the world’s first liquid
hydrogen transport ship, entered service in 2020 [47]. The ship has a 1250 m? large vacuum-
insulated liquid hydrogen storage tank [47]. It can not be said how well this technology can
be adapted for the proposed storage containers. It also needs to be investigated in detail
whether the Floatation Subsystem, with its smaller and larger buoyancy bodies, can provide
sufficient stability even in extreme wave conditions. Further technical and economic studies
are necessary to judge the suitability of the concept. For example, the sailing properties
and energy performance, which are not explored at all and are just based on a conservative
guess, can be investigated. All parts of the construction, being below or at the waterline,
could be analysed in a CFD simulation. For this, in particular, the interaction with waves
should be explored. It might also be important to simulate the concept design as a whole
system to investigate the coupled dynamics and responses.

8. Conclusions

This paper introduces the concept of a SailREC System as a technology to rapidly
build up the production of renewable fuels without barriers to growth, as the oceans are
very large. A SailREC System is generically defined by the subsystems identified in this
paper, so that any SailREC System is describable. Subsystems with close interfaces to each
other are grouped. A SailREC System needs, for example, subsystems from the Energy
Group to convert and store energy generated by the Wind Turbine Subsystem. Further
subsystems—belonging to the Navi Group—are required to provide ship-like properties
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to move and steer, but also to improve the energy efficiency of the wind turbine. Other
subsystems enable remote control and autonomous operation or provide safety. Within this
study, some subsystems are investigated in more detail. Coming under the Energy Group,
ammonia, methanol, gaseous hydrogen, and liquid hydrogen are being investigated as
options for the fuel to be produced on board. A trade study, focusing mainly on LCOE
(as a result of supply chain modelling) but also addressing, among others, infrastructure
readiness level in 2032 and environmental friendliness, reveals that liquid hydrogen, closely
followed by gaseous hydrogen, ranks first, whereas methanol and ammonia score just
about two-thirds of the highest value. A further focus is placed on the sailing strategy and
three alternatives are investigated, including the assessment of their effects on the effective
electrical power being generated by the system. In conclusion, the highest capacity factor,
though the highest technical challenge, is expected with a strategy where the wind comes
from a beam. Based on the identified subsystems and detailed investigations, a concept
design is developed that features a 4 MW wind turbine and converts energy into liquid
hydrogen stored in double-walled, vacuum-insulated containers that are meant to be easily
transportable, utilising existing infrastructure. The overall appearance of the proposed
SailREC System is that of a catamaran with the wind turbine in the middle of the beam.
This specific concept design shows some similarities as well as some differences compared
to other existing ideas for comparable system technologies. Overall, the presented concept
study serves as a basis for further in-depth investigations into individual subsystems and a
detailed system design. The elaborated technology of SailREC Systems may pave the way
to future offshore renewable energy research and development.
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CH;OH Methanol

CO, Carbon dioxide

DAC Direct Air Capture

DC Direct Current

DpP Dynamic Positioning

H, Hydrogen

Hj(g) Gaseous Hydrogen

Hy(1) Liquid Hydrogen

IWES Institute for Wind Energy Systems
LCOE Levelised Cost Of Energy

NIES National Institute for Environmental Studies of Japan
NH;3; Ammonia

N Nitrogen

OPEX OPerational EXpenditure

PEM Polymer Electrolyte Membrane

PSA Pressure Swing Absorption

P2X Power to X

SailREC Sailing Renewable Energy Conversion
TRL Technology Readiness Level
UNCLOS  United Nations Convention on the Law Of the Sea
UoF Use of Fuel

xX2pP Chemical to Power conversion

Appendix A. System Requirements

Table A1. Complete list of requirements identified through freewheeling.

