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ABSTRACT

Given the bleak current and projected global climate trends, society is transi-

tioning the energy systems that we rely upon away from fossil fuel based systems to

reduce global CO2 emissions. There are now well-established technologies for pro-

viding renewable electricity at utility scales, such as wind turbines and solar panels,

being deployed at an ever increasing pace. However, solutions for decarbonizing other

sectors where fossil fuels are harder to replace are still needed. Current strategies for

reducing fossil fuel use in these sectors rely on replacing them with synthetic fuels in-

stead are produced using renewable electricity, and can therefore be part of a net-zero

emissions cycle. The focus of this thesis is to examine a novel class of wind energy

systems suitable for powering these fuel synthesis processes. Alternative applications

of the proposed systems include powering direct air CO2 capture systems to support

negative emissions technology efforts.

This work develops and presents numerical models for concepts hereafter referred

to as mobile offshore wind energy systems (MOWESs). A MOWES is a wind energy

system that operates offshore and is not intended to remain stationary during opera-

tion. MOWESs would operate far from shore, harnessing a part of the wind resource

that would not otherwise be usable. No full- or large-scale MOWES has yet been de-

veloped, and there is little work on developing these concepts, even within academia.

Steady-state power performance models of two MOWES concepts, namely unmoored

floating offshore wind turbines and energy ships, are developed to support further re-

search in this field. Model results suggest that each concept has unique pros and cons

and no conclusion can be drawn as to which technology is more efficient overall. A key

conclusion of this work is that unmoored floating wind turbines can generate more

power by sailing at a constant speed rather than holding station. We also conclude

that unmoored floating wind turbines designed for downwind operation can produce

as much power as conventional stationary wind turbines given sufficiently high wind

speeds. Further work must examine whether the advantages of these technologies

are exploitable given realistic wind conditions and when considering the complicated

dynamics of the system.
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Chapter 1

Introduction

It is apparent that the world is undergoing global climate change due to anthro-

pogenic green house gas emissions, which have steadily increased since the industrial

revolution. Economic growth and emissions have been coupled due to the global re-

liance on fossil fuel combustion to meet society’s energy needs. This has resulted in

ever increasing emissions, which as of 2021 have resulted in a global average temper-

ature increase of over 1.0◦C relative to pre-industrial temperatures [10]. Although

the need to decarbonize our energy systems is now recognized globally, action is not

being taken fast enough. Climate model projections presented in the latest report

from the intergovernmental panel on climate change (IPCC) show that no realistic

scenario will limit warming to below 1.5◦C, while most scenarios presented exceed

2◦C of warming [11]. Most progress has been made in decarbonizing the electricity

sector, so far, thanks to the rapid scale-up of renewable energy systems like wind

turbines and solar panels. Though these technologies exploit renewable sources of

energy, they are variable and unpredictable since they rely on inherently random pro-

cesses to produce power. Strategies for mitigating this variability, and making sure

electrical supply consistently meets demand, are essential, and become increasingly

important at higher levels of renewable penetration in a power grid.

Although much progress has been made in decarbonizing electricity systems, many

sectors rely on the fact that fossil fuels are a stored form of energy which can be

dispatched at will. Moreover, fossil fuels are incredibly energy dense, making them

ideal for situations where energy is required far from an energy source, or where it

may be impractical to exploit renewable sources of energy. Sectors such as marine

shipping, heavy industry (steel, cement, etc.), and heavy duty and air transportation

are often referred to as “hard to decarbonize” because they rely heavily on fossil
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fuels and have no direct electrification pathway as an alternative. Although battery

energy storage is proving a viable alternative for personal transportation and small

scale public transport (i.e battery electric vehicles and buses), long-duration, mobile

storage is required for other applications. A key part of decarbonizing these sectors

is displacing the fossil fuels that are used with alternative zero-emissions fuels, also

known as green fuels. For example, a report from IRENA on decarbonizing the

shipping sector estimates the sector demand for e-ammonia (one such green fuel) at

up to 183 Mt by 2050, in a scenario consistent with 1.5◦C of warming [12]. This need

for green fuels has spurred development of renewable energy to green fuel projects,

such as wind-to-hydrogen projects [13, 14, 15].

Since there is a need for more production of green fuels, as we undergo a transition

away from carbon-rich fuels, there is space for innovation in renewable power to X

(PtX) systems. This thesis examines a class of novel wind energy systems which are

developed specifically to be part of a PtX process. These technologies are referred

to as mobile offshore wind energy systems (MOWESs). As the name implies, they

generate renewable power from offshore winds, however, contrary to conventional off-

shore fixed- or floating- wind turbines, MOWESs are not stationary while operating.

Since PtX systems can operate on a micro-grid, they are perfectly suited for mobile

operations, where grid-connection would be impractical. The primary objective of

this thesis is to assess the feasibility of this type of system, since there is a lack of ex-

isting research into this concept. Focus is specifically aimed at the conversion of wind

energy to electrical power by MOWESs, downstream energy conversion processes and

storage are left out of scope.

Another potential application of MOWESs is as autonomous CO2 capture plants.

In this pathway, systems for direct air capture (DAC) of CO2 are installed on board

the MOWES instead of (or in addition to) PtX systems. DAC is a developing negative

emissions technology (NET) that functions by chemically reacting ambient air with a

sorbent or solvent to trap CO2, which is then separated in subsequent reaction steps

[16, 17]. The captured CO2 must then be safely stored or sequestered so to not be

re-emitted into the atmosphere. Climate and emissions pathways conducive to 1.5◦C

warming or less now often include deployment of NETs at substantial scales, so there

is an impetus for developing new negative emissions solutions [18, 19]. One of the main

challenges for DAC is that the concentration of CO2 in air is very dilute, meaning that

DAC systems have large energy input requirements. DAC is also a very expensive

process with high cost uncertainty, due to the high energy and material requirements
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as well as technological immaturity [17, 19]. MOWESs may be a suitable means

for powering these systems, since they represent an additional source of renewable

power that may not otherwise be exploited to reduce emissions such as through grid

electrification. Electrical power generated by a MOWES may be used to meet the

energy requirements of an onboard DAC system, captured CO2 can then be stored

and periodically offloaded at a site where it is utilized or sequestered. This pathway

for MOWESs also relies on efficiently producing electrical power, further motivating

the study of the power performance of MOWESs.

1.1 MOWES background

A MOWES is any system that produces renewable energy from offshore wind, and

that is not constrained to operate in or about a single place. MOWESs must have

(at least) the following subsystems:

Generation system: Dedicated subsystem for conversion of mechanical energy to

useful electrical energy (i.e a turbine and generator).

Propulsion system: Subsystem for propelling and course-keeping (or sea-keeping)

of the MOWES.

Floating support structure: A base on which all the other subsystems are mounted.

Power to X or CO2 capture system: Equipment necessary to convert the elec-

trical energy generated to the desired energy storage vector or to power onboard

DAC equipment.

Storage system(s): Storage for the produced energy, as well as storage for backup

and buffering.

Auxiliary subsystems: Other systems such as data acquisition, monitoring, lights,

signals etc.

No MOWES has been developed beyond computational models, or small-scale exper-

imental models [4, 7, 20]. Because existing concepts are currently under-developed,

there is room for innovation in proposing wholly new systems, or adaptations to

concepts already existing in the literature.

Two specific MOWES concepts are the focus of this work, they are:
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a)

b)

Figure 1.1: The two types of MOWES being considered: a) an UFOWT, b) an energy
ship. Systems are drawn to-scale for designs proposed in Chapter 3.

a) Unmoored Floating Offshore Wind Turbines (UFOWTs): The concept of

an UFOWT is to generate power from the wind using a floating wind turbine,

using propellers to stabilize the system in place of mooring lines. Propellers can

be actively controlled to oppose environmental loads and ensure the turbine can

operate safely.

b) Energy Ships (ESs): An ES moves quickly through the ocean by harnessing the

wind to propel the vessel by way of Flettner rotors (or other suitable systems).

It produces electrical power using hydroturbines mounted under the hull which

experience inflow because of the velocity difference between the vessel and the

water.

A simple depiction of each system is shown in Figure 1.1. Each of these technologies

produces renewable power from the wind to be passed to a PtX or CO2 capture

system, however, they do so in different ways. The components of each technology

have each been the subject of extensive research, however, not explicitly in the context

of the proposed MOWES. For example, there is a vast amount of research into the

design and analysis of floating wind turbines including theoretical, computational,

and experimental models, but all in the context of a moored system (for example

[21, 22, 23]). Existing designs of UFOWTs and ESs are of quite different scales. For

example the IEA 15 MW reference wind turbine [1] used as the basis of a UFOWT

design herein is 150 meters tall, whereas the Flettner rotors used in the FARWIND

ES design are only 35 meters tall [4].

Focus is aimed at these two MOWES configurations since they are the most de-

veloped in academic literature. For example, there has been extensive research into
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the design of the FARWIND ES concept [4, 24, 20]. This ES design uses Flettner

rotors, although other wind propulsion options such as rigid sails, turbo-sails, and

kites may also be viable [25]. The option of using hydrofoils to reduce hull resistance

for ESs and thereby allow them to travel faster has also been considered, though

not studied extensively [26, 27]. UFOWTs have also been studied in several works,

though no single design has received significant attention. Some studies focus on

an UFOWT that is station-kept by thrusters (such as [7, 28]), while others anal-

yse a mobile UFOWT [29, 30, 31]. Given existing results for flow-driven vehicles, it

is expected that UFOWTs may produce more power by being mobile [32], so this

work focuses on mobile UFOWTs rather than station-kept ones specifically. Since no

explicit UFOWT design is well established, a design is proposed herein based on a

reference floating wind turbine [1, 2].

The general flow of energy through a MOWES is described in Figure 1.2 for an

UFOWT. Electrical power is produced by the generation system. This power can

be directly consumed by the PtX system to convert to a storable form which is

then stored onboard the vessel. However, part of the energy generated may first

be consumed by the propulsion system, to maintain course, and by the auxiliary

subsystems (not pictured) to remain operational. Fuel produced or CO2 captured

by the MOWES must be periodically offloaded, since it will have a fixed storage

capacity. This is either done by navigating the MOWES back to shore and offloading

in port, or by having another vessel meet the MOWES offshore, offload the stored

fuel, and return it to shore [33]. Figure 1.2 shows the system boundary considered for

this work. The generation, propulsion, and support systems are considered, while all

others are neglected. We choose to ignore the PtX, auxiliary, and storage systems,

since they do not have a direct impact on the net power production of the overall

MOWES, although they do contribute to the total mass of the system and also take

up valuable deck space. This choice of system boundary means that the inputs to the

models will be environmental conditions (i.e wind and wave) and the output will be

net electrical power produced.

1.1.1 Why MOWES?

There are a few major advantages that MOWESs hold over other similar renewable

PtX concepts. One such advantage is that MOWESs can, in principle, operate any-

where in the open ocean. This means that they are able to operate very far from
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Wind to 
rotor torque

Rotor torque to
electrical power

Electrical power to
propeller torque

Electrical power
to X conversion

Pg

Pp Pnet

Figure 1.2: Energy conversion process for a UFOWT. PtX processes are outside of
the system boundary, but the systems themselves will be onboard the vessel.

shore, where average wind speeds are the highest. Operating in higher average wind

speeds will lead to higher average capacity factor (CF) for wind turbines in general.