# Core Requirements
1 Focus on wind energy
2 Operational in offshore conditions
3 Can store and transfer energy to a destination
4 Mobile floating structure
5 Autonomous perception and navigation in the environment
6 Follow a resource efficient trajectory
7 Avoid/survive storms
8 Damp excitation from external forces and torques
9 Safe from pirates
10 Operational in a fleet or single unit
Optional Requirements
11 Incorporate other sources of (renewable) energy
12 Clean the ocean
13 Offer communication services to ships
14 Designs that could work as green cruise/cargo carriers
15 Act as a platform for weather forecast and scientific/marine research
16 Possible to manufacture at a port
17 Act as a refuelling station for ships

18 Enrich biomass
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Table Al. Cont.

Generic Requirements

19 Low levelised costs of energy

Modular design

Possibility of mass production

Economically viable

Low and easy maintenance

Ease in stored energy delivery

20 High reliability

21 Long lifecycle

22 Sustainable design

23 Pragmatic design solution

24 Safe for environment and marine life

Appendix B. Detailed Results of the Trade Study on Energy Conversion and Energy
Storage Subsystems

Appendix B.1. Calculation Approach for the Trade Study

The SailREC System is approximated and calculations are performed using spread-
sheets. The flow charts (cf. Figures 5 and A2-A4) give a schematic representation of
the processes and associated costs that are used in the calculations. In the flow charts,
the blocks that are filled white (i.e., blocks for electrical energy that is sourced from the
turbine, electrolyser for generation of hydrogen, onboard storage, etc.) are the ones that are
common for all the four fuel options, while the respective efficiencies and costs may still
differ. The blocks with a colour fill of blue are the stages which are primarily different from
those of others (i.e., liquefier, compressor, Haber-Bosch process, and methanol synthesis).
The losses that occur at corresponding stages are indicated by arrows on top of them.
The blocks with a grey filling and rounded edges (i.e., desalination, DAC, and PSA) are
stages required in the SailREC System but are not exactly used in the calculations as a
subsystem. The text in red fonts also shows the differences between the options.

The general idea used in the calculation is to compute the efficiency of each block,
which represents a relevant stage or component in the chain. If CAPEX is considered,
it is represented with a red $ sign, while for OPEX it is a green one. There are certain
losses in the blocks, which are taken into account to get the efficiency of the blocks. Finally,
the overall efficiency is calculated as the product of all the single block’s efficiencies. This is
multiplied by the electrical power from the wind turbine to obtain the total energy that is
realised each year. The costs and the energy calculated are used to get the LCOE of each
flow chain. Another parameter used for assessing the options in the trade study is the
measure of hull volume that will be required. Here, only the mass of fuel harvested at the
end of the loading cycle and the mass of the tank used to store it are considered, and the
equivalent volume of water to be displaced is determined.

The main assumptions made in the calculation approach are listed in the following:

*  The wall thickness calculation for the tanks (for storage and transportation) leans
towards the ASME Boiler and Pressure Vessel Code [48,49].

*  The shape of the tanks is assumed to be a cylinder—Use of spherical tanks could
be better as their volume to surface area ratio is higher, reducing the losses due to
heating. They are also stronger than cylindrical tanks with the same wall thickness.
However, the spherical tanks are costlier to manufacture [50].

*  The tank material is stainless steel except for gaseous hydrogen, for which carbon
fiber is used.—Another method could be the use of a stack of gas bottles, each having
a smaller diameter, if only materials of lower allowable stress can be used.
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Only material costs are considered for tank CAPEX.

The cooling loss of fuels that are not stored at ambient temperature is calculated as
the heat energy flowing into the storage tank. In the case of liquid hydrogen and
ammonia, they need to be stored in so-called Dewar tanks—double-layered tanks
where there is a vacuum maintained between the layers.

Thermal radiation is only considered as a source of heat inflow (cf. Figure A1). The top
and bottom flat surfaces are not considered in the modelling. The view factor is
estimated according to the radiation between two concentric cylinders of a finite
length according to VDI e.V. [51].