Being free to operate anywhere also means that MOWESs may follow routes to opti-

mally position themselves given current weather and forecasts. The capacity factor is

defined as the electrical energy produced (which is the integral of the power produced

over a period of time), as a fraction of the electrical energy which would be produced

if the system operated at maximum capacity for the given duration:

CF =

∑T
i=0 P (V (ti))∆t

PratedT
(1.1)

Indeed, one of the main upsides to conventional offshore wind turbines is the rela-

tive increase in average wind speed as compared to onshore. Existing floating wind

projects have achieved capacity factors over 50%, well over average CFs for onshore

wind [34]. No matter the performance of MOWESs compared to existing wind tur-

bines, they represent an additional source of renewable energy which would otherwise

remain unused. MOWESs do not compete for land, and may not require building
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additional infrastructure associated with onshore wind farms such as roads, power

lines, transformers etc.

MOWESs also benefit from the fact that they operate on the high seas. From

a legal/regulatory perspective this may be an advantage since installing anchored or

fixed OWTs in the seabed may have a more complicated regulatory process. As a new

technology, MOWESs can also benefit from existing industries and supply chains. For

example, UFOWTs could greatly benefit from the fact that many wind turbines are

being manufactured and installed, so a supply chain already exists for manufacturing

key parts of the system. Depending on the future growth of the floating wind industry

this advantage may also be present for the floating platforms required for UFOWTs.

Since MOWES designs are not site-specific they may also be mass-produced more

easily than conventional OWTs and FOWTs. MOWESs do not use moorings and

are not bottom-fixed so site water depth and seabed conditions are not relevant to

their design. In addition, they may return to shore autonomously for maintenance

whenever necessary, rather than dispatching crews to conduct maintenance. This

is especially important for offshore systems, since servicing them would otherwise

require travelling out to the systems by boat. Since MOWESs must return to shore

to offload stored fuel/CO2, necessary maintenance may be scheduled around these

regular returns. The impact of MOWESs on wildlife and the environment is also

an important consideration. From this standpoint, there is precedent for using large

propellers in the open ocean, so this does not pose novel environmental challenges.

Although direct environmental impacts of a MOWES are unknown, the mobility of

the systems may allow them to avoid specific areas that are important for local wildlife

at different times such as protected areas or migratory paths.

1.1.2 Why not MOWES?

By nature of being a novel concept, there are still many uncertainties about MOWESs

that make their feasibility unknown. It will be key to understand the dynamics of

any MOWES, since they would be subjected to harsh and stochastic wind and wave

environments. As of yet, very little research exists on the dynamics of any given

MOWES concept. Xu et al. simulated a UFOWT, where the thrusters are controlled

to keep the system on station, subject to dynamic wave loading and steady winds [7].

In their study, the dynamic positioning system (DPS) was effective at stationkeeping

the system, however, it consumed around 50% of the power generated by the wind
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turbine under normal operation. UFOWT dynamics were also investigated by Willeke

[29], who modelled a spar-type floating wind turbine with no propulsion system.

Results of the study show that the turbine yaws out of the wind while in operation.

This is due in large part to the gyroscopic force from the spinning wind turbine rotor,

which causes a precession of the rotor; this is evidence that the yaw stiffness that is

provided by the mooring system for a conventional floating wind turbine must also

be achieved for UFOWTs by way of the propulsion system. In all studies thus far,

MOWESs are considered to operate autonomously, despite the fact that there is little

precedent for fully autonomous ships operating in the open ocean. There is growing

interest in unmanned surface vehicles (USVs) for offshore operations, which may be

useful for MOWESs both on the logistics side, and on providing precedent for larger

unmanned vessels [35, 36]. However, regulations around autonomous shipping vessels

are not yet fully developed by the International Maritime Organization (IMO) which

would inhibit the deployment of full-scale MOWESs in the near-term [37].

Another flaw in the concept of MOWESs is that the process of producing green

fuels requires several conversion steps, no matter the fuel, and each conversion step

will have associated losses. Many of the conversion losses will be substantial, for

example the combined efficiency of an electrolyser and fuel cell for H2 round trip is

only 43 % [38]. While battery energy storage has higher round-trip efficiency, popular

battery technologies such as lithium-ion batteries have much lower energy density and

specific energy than synthetic fuels [39, 33]. Since space and weight may be extremely

limited for MOWESs, battery energy storage is not seen as a viable option unless the

system is limited to very short trips (such as in [40]). Therefore more direct alternative

solutions than green fuels may be more efficient, depending on their own efficiency.

An example of where this rationale is applicable is in the case of substituting green

fuels for fossil fuels in ship propulsion. Direct wind propulsion for ships is a viable

alternative and has existed for millenia. It can equally be implemented to supply

part of the propulsion (often referred to as wind-assisted propulsion) and can be used

in conjunction with using less carbon intense fuels. Wind-assisted ship propulsion

using Flettner rotors has been shown to reduce fuel consumption by up to 30% [6].

In addition, wind-propulsion may require significantly less infrastructure than green

fuel usage, since the conversion process is more direct. An illustration of this example

is shown in Figure 1.3.
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Hydrogen 
Electrolyzer Fuel Cell

ηwt 

ηH2 ηFC

η
tot = ηpropηwtηH2ηFC 

a) Wind energy to H2 to propulsion

b) Direct wind propulsion

ηtot = ηFR 

ηprop

Figure 1.3: A comparison of complete process efficiency of green fuels from wind
energy versus direct wind propulsion. The process in a) takes many conversion steps,
whereas in b) wind is directly harnessed to propel the vessel

1.2 Research Questions

The overarching goal of this work is to help contribute to better understanding the two

MOWES concepts mentioned. Since much work has already been done in modeling

and analysis of ESs (see for example [4, 20]), the first focus of this work is developing a

simplified first-principles model of an UFOWT to investigate key design and operation

considerations. Most existing UFOWT research considers a station-keeping system,

whereas theoretical results for flow-driven vehicles suggest that a mobile system may

produce power more efficiently [32, 41]. The work of chapter 2 is to investigate two

main research questions:

1. Is it beneficial for an UFOWT to move during operation rather than be station-

kept? If so, should it move upwind or downwind?

2. How does the relative sizing of the wind turbine, propellers, and support structure

affect the performance of an UFOWT?

Since no suitable model existed for investigating these questions, a one-dimensional

steady-state UFOWT model was developed. Results of this model motivated the

development of a more detailed two-dimensional model.

Ultimately, to be feasible the most important metric for a renewable energy tech-

nology is the levelized cost of energy (LCOE). Here, we will not estimate the LCOE
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of these technologies, but make steps towards it. This may also be referred to in

terms of the energy vector being produced, for example levelized cost of hydrogen

(LCOH). LCOE is defined as the cost per unit energy produced by the system, usu-

ally in $/kWh. It is used to estimate whether an energy project will be financially

viable, since it can be directly compared to how much the energy can be sold for in

electricity (or equally hydrogen or other) markets. Calculating the LCOE of a system

requires knowing the costs of the system, and the expected energy production over a

period of time, often the life of the system. For MOWESs, neither of these things are

known to any precision. Indeed, to estimate the energy production of an MOWES

requires first knowing the power performance of the system in it’s possible operating

conditions. This leads to the main research questions of Chapter 3:

3. How much power can each type of MOWES produce under any given set of envi-

ronmental conditions?

4. What are the ideal operating conditions for each type of MOWES (both environ-

mental and operational)?

5. Does one type of MOWES drastically outperform the other? If so, under what

circumstances?

Power performance models of each MOWES type were developed to investigate these

questions in a consistent framework. MOWESs were directly compared to one another

and to conventional stationary wind turbines. Using the models and model results,

design and operation aspects of the MOWESs have been investigated and are reported

on in Chapter 3. The models are also suitable for further design studies, such as

subsystem design-optimization.

1.3 Document structure

This dissertation follows a paper-based format. That is, the present work has been

prepared and submitted as two journal papers and is therefore presented as two

independent subjects in the chapters that follow. The complete structure of this

thesis is as follows:

Chapter 2 Presents the development and analysis of a one-dimensional steady-state

UFOWT model. Model results are used to examine the sensitivity of the power
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performance to several system design aspects over a range of operational vessel

speeds. This work concludes that UFOWTs can produce more power by moving

relative to the wind, rather than attempting to hold station. This result moti-

vated further development of the UFOWT model, to examine their operation

in more detail.

Chapter 3 Develops a two-dimensional steady-state UFOWT model based on the

model of chapter 2. The model makes improvements in modelling the wind

turbine and thrusters, and an optimization method is employed to determine

optimal operating points for the system. A similar energy ship model is revisited

from existing literature [4], and is used to compare the two MOWES concepts

in a consistent way. Results suggest that both technologies have relative merits,

and both produce a reasonable amount of power compared to an established

reference wind turbine design.

Chapter 4 Draws the main conclusions of the work and discusses how they are

relevant to the development of MOWES in the future. What future work may

be most useful in this space is also discussed at length.
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Abstract

To avoid the limitations of floating offshore wind turbines (FOWTs) in deep water,

and with the increasing push for renewable power to X (PtX) systems, un-moored

wind turbine concepts are now being considered. Un-moored floating offshore wind

turbines (UFOWTs) are still in the conceptual design stage, but they represent a

unique way of harnessing the abundant far-offshore wind resource in deep waters.

We examine an UFOWT with bottom-mounted thrusters for station-keeping from an
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analytic perspective. A one-dimensional steady-state analytical model is constructed

to estimate the net power that can be extracted using such a system. Results of the

model are consistent with existing literature in that a significant amount of power

is lost to the thrusters for course-/station- keeping. Sensitivity of the net power to

substructure design and relative size of the rotors is examined. Model predictions

suggest that UFOWTs can produce more power by moving either upwind or downwind

as opposed to remaining stationary. Optimal vessel speed and direction is also found

to be sensitive to system design parameters. Although major concessions are made for

the sake of model simplicity, the results serve to motivate and guide further modelling

efforts for mobile wind energy systems (MWES).

2.1 Introduction

Wind energy systems (WESs) have advanced drastically in the last decades, as global

efforts to decouple energy consumption and carbon emissions continue [42]. The

offshore wind industry in particular is rapidly growing in recent years [43]. FOWTs

have now been deployed at full-scale such as in the HyWind Scotland floating wind

farm [44], however challenges still exist for further development. One such challenge

is the relationship between mooring system cost and site water depth. Although

FOWTs are more cost-efficient than fixed-bottom OWTs in deep waters, beyond

depths of around 200 m the cost of the floating platform and mooring system becomes

prohibitively large. Some cost-savings strategies have been proposed to alleviate this

problem, including shared moorings and shared anchors [45, 46, 47]. Despite these

other promising concepts, an alternative solution is examined here, namely FOWT

systems that do not rely on moorings.

An Un-moored Floating Offshore Wind Turbine (UFOWT) is similar to a conven-

tional FOWT, except it relies on a set of thrusters mounted on the sub-structure to

position it under environmental loading (Figure 2.1). UFOWTs are also different in

that they must store the generated renewable energy on-board, as opposed to relaying

it to shore via electrical cables. This can be in the form of battery electric storage,

or the energy could be used for a PtX process such as producing green hydrogen

[48]. There is also potential to mount direct air carbon capture systems on-board the

UFOWT and use the generated power to power the carbon capture process. Although

an expensive pathway, this represents an avenue for UFOWTs to also contribute to

negative emissions technology (NET) development. No matter the energy storage or
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a) b)

Figure 2.1: Conceptual diagram of a) FOWT b) UFOWT

utilization vector, the absence of mooring lines and power cables allows UFOWTs

to be mobile and makes their cost independent of water depth. Mobility also allows

them to navigate to locations with higher wind speeds, potentially greatly increasing

their capacity factor relative to conventional FOWTs. Servicing UFOWTs may also

be more convenient since they are able to return to port autonomously when neces-

sary. Other mobile, far-offshore wind energy systems have been shown to be capable

of producing green methanol at a competitive cost [4]. Given this result, there is

potential for UFOWTs to also be viable in PtX applications, provided that they have

a high enough efficiency.

Although the problem of mooring system costs and their scaling with water depth

does not exist for UFOWTs, other challenges and downsides exist. The most major

downside is that a fraction of the energy generated by the wind turbine must be used

to power the thrusters for station-keeping. The energy, cost, and reliability of the

thrusters are a potentially substantial trade-off for eliminating the mooring system.

Although ultimately this trade-off may be best analysed through a comparison of costs

over the lifetime of each system (FOWT and UFOWT), we must first fundamentally

understand how much net power an UFOWT is capable of generating. The aim of

this work is to provide a basis to this understanding, whereby the performance of

different designs may be estimated and compared to conventional FOWTs.

In section 2.2, existing research into UFOWTs and relevant topics are summa-

rized, and the goals of this work are outlined. Following this, the modelling method

is described in section 2.3 and the results are presented in section 2.4, along with

discussion of their implications. Section 2.5 concludes the paper with a summary of
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major results.

2.2 Background

2.2.1 Existing Research

Although UFOWTs are still in the conceptual design phase, some studies have already

focused specifically on them. Time-domain simulation work has been conducted for

an UFOWT system by Xu et al. [7]. Their work analysed the dynamics as well as

power produced by the system when subjected to dynamic waves and steady winds.

A key result of their simulations is that 50-80% of the power generated by the wind

turbine must be consumed by the thrusters for station-keeping. However, in their

work the goal of the control system was to operate the thrusters in a way to keep

the turbine and platform stationary. Herein we explore the possibility of allowing the

system to move either directly upwind or downwind, motivated by existing flow-driven

vehicle research [32, 41]. Another existing work on UFOWTs is that of Martinez

Beseler [31]. In their work, they looked at the problems of system design and routing

with some focus on different energy storage options. Other dynamic simulations for

UFOWTs have been conducted, but without thrusters or any dedicated sub-system for

station-keeping [29]. A spar-type platform was considered and it was found that large

motions in pitch and yaw occur, confirming that thrusters (or another similar system)

are necessary for an UFOWT. Attempts were made to redesign the spar platform to

help in preventing excessive motions; although their attempts were unsuccessful, this

elucidates the fact that conventional FOWT platforms are not necessarily optimally

designed for UFOWTs. The design of each component of an UFOWT has also been

looked at for a unique concept called Wind Trawler [30]. Wind Trawler differs slightly

in that it uses hydro turbines in place of omni-directional thrusters to balance the

thrust force, limiting it to down-wind operation. They ensure ideal operation by

designing the hydro turbines such that they will achieve rated power when the wind

turbines are also operating at rated conditions. Results show that Wind Trawler

concepts can exceed the power produced by a stationary wind turbine in above-

rated conditions as well as exceeding the capacity factor of conventional offshore

wind turbines when operating far enough from shore.

Many other works are relevant to the UFOWT concept, although they do not

specifically focus on it. Bøckmann and Steen investigated the design and use of wind
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turbines mounted on shipping vessels to generate propulsive power[49]. They use a

blade-element theory approach to design a uniquely optimized wind turbine rotor,

raising the important point that stock wind turbines and thrusters are likely not

ideal for mobile offshore operation. The rotor thrust and power generation character-

istics should be specifically tailored for being mobile. A strong motivating factor for

pursuing UFOWTs is their ability to be deployed far-offshore. It is well understood

that in general available wind energy increases with distance from shore. This has

been shown by Abd Jamil et al. [50, 40], where simulated stationary wind turbines

achieved capacity factors of up to 80% in the north of the Atlantic Ocean. These

capacity factors were calculated for the sake of comparison to another mobile wind

energy system known as energy ships, which reached similar capacity factors. Energy

ships are novel wind energy systems that use wind propulsion technologies such as

Flettner rotors, rigid sails, or kites to propel a ship through open water [24, 51, 52].

Power is generated by hydro turbine(s) mounted on the bottom of the hull and is

subsequently stored or used in a PtX process. In their work, they focused primarily

on the problem of navigation for energy ships, a challenge which is also present for

UFOWTs. Because UFOWTs are mobile, it will be essential for them to continuously

navigate to areas of high wind speed, until it is time to unload the stored energy. An

optimization approach to solving the routing problem was done by Abd Jamil et al.

[50] for the energy ship case. The routing problem has also been examined by Tsuji-

moto et al. [53] for a sailing wind farm with many wind turbines and thrusters on a

single platform. They achieve much lower capacity factors than the aforementioned

energy ship results, however, the sailing wind farms were restricted to an area much

nearer to shore than the area used for energy ship routing. Another challenge of

energy ships is that to produce power they must move very fast, sometimes at the

same speed as the wind [51]. This means the hull must be designed to have very

low resistance. Some studies have also considered the use of hydrofoils to allow the

energy ship to travel faster [27].

More generally, an UFOWT can be thought of as a specific type of flow-driven

vehicle. Past work by Gaunaa et al. [32] focused on creating a general framework for

analysing any vehicle that propels itself based on a difference in velocity between two

“media”. Their work is a strong motivator for this paper; we will draw frequently

from their work and adopt many of their conventions. They used their framework to

show several important results. Most relevant for this work is that a wind turbine

may increase its net power output by using some power to propel itself upwind, given
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that the energy conversion processes are efficient enough.

There is a growing interest in dedicated renewable PtX projects as the world

looks at decarbonizing sectors beyond connected electrification [48, 54]. Some offshore

wind to hydrogen projects are now being planned up to GW scale, such as the Asian

Renewable Energy Hub project which is aiming for 16 GW of installed wind capacity

alongside 10 GW of solar capacity [55]. Far-offshore wind energy systems are uniquely

suited for PtX, since storing the energy onboard is necessary and the wind resource

is much more abundant in the open ocean than near-shore[33]. UFOWTs and energy

ship concepts are aligned in their objective, since they both look to produce green

fuels from far-offshore wind energy. In a techno-economic analysis of energy ships,

Babarit et al. state that “...the main cost driver [for hydrogen-producing energy ships]

is the electricity cost aboard the wind energy converter.” [33]. What this means for

UFOWTs is that there may be equal avenues to bring produced green hydrogen to

market competitively, so long as the barrier of producing power cheaply enough can

be overcome.

2.2.2 Motivation and Objectives

The primary goal of this work is to provide fundamental insight into the viability of

UFOWT systems. This requires a better understanding of the fundamental design

questions for such a system. As a starting point, one-dimensional steady-state ana-

lytical models for UFOWTs are derived from momentum theory equations for a rotor.

These expressions allow estimation of steady-state operating points in terms of how

the thrusters must operate to station-/course-keep an UFOWT. In turn, this allows

estimation of the power produced by the wind turbine and also the power consumed

by the thrusters. Several design variables are present in the models and are examined

in a sensitivity analysis later (Section 2.4.2). Results of the sensitivity analysis, and

the models themselves, serve to aid future design and analysis of UFOWTs.

2.3 Methodology

Consider an UFOWT system in open water in 1-dimension (Figure 2.2). All forces

and velocities are aligned with the surge direction and are defined positive to the

right. We refer to the wind/air as medium 1 with velocity V1, and refer to the water

as medium 2 moving with velocity V2 relative to an earth-fixed inertial reference
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Figure 2.2: Vector diagram describing velocities and forces on a UFOWT

frame. Direction conventions are shown in (Figure 2.2). Relevant properties of the

media (i.e density ρ) are labelled similarly, as well as the capture areas of the rotors in

each medium (i.e A1). The velocity of the UFOWT itself is labelled Vb, and referred

to as vessel or body speed. For convenience, the velocity of each medium relative to

the body is also defined as V ′1 and V ′2 , respectively:

V ′1 = V1 − Vb (2.1)

V ′2 = V2 − Vb (2.2)

The vessel speed as a fraction of the wind speed (Vb/V1) will be frequently used

as a non-dimensional variable. Here, a positive wind speed means that the wind is

flowing from the -x direction to the +x direction (i.e mass flow is to the right). By

convention then, a UFOWT is moving downwind when Vb/V1 > 0 and is moving

upwind when Vb/V1 < 0. This is counter to conventions for sailing vessels such as

those used in [24, 56, 57].

In labelling the forces acting on the UFOWT, we adopt the convention of Gaunaa

et al.[32] wherein the force from the generation system (i.e the wind turbine) is referred

to as (Fg) and the force from the propulsion system (i.e thrusters) is referred to

as (Fp). A quadratic drag force (Fd2) with a non-dimensional coefficient (Cd2) is

also included for the platform/sub-structure as it moves through the water (equation

2.5). A quadratic air drag force would also be present, however, it is assumed to be

negligible compared to the water drag term in most cases and so is excluded. Actuator
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disk theory results are used to represent the force on the rotor disk for both the wind

turbine and the thrusters (equations 2.3 and 2.4, respectively) [58]. A constant thrust

coefficient (Ct1) is assumed for the wind turbine thrust All forces are calculated in

a body-fixed reference frame. This is the only reference frame where the actuator

disc theory results can be applied directly, since they rely on the Bernoulli equation

which is not invariant to Galilean transformations[59]. This means equations 2.3

and 2.4 cannot be simply applied in another reference frame (i.e earth fixed frame)

by replacing the velocities with the appropriate ones for that frame. The velocity

downstream from the thruster in the UFOWT-fixed reference frame (V ′p,out) is used

as a control variable to ensure that steady-state operation is achieved. The choice to

use this downstream velocity as a proxy control variable is made both for convenience

of future calculations and to keep the formulation reliant only on general momentum

theory. Forces are formulated to match the sign convention in Figure 2.2.