The required energy for transport till port through the sea and on land from port till
plant with a truck is taken into account.—Other ways of transporting the fuel, such as
pipelines, rail transport, etc., can be modelled in further studies. There is a major push
in the direction of the development of hydrogen transport infrastructure such as the
hydrogen grid [52].

The conversion efficiency used in the stage/block use of fuel (UoF) is the average of
combined heat and power fuel cells and that of combined cycle gas turbines [21,23].
The same UoF conversion efficiency is considered across the different fuels.

\v/ IR /
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Figure A1. Radiation model taken for storage.

Appendix B.2. Flow Charts for the Different Storage Options

The process chain for gaseous hydrogen as the stored fuel is depicted in Figure A2.

Storage takes place at 200 bar pressure and at ambient temperature.

N
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Figure A2. Gaseous hydrogen as the stored fuel.

The process chain for the storage of ammonia is presented in Figure A3. For the

calculations, a cost for the unit mass of the nitrogen gas is considered instead of an in-situ
PSA plant. Ammonia is stored in Dewar tanks at 238.15 K (i.e., —35 °C). It is produced
at 300 °C and 200 bar pressure in the Haber reactor, where the Haber-Bosch process is
performed at 200-350 bar pressure and 300-500 °C with multiple passes over the catalyst
bed with an ammonia conversion rate of 15% [23], and is brought to 1 bar pressure and
the aforementioned temperature in the liquefaction process. The change in enthalpy is
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taken as the energy required for this step. A cracking process, which converts ammonia to
hydrogen, is considered, and the associated loss is factored into the UoF efficiency.

1t
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HaberBosch |&°| . = o X" Onboard | | Seaborne Land based
Electr =~ Liquefier transport and
Process storage ¢ transport storage (Truck)$
Water | § NitrogenTs
Los: Cracking loss

Sea . . Air CTE Cooling and transport energy
water Desalination J PSA A UoF  Use of Fuel UoF

s CAPEX Electrical

$ OPEX or heat

energy
Figure A3. Ammonia as the stored fuel.

The process chain for methanol as the stored fuel is depicted in Figure A4. Here, a cost
for the unit mass of CO; gas is considered instead of in-situ DAC (alternatively, CO; can
be delivered to the SailREC System when the fuel is offloaded to a tanker or at the port).
Storage happens at the ambient pressure and temperature. The methanol synthesis from
hydrogen and carbon dioxide is an exothermic reaction requiring 80-110 bar pressure,
200-300 °C, and catalysts. The reaction requires recirculation of the product gas since the

1t
cecticl energy I

conversion to the product does not occur in one step.
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Figure A4. Methanol as the stored fuel.

Appendix B.3. Variable Values for Specific Use Case

Electrical
or heat
energy

Table A2. Variables and their values for the specific case used to make the choice of fuel.

Variable Value
Rated power of the turbine 4 MW
Capacity factor of the turbine 0.38
Days of energy farming 45
Distance to port for offloading 1000 km
Days of transport 60
Transport to shore solution Tanker
Distance port to plant 300 km
Temperature of air, water 11 °C,5°C
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Appendix C. Boundary Conditions for the Calculation of the Effective Power Curves

Table A3. Values used to generate Figure 10 from Equations (16) and (13); the induction factors are

for each strategy the maximum (cf. Figure A5).

Variable Value
Cw 1.33
Cr 0.0045
Apot 17,671.458 m?
Awetted / Arot 0.1
ABrake/ Arot 0.01
0 Air 1.225 kg/m3
PWater 1000 kg/m?
MRoundTrip 0.399
ADownwind&U pwind 0.22
ACircle 0~129
AFixed—LocationWindTurbine 3
Fixed-Location Wind Turbine Downwind&Upwind Circle
27.5
225
17.5
z
S 125
7.5
2.5
2.5
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

al]

Figure A5. Effective power over the induction factor, for a true wind speed of 16 m/s.
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