Fg =
1

2
ρ1A1(V

′
1)|V ′1 |Ct1 (2.3)

Fp =
1

2
ρ2A2(V

′
2 − V ′p,out)(V ′2 + V ′p,out) = −1

2
ρ2A2(V

′
p,out + Vb)(V

′
p,out − Vb) (2.4)

Fd2 =
1

2
ρ2Cd2Ad2(V

′
2)|V ′2 | = −

1

2
ρ2Cd2Ad2(Vb)|Vb| (2.5)

To limit the equation to one variable, the simplifying assumption that V2 = 0 has

been made in equations 2.4 and 2.5 (and later 2.7). This is equivalent to assuming no

current in the water. It was shown in [7] that current force can drastically reduce the

net power output of an UFOWT when current and wind are co-directed. Methods

and results for power produced from this model with V2 6= 0 are presented separately

in sections 2.3.1 and 2.4.3 respectively. In all other results, current is neglected.

Next, the associated power for each sub-system is introduced in equations 2.6

and 2.7: the power generated by the wind turbine (Pg) and the power consumed to

run the thrusters (Pp). Though not directly included when summing the powers,

the propulsive power which is necessary to overcome the drag on the structure is

inherently accounted for through the other terms. For example, when moving upwind

the thrusters must produce enough thrust force to counter-balance the drag on the

structure. This requires a relative increase in power consumed. In the downwind case
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the drag allows for a relative decrease in power consumption, owing to the fact that

the drag is acting to counter-balance the wind turbine thrust. Only electrical power

is of interest, since ultimately the objective is to calculate the net power output that

can be used for storage or fuel synthesis. Also introduced are associated efficiencies

for the generation system (ηg) and for the propulsion system (ηp), respectively.

Pg = FgV
′
1ηg =

1

2
ρ1A1(V

′
1)3Cp1 (2.6)

Pp =
Fp
ηp

(
V ′2 + V ′p,out

)
2

= − 1

4ηp
ρ2A2(V

′
p,out + Vb)(V

′
p,out − Vb)2 (2.7)

The aim is to model an UFOWT system and its power production in steady-state

conditions. This means ensuring that the net force on the system is zero (equation

2.8). ∑
F = Fg + Fp + Fd1 + Fd2 = 0 (2.8)

Using the steady-state equation as a constraint, the required output velocity of

the thrusters (V ′p,out) is directly solved for:

V ′p,out
V1

= +

√(
Vb
V1

)2

+
ρ1
ρ2

(
1− Vb

V1

) ∣∣∣∣1− Vb
V1

∣∣∣∣ [A1

A2

Ct1 +
Ad1
A2

Cd1

]
− Ad2

A2

Cd2

(
Vb
V1

) ∣∣∣∣VbV1
∣∣∣∣

(2.9)

Equation 2.9 for V ′p,out/V1 can in principle lead to a complex valued result when

the water drag area and/or coefficient are sufficiently large. To avoid this, a rule is

adopted for flipping the propeller 180◦ in yaw, or identically operating the propeller

in reverse. Doing this flips the direction, and therefore also the sign, of the propulsive

force such that another expression for V ′p,out/V1 can be derived for reverse operation:

V ′p,out
V1

= −

√(
Vb
V1

)2

− ρ1
ρ2

(
1− Vb

V1

) ∣∣∣∣1− Vb
V1

∣∣∣∣ [A1

A2

Ct1 +
Ad1
A2

Cd1

]
+
Ad2
A2

Cd2

(
Vb
V1

) ∣∣∣∣VbV1
∣∣∣∣

(2.10)

Two things are taken into account to see if the propeller should operate normally

(facing upwind) or reversed (facing downwind). Firstly, the direction the UFOWT is

travelling is considered. If it is travelling upwind (i.e Vb/V1 < 0), then the propeller

must face upwind, since both the drag on the platform and the thrust on the wind
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Figure 2.3: Direction of propulsive force, and propeller output velocity

turbine must be opposed by the propeller. In downwind operation, the propeller

operates facing upwind so long as: Vb/V1 < V ′p,out/V1. In other words, as Vb/V1

increases, the propeller chooses to flip operation at the point where it is not acting

on the flow
(
Vb/V1 = V ′p,out/V1

)
. This is of course also the point where the propulsive

force is exactly zero; the thrust force on the wind turbine is exactly equalled out by

the drag on the substructure. Figure 2.3 shows an example of the operation of the

UFOWT. It is also worth highlighting that the second (middle) region in Figure 2.3 is

the operating range for concepts like WindTrawler [30]. In this region, hydro-turbines

could be used in place of a propeller to balance out the other forces, which could of

course lead to more power generation. This could also be achieved by using thrusters

which are able to double as hydroturbines.

Choosing to operate the propeller in this way may lead to some unique considera-

tions. A real control system for such an UFOWT would need significant safety range

around the reversal point, since the propeller either needs to yaw 180◦, reverse the

direction the blades are spinning, or pitch the propeller blades. There may also be

considerations around operating the propeller in negative inflow, sometimes referred

to as thrust reversal or astern propulsion (middle region of Figure 2.3). Existing

research suggests that propellers can operate safely at some small negative advance

ratios, but at larger (i.e more negative) advance ratios the behaviour of the propeller

becomes unpredictable [60]. Herein the generous assumption is made that momentum

theory remains valid in this case, however, care should be taken when interpreting
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results around negative inflows.

Equations 2.9 and 2.10 are non-dimensionalized by the wind speed (V1). Using

this non-dimensional form allows values to be more easily interpreted independent of

a specific system design. It is also in line with how the upcoming non-dimensional

equations for power are presented.

Next, the net power output from the UFOWT system is derived. Here, the net

power Pnet is considered as the power generated by the wind turbine (Pg) minus the

power which is consumed by the thrusters for station-keeping (Pp), assuming there is

some transmission efficiency (ηt):

Pnet = Pg −
Pp
ηt

For comparison, the power available to a conventional stationary wind turbine (P1)

is defined as:

P1 =
1

2
ρ1A1V

3
1 Cp1

Then a metric to compare between UFOWT and conventional wind turbines must be

defined. Here, the power output of an UFOWT as a fraction of the power available

to a stationary wind turbine is defined as Cp,net, and can be expressed as follows in

equation 2.11.

Cp,net =
Pg − Pp

ηt

P1

=
Pg − Pp

ηt
1
2
ρ1A1V 3

1 Cp1

Cp,net =

(
1− Vb

V1

)3

∓ ρ2A2

ρ1A1

1

2η

(
V ′p,out
V1
− Vb
V1

)2(V ′p,out
V1

+
Vb
V1

)
(2.11)

where the sign of the second term is determined by the direction that the thruster is

facing. Referring to Figure 2.3, the sign is negative in the left and center regions, but

becomes positive in the right region. Noting also that η is defined in equation 2.11

for convenience as:

η =
1

ηgηpηt
=

Ct1
Cp1ηpηt

Another metric used to compare across models is the power ratio (Rp). This is

defined as the ratio of the power consumed by the thrusters to the power generated

by the wind turbine i.e:

Rp =
Pp
Pg

(2.12)

This was used in [7] and will also be used here since it is not directly scale/size-
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dependent.

2.3.1 Model for Non-Zero Currents

Equations for V ′p,out/V1 for the case where V2 6= 0 will be different from those of

equations 2.9 and 2.10. This is owing to the fact that V2 cannot be excluded from

equations 2.4 and 2.5. Equations including currents are derived by the same process

as was done for the V2 = 0 and are shown below in equations 2.13 and 2.14 for normal

and reversed orientations respectively.

V ′p,out
V1

= +

√(
V ′2
V1

)2

+
ρ1
ρ2

(
1− Vb

V1

) ∣∣∣∣1− Vb
V1

∣∣∣∣ [A1

A2

Ct1 +
Ad1
A2

Cd1

]
+
Ad2
A2

Cd2

(
V ′2
V1

) ∣∣∣∣V ′2V1
∣∣∣∣

(2.13)

V ′p,out
V1

= −

√(
V ′2
V1

)2

− ρ1
ρ2

(
1− Vb

V1

) ∣∣∣∣1− Vb
V1

∣∣∣∣ [A1

A2

Ct1 +
Ad1
A2

Cd1

]
− Ad2

A2

Cd2

(
V ′2
V1

) ∣∣∣∣V ′2V1
∣∣∣∣

(2.14)

Similarly, the result for Cp,net when V2 6= 0 is different from the no current case

and is shown in equation 2.15 for the same direction convention of equation 2.11.

Cp,net =

(
1− Vb

V1

)3

∓ ρ2A2

ρ1A1

1

2η

(
V ′2
V1

+
V ′p,out
V1

)2(
V ′2
V1
−
V ′p,out
V1

)
(2.15)

2.4 Results and Discussion

2.4.1 Verification

For the purpose of verification, and for further analysis, the UFOWT design of Xu

et al. will be used [7]. A set of design parameters are listed to define the system in

Table 2.1. Data for wind turbine radius, thruster radius, and number of thrusters are

taken directly from [7]. The efficiency of the thrusters is assumed constant at 40% for

this work, roughly the average efficiency of the thrusters used. To estimate the drag

on the substructure the quadratic drag coefficient for the NREL semi-submersible

platform is used [61], noting that Bd2 = Cd2Ad2ρ2.

Figure 2.4 shows verification of power ratio results for the model presented here
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against the results from Xu et al. [7]. Figures 2.4a and 2.4b show the variation of

power ratio with the size of each rotor disk. Results mostly agree, although Figure

2.4a has a roughly constant offset, whereas in Figure 2.4b the slope is slightly too large.

These discrepancies are likely owing to model differences, such as varying propeller

efficiency and accounting for wave force. More generally, the relationship between the

ratio of the rotor sizes (A2/A1) to power ratio is shown in Figure 2.4c. This shows

generally good agreement between the results of this model and those of Xu et al.[7],

noting that only the Vb = 0 case was considered in that work. It can be seen that

for area ratios around 1% and below, the power ratio becomes extremely sensitive to

area ratio. Also shown in Figure 2.4c is the power ratio for the maximum achievable

power when the UFOWT is not restricted to remaining stationary, as was assumed by

Xu et al.. The jump in power ratio occurs when the preferred direction of operation

of the UFOWT changes between upwind and downwind, this is further explained in

Figure 2.7a. The flaw of power ratio as a metric in the context of a mobile turbine is

that minimizing power ratio does not always correspond to maximizing the net power

output of the system. This is further discussed below with regards to Figure 2.7b.

Unit Value
Wind turbine

rg m 60
Cp1 - 0.52
Ct1 - 0.664

Thrusters
rp m 1.8
np - 4
ηp - 0.4
ηt - 1.0

Sub-structure
Ad1 m2 0
Bd2 Ns2/m2 3.95E5
Cd1 - 0
Cd2 - 1

Table 2.1: Parameters to define the UFOWT system used for verification
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2.4.2 Sensitivity Analysis

An UFOWT system is an amalgamation of several existing sub-systems, each of which

has been historically optimized within a different context. As a preliminary step for

designing an UFOWT system, we examine the sensitivity of the results to several

design parameters present in the model:

� Relative area of thruster rotor(s) to the wind turbine rotor (A2/A1)

� Hull drag area relative to the swept area of the wind turbine rotor (Ad2Cd2/A1)

Better understanding of these parameters will help in the preliminary design steps

7

(a) Varying A2

7

(b) Varying A1

7

7

(c) Varying A2
A1

, larger scale

Figure 2.4: Verification of Rp results compared to those of Xu [7], noting Xu only
considered the case of Vb = 0
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of UFOWTs. For example, the rotor area ratio (i.e A2/A1) and power extraction is

vital to understand since ultimately a choice of wind turbine and thruster sizes are

core design choices of an UFOWT.

The relative amount of drag on an UFOWT is also of great importance. Here the

quantity Ad2Cd2/A1 will be analysed, since it is representative of how much drag force

there will be on the platform at a given speed. It is referred to hereafter as drag area

or drag area ratio for convenience. Drastically different amounts of drag are possible

for varying UFOWT designs. For example, a design which uses a semi-submersible

platform will have a much larger drag than one which uses a stream-lined ship hull

as the base. Consequently, the optimal operating speed of each will be significantly

different. Drag area will be examined over a large range (several orders of magnitude)

to cover the large possible design space. This is also the case for rotor area ratios,

since various sizes of wind turbines and thrusters exist from different contexts. These

can range from small, commercially available thrusters used in dynamic positioning

systems, to large propellers for cargo ships, or even massive tidal energy turbines.

Operation and efficiency of an UFOWT is much more complicated than is repre-

sented in this model. Realistically, each rotor (wind turbine and thruster) will have

operational curves, and for the UFOWT system to operate optimally these curves

should be designed in tandem. The optimization of the rotors and their operation

is beyond the scope of this work, however, it is an essential problem for the design

of UFOWTs in the future. Here, the assumption is made that the wind turbine is

operating at a point in region II (i.e below rated power) corresponding to the thrust

and power coefficients listed in Table 2.1.

First, the range of possible rotor and drag area ratios for the sensitivity analysis

will be defined. Data used for calculating the bounds of the sensitivity analysis are

listed in Tables 2.2, 2.3, and 2.4. The bounds are listed in Table 2.5 and are not

the exact upper and lower limits calculated from values in the other tables, but are

instead rounded up or down to the nearest order of magnitude to encompass a wider

design range. Since the estimates of extreme values for subsystem sizes are all taken

from different contexts, it is prudent to allow some range on either side of these

estimates. Commercial offshore wind turbines range from between 2 and 15 MW,

with respective rotor diameters of 80 to 240 m. Also referenced is the turbine design

from Xu et al., very similar in size to the NREL 5 MW reference turbine [7, 62].

Smaller wind turbines are of course possible, but we do not consider them here since

they are not typically used offshore. Reference points for the substructure come from
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FOWT and energy ship designs. A streamlined Wigley hull form (like the one used in

[24]) is used to represent a low drag scenario. The NREL semi-submersible platform

(studied in OC4 [61]), and the NREL spar platform (studied in [63]) are considered

as examples of high drag substructures. These platforms are chosen because they are

commonly referenced; they do not necessarily represent an ideal choice of platform

for this application. It is also noted here that there are no constraints on relative

size of components other than using their extreme values as bounds. Realistic design

constraints, such as neutral buoyancy of the system, are omitted at this point.

Figure 2.5 shows various operational curves (Cp,net vs. (Vb/V1)) for different rotor

area ratios. This shows for an UFOWT operating optimally how much power it

can produce relative to a stationary wind turbine, over a range of possible vessel to

wind speed ratios. Plotted in Figure 2.5 are the results for the calculated upper and

lower bound designs , the design of Xu et al., as labelled in Table 2.5. Other rotor

area ratios in between and just outside the bounds are also shown for the sake of

completeness. It shows that an increase in thruster size, or a proportional decrease in

turbine size, gives an increase in net power output, exactly the result which was used

for verification above. Recalling that this power output is a fraction of the power a

stationary turbine of the same size would generate, the maximum achievable power

in the designs considered is 78% (excluding the design shown in Figure 2.5 that is

outside of the considered bounds). Increasing rotor area ratio also has the effect of

widening the range of possible operating speeds. Widening this range is useful for

ensuring that the UFOWT achieves a high capacity factor, since it will likely need

to operate at many different vessel speeds and directions while at sea. The degree

to which this is important is impossible to know without further analysis involving

r(m) A1(m
2) source

max 120 45200 [1]
verif 60 11300 [7]
min 40 5030 [64]

Table 2.2: Wind turbine size bounds

r(m) n A2(m
2) source

max 5 1 78.5 [65]
verif 1.8 4 40.87 [7]
min 0.5 1 0.785 [66]

Table 2.3: Thruster size bounds

Ad2Cd2(m
2) source

max 677 [63]
verif 385 [61]
min 4.94 [24]

Table 2.4: Substructure drag bounds

Name Min Verif Max
A2

A1
1.00E-5 3.6E-3 2.00E-2

Ad2Cd2

A1
1.00E-4 3.41E-2 2.00E-1

Table 2.5: Sensitivity analysis bounds.
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Figure 2.5: Performance of UFOWTs with varying rotor area ratios

routing and environmental conditions. Also shown is that with increasing rotor area

ratio, the ideal operating speed for the UFOWT decreases; this is further discussed

later with respect to Figure 2.7.

The amount of drag on the substructure is examined in Figure 2.6. It shows

several operation curves for different ratios of drag area to wind turbine capture

area. Higher drag tends to tighten the operational range, meaning the UFOWT may

perform better in perfect conditions, lower drag expands the range an UFOWT could

operate over at many different vessel speeds. This again stresses the importance of

further work into the routing of UFOWTs.

Some insights into better UFOWT design can be drawn from the relationships

seen above. Namely, it has been shown that a decrease in the drag area ratio widens

the operational profile and strongly favours upwind operation. This is consistent with

intuition, lowering drag reduces the force required by the thrusters to achieve steady-

state in all upwind situations. This results in a net reduction in power consumed

by the thrusters. In a similar vein, an increase in thruster area ratio has the same

effect of widening and shifting the optimal speed more negative. This suggests that an

UFOWT designed to operate moving upwind should minimize the drag area ratio and

maximize the thruster area ratio, while one designed to operate moving downwind

should maximize drag area ratio and the rotor area ratio can be minimized.

Figure 2.7a shows the relationship between rotor area ratio and net power output

more directly. It clearly shows the advantage of allowing the UFOWT to be mobile.
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Figure 2.6: Performance of UFOWTs with varying drag area ratios. Representative
spar and hull designs shown

For all area ratios, the UFOWT is able to produce a higher net power when allowed

to be mobile and operating at its ideal speed, compared to remaining stationary. This

is most pronounced at very small area ratios where downwind operation dominates.

It is shown that the design of Xu et al. could benefit in terms of power output

from operating in downwind motion. The model estimates that the power could be

increased for this design by up to 13% by allowing it to be mobile. It is shown again

in Figure 2.7b that a lower power ratio does not always correspond to a higher net

power output for a mobile UFOWT. The net power always increases with increasing

area ratio, however, above around A2/A1 = 1% the power ratio increases drastically.

This comes about because the UFOWT’s optimal operating direction (i.e upwind or

downwind) changes at this point. We can see that above A2/A1 = 1% the preferred

direction is upwind. Upwind operation will always require more power consumed by

the thrusters, since they must overcome the drag and wind turbine thrust forces. It

will be important in UFOWT design to decide whether the principle operating mode

will be upwind or downwind, and to design the system accordingly.

Performance of UFOWT designs with varying drag area are examined in Figure

2.8, keeping in mind that these results are for the specific propeller size in Table 2.1.

Some representative examples of drag area ratios from Table 2.4 are shown in Figure

2.8 as vertical lines, each of which is taken relative to a wind turbine rotor diameter
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of 120 m as was used in [7]. It is again shown in Figure 2.8a that power production of

UFOWTs is always greater when the system is able to move. For all drag area ratios

there is a non-zero operating speed for which the vessel has a net increase in power

compared to remaining stationary. It is also shown that the optimal operating speed

for the vessel never exceeds 20% of the wind speed, or equally the optimal Vb/V1 never

exceeds 0.2. This is significant when considering the routing of a UFOWT; existing

research into energy ships suggests that they will routinely operate at speeds of 50-
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100% of the wind speed [24]. An implication of this is that for the same time spent

at sea, a UFOWT will travel much less distance than an energy ship assuming they

are both operating near ideally. Future studies into how these two concepts differ in

routing should explore these differences further.

Figure 2.8b shows how drag area ratio has an impact on the preferred direction

of operation, upwind or downwind. For relatively low drag situations, such as the

hull example, it is preferable to operate moving upwind. The advantage of the hull is

that it provides significantly less resistance compared to a typical platform, meaning

it requires less effort for the UFOWT to move upwind. Platform type substructures

provide significantly more resistance and so designs using these perform best operating

moving downwind. In the downwind case, the added drag is an asset, as it helps

to counter-balance the thrust force of the wind turbine without directly consuming

power.

2.4.3 Non-Zero Currents

Here, results for the model are presented for cases with non-zero current (i.e V2 6= 0).

All results presented are for the verification design described in table 2.1. Figure 2.9

shows how co-directed wind and current result in decreasing net power, but also shows

how contra-directed wind and current flows may result in higher net power. This figure

looks specifically at the case where Vb/V1 = 0, however, this is generally true for a

mobile UFOWT also (as shown in Figure 2.10). It may be possible to strategically

navigate UFOWTs through areas with contra-directed wind and currents to increase

their power output. However, it is expected that the more common situation will

be roughly co-directed wind and current, since ocean surface currents in areas far

offshore are largely driven by wind stress [67]. For this reason, exploitation of contra-

directed wind and currents for power increase may be difficult. Furthermore, average

current speeds far offshore are estimated to be on the range of 1-3% of the wind speed

by existing standards and data [68, 67]. A more detailed look at sites where ocean

surface currents and wind are often contra-directed would be required to exploit this.

Results presented in Figure 2.9 can be compared with those of Xu et al. for

their simulated load case at rated wind speed (labelled as “Xu LC”). Their load

case uses a wind speed of 11.2 m/s and a current speed of 1 m/s, corresponding

to V2/V1 = 0.89. For this load case they calculate an average power ratio of 0.8,

whereas the present model predicts a power ratio of roughly 0.92. Since the models
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differ greatly in their representation of the thrusters, a discrepancy in results is not

unexpected. Investigation of these implications is left for future work.

Figure 2.10 shows how constant current speeds change the operating profile of the

UFOWT. It can be seen that not only does the net power decrease for co-directed

wind and currents, but the preferred operating speed also shifts. In situations with

current, UFOWTs being mobile is again a great advantage. As current increases, for

the given design the optimal operating speed shifts further from Vb/V1 = 0. This may
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7

Figure 2.9: Cp,net and Rp for Vb
V1

= 0

also play a part in how best to design UFOWTs, however, the design implications are

unclear at this point.

2.4.4 Model Assumptions

Many assumptions have been made to keep our UFOWT model lightweight; these

major assumptions are discussed below. The fact that UFOWTs are designed for

operation at sea is largely neglected in this work by the omission of current and

wave forces. Only the water drag is represented by the model. These other forces

would affect the net force in both steady-state and dynamic conditions, thus changing

the power performance of the system. The performance of a UFOWT under fully

dynamic environmental conditions is unknown. Low-fidelity modelling was deemed

more suitable for this preliminary design study, but a full aero-hydro-servo-elastic

simulation study of a UFOWT will be necessary in the future to understand how

the system responds under these conditions. By verifying the results of the model

against existing results for the dynamics of an UFOWT [7] which does include wave

and current forces, some certainty about the quality of the results is gained. As

well, by investigating a single design in cases with currents, we gain some insight into

the more general case. Although net power output decreases with co-directed wind

and current, this effect is partially mitigated when a mobile UFOWT is considered as

opposed to a stationary one. The model is also limited to one-dimension, meaning only

direct upwind and downwind operation are considered. It is expected that operating
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Figure 2.10: Cp,net for several choices of V2/V1

directly upwind or downwind with perfect yaw represents the best case scenario for

producing power for an UFOWT, since the wind turbine will be producing as much

power as possible. Despite this, there will be cases where an UFOWT must operate

differently (i.e not moving parallel to the wind direction) and these cases warrant

investigation. These non-aligned cases will be analyzed and presented in future work.

In examining the sensitivity of power output to UFOWT drag area, we have

concerned ourselves with the design of the substructure, but effective drag is not the

sole (or even the main) purpose of the substructure. Here, no concern has been given

to the moments on the system, steady or dynamic, which in a conventional FOWT are

counteracted by the platform and mooring system. As previously mentioned, there

is also no consideration to the buoyancy of the system. These are major aspects of

designing the substructure and need to be considered in the future. An UFOWT

in motion may have very large pitching and rolling moments, even in steady-state,

owing to the fact that the wind turbine thrust force and propeller thrust force may

both contribute pitching moments in the same direction (as would be the case for the

left and center regions of Figure 2.3). This must be considered in the initial design

by spacing the propellers such that this is not an issue. Another design consideration

is the operation of the wind turbine and propellers. In this work, it is assumed that

the wind turbine operates near ideally for any given vessel speed. This completely

neglects the fact that a wind turbine has operational curves in terms of thrust force

and power output. Also neglected is that the design of the rotors should be specially
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tailored to UFOWTs. This is owing to the inherent trade-off between increasing

the power generated by the wind turbine and increasing the thrust, as would be the

case for a wind turbine operating in region II. When the wind turbine thrust force

is increased, the thrusters must also generate more thrust to counter-balance it, and

therefore will consume more power. The design and operation of the wind turbine

and thruster rotors in view of this trade-off is left for future work. We have only

examined the design of an UFOWT system at a point near rated power production;

the operation of the wind turbine (and also the propeller) need to be considered in

more detail.

No consideration has been given in this model to the energy storage system or PtX

system, which is necessary for UFOWTs. Results of our model are the electrical power

that would then be either used to charge batteries or to power a PtX process (such

as [54, 69, 70]). No matter the storage system chosen, there will be some associated

power losses from the efficiency of the process. Power estimates of the model are

therefore likely over-estimations of the usable power from an UFOWT system as a

whole.

2.5 Conclusions

In an attempt to assess the viability in terms of power performance of UFOWT sys-

tems, a simple steady-state power estimation model was developed. Establishing this

model sets the foundation for understanding UFOWTs and how they should best be

designed. The model is developed completely analytically, making for easy computa-

tion of results and analysis of different designs. Model results were verified against

existing simulation results from Xu et al. [7] and show only small discrepancies,

despite major differences in model fidelity. A main modelling difference which may

cause these discrepancies is that this work does not consider any wave or current

loading on the system in the sensitivity analysis. Although this is a shortcoming of

the model, there is merit to using this simple model as a first step in design, as long

as the many assumptions made are kept in mind. The model predicts that within

the narrow section of the design space analysed, mobile UFOWTs can produce up to

78% of the power of a stationary wind turbine.

A first glimpse into the massive design space of UFOWTs is made through a

sensitivity analysis. Model parameters of non-dimensional thruster area and drag

area have been examined. The main findings of the sensitivity analysis are as follows:
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� No matter the design of the UFOWT, the best operating speed for the system

is always non-zero

� Ideal direction of operation (moving upwind or downwind) is determined by the

relative size of the wind turbine and thrusters, and hull streamlining or lack

thereof

� Systems designed for upwind operation and downwind operation appear to

both be possible based on our model and the range of existing wind turbines,

thrusters, and substructures

These findings motivate further work into both the design and operation of UFOWTs,

and much work is still necessary to bring UFOWTs beyond the conceptual design

stage. Two of the biggest areas which require focus in the future are the problems

of optimal system design, and optimal routing. Although propeller, wind turbine,

and floating platform design are each rich fields with considerable investigation, the

specific combined problem of optimizing the design of an UFOWT has yet to be

addressed. The routing of an upwind UFOWT versus a downwind UFOWT may

vary drastically, and hence may make one design superior than the other in a way

not encapsulated by this model. Despite these challenges for future research and

development, this model shows the merit of UFOWTs and that more investigation is

warranted. A future study will focus on the power performance of UFOWT systems in

2-dimensions over all possible wind speeds and directions relative to the vessel speed

and heading. Other future works should include high-fidelity dynamics simulations

of a UFOWT under realistic environmental load cases.
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Abstract

As the need to transition from global reliance on fossil fuels grows, solutions for

producing green alternative fuels are necessary. Mobile offshore wind energy systems

(MOWESs) have been proposed as one such solution. These systems aim to harness
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the far-offshore wind resource, which is abundant and yet untapped because of instal-

lation and grid-connection limitations. Two classes of MOWES have been proposed

in the literature: unmoored floating offshore wind turbines (UFOWTs) and energy

ships (ESs). Both systems operate as autonomous Power to X (PtX) plants, powered

entirely by wind energy. The two technologies differ in form; UFOWTs are based on a

conventional FOWT but include propellers in place of mooring lines for sea-/course-

keeping, while ESs operate like a sailing ship and generate power via hydroturbines

mounted on the underside of the hull. Though much research and development is

necessary for these systems to be feasible, the promise of harnessing strong winds far

offshore, as well as the potential to avoid siting regulatory challenges, are enticing.

This paper develops models of each MOWES concept to compare their power pro-

duction on a consistent basis. The performance of the technologies are examined at

steady-state operating points across relative wind speeds and angles. An optimization

scheme is used to determine the values of the control variables which define the op-

erating point for each set of environmental conditions. Results for the each model

show good agreement with published results for both UFOWTs and ESs. Model results

suggest that UFOWTs can generate more power than ESs under ideal environmental

conditions, but are very sensitive to off-design operating conditions. In above-rated

wind speeds, the UFOWT is able to produce as much power as a conventional, moored

FOWT, whereas the ES cannot, since some power is always consumed to spin the

Flettner rotors. The models developed here and their results may both be useful in

future works that focus on the routing of UFOWTs, or holistically designing a mobile

UFOWT. Although differences in the performance of the systems have been identified,

more work is necessary to discern which is a more viable producer of green e-fuels.

3.1 Introduction

Renewable fuels are an essential part of decarbonizing many sectors of the global

economy. Although battery energy storage systems are proving to be a viable short-

term storage solution, renewable e-fuels are more suitable for mid- and long-term

energy storage and transport applications. Some sectors, such as shipping, will need

to rely heavily on the use of e-fuels to reduce their CO2 emissions to stay in line with

current global emissions targets [12]. Far-offshore wind energy systems have been

proposed as systems for producing long-duration, renewable, stored energy harness-

ing a resource that could not otherwise be tapped for grid-connected electric power
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generation [33]. Although they are less mature technologically than other renewable

power to hydrogen systems, it has been shown that if implemented at a large enough

scale, energy ships in particular can produce e-methanol at costs competitive with

predicted markets [4].

In principle, mobile, far-offshore wind systems function similarly to other power

to X (PtX) plants. That is, the energy in the wind is converted to electricity which is

then used to power one of several processes, depending on what fuel is being produced.

Many fuel-production pathways are possible, the most promising of which are the

production of green hydrogen (H2), green e-methanol, and green e-ammonia [12]. The

latter liquid hydrogen carriers can be more easily stored than neat H2 and are the

front-runners for long distance marine transport markets. All e-fuel pathways imply

electrolysis for the base ’green’ H2 production, aligning with global conventional wind

electrolysis efforts and electrolyser production scale-up. Carbon based fuels (such as

methanol), rely also on having available carbon dioxide (CO2) to synthesize the fuel.

For produced methanol to be considered green the CO2 must be extracted from the

atmosphere, such as via direct air capture or direct ocean capture. In this case, the

fuel is part of a net-zero emission cycle, but with challenging system efficiencies when

re-emission of the CO2 is considered at the point of fuel use [38]. Sourcing the CO2

from other processes such as point-source carbon capture will lead to lower overall

emissions than fossil fuels, but not net-zero emissions. Ammonia has the advantage

of not being carbon based, and therefore results in no direct CO2 emissions, but

NOX combustion emissions and ammonia toxicity must be considered. Ammonia

is already an established global commodity for fertilizer production, alongside its

H2 carrier potentials. No matter the process, there is a significant electrical energy

input required to synthesize e-fuels. Associated system efficiency challenges may be

obviated to some extent by harnessing far-offshore winds that would not otherwise

be usable for global decarbonization efforts. Here, the focus is on the generation of

renewable energy from far-offshore winds to power these processes; energy conversion

and storage steps after conversion to electricity are ignored in the present work.

Any significant or novel differences in fuel synthesis and storage in non-stationary

conditions fall outside the scope of this work which is instead focused on a direct

comparison of wind capture modalities.

A MOWES consists of several subsystems. In general, there are systems for energy

conversion, energy storage, vessel stabilization, and auxiliary subsystems. In this

work, we will focus on two specific MOWES concepts: unmoored floating offshore
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a)

b)

Figure 3.1: The two types of far-offshore wind energy devices being considered: a) an
UFOWT, b) an ES. The systems are shown to-scale with one another, for the designs
used herein, to show the large difference in height between the two.

wind turbines (UFOWTs) and energy ships (ESs). A simple depiction of each is

shown in Figure 3.1. Although there is dedicated research into each concept, they

remain at very-low levels of technological readiness [28, 7, 4]. The subsystems that

are present in each technology that will be the focus of this work are the power

generation system, the propulsion system, and the substructure. These subsystems

require a controller to manage power production while maintaining the desired course

and keeping the system within dynamical constraints. Many design aspects must also

be considered for each subsystem, few of which have been explored in detail. More

details of each concept are provided in the sections that follow.

MOWESs are a relatively novel concept, and have some distinct differences to

other renewables. One such difference is that existing far-offshore wind concepts are

not moored, unlike conventional floating wind turbines. This eliminates the difficulty

of installing the moorings in deep water sites, and allows them to, in principle, operate

anywhere in the open ocean. Since wind speeds are generally much higher farther

from shore (see for example [71]), this may drastically increase the expected capacity

factor for MOWESs compared to conventional wind energy systems. The other major

advantage of not being anchored to the seabed is that these systems can be mobile.

This allows the system to navigate in real-time to areas where wind speeds are locally

highest, which may further increase expected capacity factors. Indeed, it has been

shown that average capacity factors for ESs can exceed 80% because of these two
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effects [50]. They are also able to avoid many siting and regulatory challenges as they

are classed as vessels and not permanently installed generating infrastructure. They

may also periodically return to port for maintenance as opposed to being serviced

at sea. Another distinct difference is that MOWESs are not designed to be grid

connected. Instead, as previously mentioned, on-board PtX systems must be installed

to store the generated power which must then be unloaded either in port or by vessels

dedicated to retrieving the fuel. The major downside to MOWESs is that power must

be consumed by the propulsion system for course-/station- keeping [7]. This results

in lower net power than for conventional wind turbines for given wind conditions.

3.1.1 Background

UFOWTs

The first MOWES technology considered is the UFOWT (see a) in Figure 3.1). The

three main components of a UFOWT are the wind turbine, the sub-structure, and the

thrusters. Conceptually, a UFOWT is similar to a conventional FOWT, except that

the function of the mooring system is taken up by a set of thrusters mounted on the

bottom of the sub-structure. Wind turbine and floating platform design for FOWTs

is a mature area of research that can be leveraged for studying UFOWT design

(for example [21, 72]), while existing manufacturing capabilities can be leveraged to

develop scale-models and prototypes. Existing FOWT designs will not be optimal for

mobile operation, however, FOWT design processes may be modified to be applied to

the UFOWT case. Although the wind turbine, thrusters, and platform designs should

all be re-examined for a first-of-a-kind UFOWT design, this falls beyond the scope

of this work. Indeed, to derive the objective functions necessary to optimize these

subsystems the power performance of a given UFOWT design must first be readily

understood; this is a main goal of the present work.

Stabilization using multiple thrusters is commonly used in the form of dynamic

positioning systems (DPSs) for ships. A study by Xu et al. examined a UFOWT

design that uses a DPS to maintain a constant position [7]. They simulated the

dynamics and power production of the system when subjected to constant wind and

stochastic waves. They showed that about 50% of the power generated by the wind

turbine is required to stabilize the system when current loads are not considered.

When also subjected to current loads, up to 80% of the generated power is consumed

for stabilization. It was implicitly assumed in their work that the system should
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remain in a fixed position while operating. We will not make this assumption, working

under the assumption that the UFOWT is allowed to move at constant velocity, as

was assumed in [73]. This is motivated by the work of Gaunaa et al. which shows

that there are potential cases where a moving system of this type can generate more

power than a stationary one [32]. In fact, the optimal operation of such a system

depends on design, and could be either propelling the UFOWT upwind or allowing

the UFOWT to drift downwind [73]. Mobile operation introduces new problems that

are not present for moored FOWTs, such as weather routing and logistics, both of

which will require further study in the future.

Another difference in methodology is that previous works have assumed that the

wind turbine operation should adhere to a conventional wind turbine power curve, or

simply scale based on constant thrust and power coefficients. Instead we will perform

an optimization over possible operating points (ranges of tip-speed ratio λ and blade

pitch β). This is motivated by the fact that in the case of an UFOWT, power must

be consumed to prevent the turbine from drifting in the wind direction, introducing

a direct trade-off between the net power produced by the UFOWT and the thrust

force on the turbine. In principle a UFOWT-specific rotor design could be pursued

to balance power production and thrust characteristics. However, here an established

wind turbine design is used, but its operation is optimized for the case of a mobile

UFOWT.

Other works have also looked at UFOWT systems. Martinez Beseler considered a

similar system referred to as an Autonomously-Driven Offshore Wind Turbine (ADO-

WT) [31]. For the ADO-WT, the wind turbine was mounted on a catamaran hull

instead of a conventional floating platform (i.e spar or semi-submersible) allowing it

to move through the water with less resistance. This is similar to a design proposed

by Annan et al. called Wind Trawler [30]. The premise of Wind Trawler is to generate

additional power from the motion of the UFOWT by way of hydro-turbines mounted

under the hull; Wind Trawler combines some aspects of an UFOWT and an ES. It is

shown that Wind Trawler can produce more power than a conventional, stationary

wind turbine, however, the cost of installing hydro-turbines and propellers has not yet

been considered. Willeke examined the dynamics of a spar-based UFOWT system

and showed the necessity of using thrusters to stabilize the system [29]. Without

thrusters, they showed that the turbine yaws uncontrollably. They turn to redesigning

the platform as a means to give the platform additional rotational stability. This

is evidence that existing platform designs may not be ideal for mobile operation,
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however, the problem of platform design is not one we will focus on. In addition, a

semi-submersible platform is used here which should provide more resistance to yaw

motions than a spar. An effective stiffness in yaw may also be achieved through control

of the propellers, as was done in [7]. Alwan et al. have also proposed methods for

modelling an UFOWT in steady-state [28]. As was the case for Xu et al., they assume

that the system should remain stationary during operation. They also consider the

mean drift wave loading on the system, and show that at high wind speeds it may

dominate over other forces such as wind turbine thrust force. It is expected that the

mean drift force experienced by a barge-type platform, as was used in their work, will

be much higher than that on a semi-submersible platform. Since we have chosen to

use a semi-submersible platform, mean drift loads will be ignored. The computation

of mean drift loads would also not be straight-forward for a mobile UFOWT, since the

platform will encounter the waves at different frequencies depending on the direction

and velocity of the UFOWT relative to incident waves.

Energy Ships

An ES functions by using the energy in the wind to propel the vessel, and converting

the motive power of the vessel through the water to electrical power by way of hydro-

turbines. This power is then used in a PtX process and the produced fuel is stored

onboard. In principle, an ES could make use of several different technologies to propel

the vessel including rigid sails, turbosails, Flettner rotors, or parafoils. These options

were examined and compared in a study by Clodic et al. that determined that all

of them may be feasible, but each have unique pros and cons [25]. Wind propulsion

technologies are maturing thanks to a growing interest in them as a method of decar-

bonizing the shipping sector, with a number of full-scale Flettner rotor equipped ships

in operation [57, 74]. Studies by Babarit et al. have examined an ES design known

as FARWIND which employs Flettner rotors [4, 51]. These studies demonstrate the

expected power performance and economic case for the FARWIND ES concept. A key

finding of these works is that ESs can produce green e-methanol at a competitive cost

once fleets of 100s of GW scale operating capacity are reached. Experimental work

has further shown that ESs can produce similar amounts of electricity to conventional

wind turbines [20]. Power performance models presented herein are adapted from the

work of Babarit et al. [4]. In general, ESs must move at significant speeds in order

to create the relative flow past the hydro turbines; wave and slamming loads in more
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extreme sea states may therefore limit the practical sailing conditions possible and

requires further investigation [75].

A key problem for MOWES, which has been studied for the case of ESs, is weather-

routing. Routing for ESs (and also UFOWTs) differs from that of conventional ship

routing. Courses for ships are typically chosen to minimize travel time as well as

the fuel consumption, thus minimizing operating costs and emissions [76]. In the

case of ESs, the objective is instead to maximize power production along the voyage,

while ensuring that the vessel is able to offload the produced fuel. Abd-Jamil et

al. developed a method for optimizing the routes of ESs based on available wind

speed data [50]. This study showed that ESs can achieve very high capacity factors

when optimal routes are followed. A subsequent study showed that ESs may also

be used to supply power to small, coastal communities, but that capacity factors

may be significantly lower in near-shore operation [40]. There is clearly a large scope

for future work to optimize routing based on fuel production/offload, O& M, and

wind/sea-state forecasts.

3.1.2 Objective

Although some research exists on modelling, design, and operation of each individual

kind of MOWES, there is so far little effort given to cross-comparing these systems

as each proponent only considers their preferred approach. There is also insufficient

modelling directed towards UFOWTs in general, so far mostly ignoring the possibility

of allowing them to be mobile rather than station-kept. Herein, we endeavour to pro-

vide a consistent basis to compare these different classes of MOWESs. This consists

of steady-state, power performance models of each system in two degrees of freedom.

By constructing these models and comparing their results we provide a foundation for

the more specific and detailed research into these kinds of systems that is necessary

to bring them to higher levels of technology readiness.

In section 3.2 the general modelling methodology is presented, and the preliminary

system designs are outlined. Results for the performance of the two systems are

presented in section 3.3, and are compared to one another as well as the steady-state

performance of a reference conventional floating wind turbine [1]. The implications

of the differences between the two concepts and the limitations of the models are

discussed in section 3.4 and the findings of this work are summarized in section 3.5.
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Figure 3.2: Wind vector illustration from above a UFOWT.

3.2 Methodology and modelling

The goal of a far-offshore wind energy system is ultimately to harness power from a

velocity difference between two media and convert it to a usable form. Throughout we

will refer to the air as medium 1 and the water as medium 2. Number subscripts are

used to refer to each of these media. For example V1 refers to the velocity of the wind,

as seen from a stationary reference frame, also commonly referred to as true wind

speed (TWS). The speed of the vessel/body is denoted as Vb, and is always directed

in the positive surge direction. The angle between the true wind and heading of the

vessel is referred to as the true wind angle (TWA). Wind speed as experienced by

the vessel is referred to as the apparent wind speed (Vap) and the angle between this

and the vessel heading is known as the apparent wind angle (AWA). By convention,

the vessel heading is always in the +x direction, and the TWA is measured positive

counter-clockwise with zero degrees corresponding to a direct headwind (i.e sailing

directly upwind) as shown in Figure 3.2.

In developing the models, each system (UFOWT and ES) is considered to be com-

posed of several sub-systems. Each component contributes a force on the system as a

whole, and may also contribute to the net power of the system. The subsystems con-

sidered here are a power generation technology (subscript g), a propulsion technology

(subscript p), and a sub-structure (subscript d). Although in principle the water will

be moving at a velocity (V2) due to currents, for this work it is assumed that there

is no ocean current (i.e V2 = 0). It has been shown that ocean surface currents will

have an impact on the power production of UFOWTs, however, here it is neglected

for simplicity [7, 73]. Both an UFOWT and an ES will be considered. The models of

each system are presented in the sections that follow.
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To assess the performance of each technology, the net power output of the system

is calculated over a range of environmental conditions. The forces on the system are

modelled in two dimensions (surge and sway) and it is assumed that the system is

operating at steady-state (Equation 3.1).∑
~F = ~0

Fx = 0, Fy = 0
(3.1)

Since the model presented is for steady-state solutions, time-varying components

of environmental loads are ignored. Further analysis that includes these loads will be

a necessary step to assess the dynamic stability of the systems. However, the high-

fidelity simulations that would be required for this are time consuming and would

necessitate the development of new models or modification of existing ones. We are

first concerned with determining whether one or both of the concepts being studied

can produce sufficient power to merit continued research.

Subject to the steady-state constraint, the power performance of each system

(UFOWT and ES) is examined over a range of TWSs and TWAs. In general, there

are many possible sets of values for the control variables that lead to steady-state

solutions, so an optimization method is employed to arrive at the operating point

which maximizes the net power output of the system. Each system has several control

variables; these form the domain that the optimization searches over. The net power

is the objective which is to be maximized, subject to the steady-state force balances

(Equation 3.1) and other constraints. The control variables are also bounded to keep

them within feasible ranges. These bounds are discussed more specifically for each

system individually. The optimization problem can be expressed as:

maximize Γp,net({x})

subject to {x} ∈ C

C =
{∑

~F ({x}) = ~0, Bu,i ≥ xi ≥ Bl,i, O ≤ f({x})
} (3.2)

Where C refers to the set of constraints, and Bu,i and Bl,i are members of the set of

upper and lower bounds for each of the input variables (index i) to the optimization,

respectively. Other constraints are also implemented, such as for example constraining

the rated power of the wind turbine to not exceed the generator rated power. These

are referred to generally as O in the last part of Equation 3.2. To compare across
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the two systems, each system’s net power is normalized by its respective rated power.

This quantity is referred to as Γp,net (Equation 3.3).

Γp,net = Pnet/Prated =
Pg + Pp
Prated

(3.3)

We will also consider the ratio of power consumed to power generated, referred to

as power ratio (Rp), as was done in [7]:

Rp =
Pp
Pg

(3.4)

The optimization problem is solved for each set of chosen environmental condi-

tions. By sweeping through a range of possible wind speeds and angles, maps of

optimal power performance are generated along with the values of the control vari-

ables that define the optimal operating points. Optimizations are performed using a

particle swarm optimization code implemented in Python called PySwarm. PySwarm

is open-source and open-access and allows for implementation of bounds and con-

straints. Although particle swarm optimization generally does not guarantee the

global optimum solution is found, it was used here since the gradient of the objective

function is not trivial to compute. As well, the control variable space searched by the

algorithm is only two or three dimensional (for ES and UFOWT respectively), mean-

ing that optima are computed quickly using only a personal computer. To ensure

global optima were computed, future work may include verifying solutions by way of

other optimization processes.

The power performance models of each technology are described separately in the

following sections, Section 3.2.1 for the UFOWT and Section 3.2.2 for ESs.

3.2.1 UFOWT

The thrust force on the wind turbine (~Fg) is defined in Equation 3.5 according to

actuator disk theory [58]. It is assumed that the wind turbine rotor is always perfectly

yawed in the wind direction so there is no yaw error to account for. Thus, the thrust

force is always acting in the direction of the apparent wind (i.e along the apparent

wind angle, AWA). Future work may explore thrust vectoring by misaligning the

rotor yaw to help steer the UFOWT. Wind turbine thrust and power coefficients

(Ct1 (β, λ) and Cp1 (β, λ)) are functions of the blade pitch and tip-speed ratio (β and

λ). These are two of the control variables used in the control optimization process
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for the UFOWT case, and are conventional wind turbine control variables.

~Fg = −1

2
ρ1A1 |Vap|2Ct1 (β, λ) [cos (AWA)x̂, sin (AWA)ŷ] (3.5)

Viscous drag on the floating platform (~Fd2) is accounted for in Equation 3.6. The

drag coefficient (Cd2) is sourced from existing literature, and is generally dependent

on the size and shape of the platform elements. As mentioned earlier, by convention

the UFOWT is always moving in the positive surge (+x) direction, so the drag force

will always act opposite this direction of motion.

~Fd2 = −1

2
ρ2Ad2V

2
b Cd2 (Vb) [x̂, 0ŷ] (3.6)

Lastly, the thrust force exerted by the propellers (~Fp) is defined according to

standard propeller theory in Equation 3.7 [77]. Conventional thrust and torque coef-

ficients (Kt2(J) and Kq2(J)) for fixed-pitch propellers are used, and depend in general

on the number of blades and their shape, as well as the advance ratio (J). The yaw

angle of the propellers (θ) is controlled to ensure steady-state motion in the surge

and sway directions. It is determined analytically by Equation 3.8 for a given set of

environmental conditions and a specific vessel speed, i.e. the propellers are yawed

to produce a sideways (sway) force to counteract the wind turbine rotor force in the

sway direction. Propeller rotational frequency (f) must be solved for numerically ac-

cording to the implicit relationship in Equation 3.9 which was derived from the force

balance. It is not varied directly by the optimizer, but instead determined iteratively

during each evaluation of the steady-state constraint and the objective function.

~Fp = −nwtρ2D4
2f

2Kt2 (J) [cos (θ)x̂, sin (θ)ŷ] (3.7)

θ = tan−1

 sin (AWA)

cos (AWA)− ρ2Ad2V
2
b Cd2

−ρ1A1V 2
apCt1(β,λ)

 (3.8)

Kt2(J)f 2 =
−1

2
ρ1A1 |Vap|2Ct1 (β, λ) cos (AWA)− 1

2
ρ2Ad2V

2
b Cd2 (Vb)

nwtρ2D4
2 cos (θ)

(3.9)

To determine the net power generated by the UFOWT system, the power gener-

ated from the wind turbine (Pg) and the power consumed by the propellers (Pp) are
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computed according to Equations 3.10 and 3.11, respectively. These equations follow

from the same theories stated above for the forces, namely actuator disk theory and

propeller theory for the wind turbine and propeller, respectively.

Pg =
1

2
ρ1A1V

3
apCp1 (β, λ) (3.10)

Pp = −2πnwtρ2D
5
2f

3Kq2 (J) (3.11)

ΓP,net can be computed for the UFOWT according to Equation 3.3 by way of

Equations 3.10 and 3.11.

Control

Using the relationships described above, an optimization with the objective of maxi-

mizing net power is performed (according to Equation 3.2) for each vessel operating

condition (i.e V1 and TWA). The control variables that the optimizer iterates on for

the UFOWT case are: wind turbine blade pitch (β), wind turbine tip-speed ratio (λ),

and UFOWT vessel speed (Vb). That is, in the UFOWT case:

{x} = {β, λ, Vb} (3.12)

The full set of variables that describe a given operating point for the UFOWT model

are the set of control variables {x}, as well as the propeller frequency and yaw an-

gle. Bounds on the tip-speed ratio and blade pitch are chosen to remain within the

available performance data. Vessel speed was assigned a lower bound of 0 m/s, since

negative values of vessel speed would lead to redundant solutions when scanning a full

360◦ of TWAs. No upper bound was set for the vessel speed, although in practice one

may be necessary when the dynamics of the UFOWT are considered in dynamic sea

states. In addition to the bounds on the control variables, a constraint on maximum

rotor speed for the wind turbine is implemented. Minimum rotor speed is not used

as a constraint. The power generated by the wind turbine is also constrained to not

exceed the rated power of the generator.

Design

A preliminary UFOWT design is presented here for the purpose of demonstrating

power performance. The objective of the design used here is to be easily repro-
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Table 3.1: Specifications of the UFOWT subsystems (from [1, 2, 3]).

Wind Turbine
r (m) 120
hhub (m) 150
V1,rated (m/s) 10.6
Prated,UF (MW ) 15.0
Ct1(β, λ) (−) Fig. 3.3
Cp1(β, λ) (−) Fig. 3.3
ωmax,WT (rpm) 7.56
Platform
Bd2 (N(m/s)−2) 9.22E5
Propellers
# of blades 4
hhub (m) 150
P/D 1.1
Ae/Ao 0.9
D (m) 8.0
# of props 4
Kt2(J) (−) Fig. 3.4
Kq2(J) (−) Fig. 3.4

ducible. For this reason the design is based on the International Energy Agency

(IEA) 15 MW reference wind turbine and the UMaine VolturnUS semi-submersible

platform, the most recent standard reference floating wind turbine [1, 2]. In the spirit

of reproducibility, the propeller performance coefficients are derived from the Wa-

geningen B-series propellers [3]. Table 3.1 presents all relevant specifications of the

UFOWT system.

Wind turbine performance coefficients are presented in Figure 3.3 for various blade

pitch settings. Thrust and torque coefficients for the chosen propeller are shown in

Figure 3.4. Although conventionally propeller thrust and torque coefficients are only

used over the range where the coefficients are positive, in the case of UFOWTs it may

also be possible to operate the propellers under conditions where they are negative.

This is further discussed in the following section (Section 3.2.1). The propellers may

also operate at small, negative advance ratios (J < 0). The performance coefficients

are assumed to be constant under these conditions [60]. Negative advance ratios

correspond to situations where the propellers may operate as turbines, however, more

detailed design and optimization may be required to fully exploit this.
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Figure 3.3: Thrust and power coefficient traces for the IEA 15 MW reference wind
turbine, full data available in [1] and the associated github page.
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Propeller power take-off (regeneration)

Although the primary purpose of the propellers is to consume power to counter-

balance environmental forces on the system, there may be cases where it is possible

to extract power through the propellers rather than consuming it. One instance where

this may be possible is when the UFOWT is travelling directly downwind. In this case

the wind turbine thrust is pushing the vessel downwind, while the drag on the sub-

structure resists this motion. It may be possible to use the propellers as if they were

water turbines to provide added resistance to achieve steady-state. This is similar to

the principle of regenerative braking that is used in electric vehicles [78]. It can also

be used with electric or hybrid-electric ships and planes by operating the propellers

outside of their normal operating ranges. Though regeneration (as it is referred to

when using a propeller) is currently being used in private and small commercial ships,

little is published on the design or operation of the propeller [79, 80]. Some research

has been conducted on the application of regeneration to electric aircraft, however,

the data presented is not directly applicable to the UFOWT application since it is

for small propellers used in air [81, 82].

To explore this possibility, the UFOWT model includes an option to consider

solutions where the propellers generate power, rather than consuming it. This requires

using advance ratios outside the range of what is presented in [3]. Data for propellers

operating in this mode are scarce and are mostly for the case of propellers operating

in the air. For this reason, the regression polynomials in [3] are used to extrapolate

the performance coefficients beyond the intended range. Some results for this case

are presented separately in Section 3.3.2. Under this case, the complete range of

performance coefficients in Figure 3.4 is used, whereas in the baseline case only values

where the thrust coefficient is positive are allowed.

3.2.2 Energy ship

The ES model presented is based directly on that of Babarit et al. [4]. Forces on

the ES from the Flettner rotors, water turbines, and hull are considered. Flettner

rotors are considered here over other propulsion options to remain in line with existing

literature, especially the FARWIND design. Thrust force on the water turbines (~Fg)

is calculated according to actuator disk theory and is shown in Equation 3.13. As was

the case for the wind turbine in the UFOWT case, the water turbines are considered

to be perfectly aligned with the flow. Since the vessel is assumed to only move in the
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Figure 3.5: Hull resistance coefficient as a function of Froude number (Fr), sum of
the frictional and residuary coefficients used in [4].

positive surge direction, the thrust is always along this direction as well.

~Fg = −2ρ2A2V
2
b a(1− a) [1x̂, 0ŷ] (3.13)

The hull resistance (~Fd2) is also directed opposite the motion of the ship. Resis-

tance coefficients (Cd2 (Fr)) are shown in Figure 3.5 and are taken to be the sum of

the residuary (wave) resistance and frictional resistance coefficients from [4].

~Fd2 = −1

2
ρ2Ad2V

2
b Cd2 (Fr) [1x̂, 0ŷ] (3.14)

Thrust provided by the Flettner rotors (~Fp) is the sum of the aerodynamic lift (~L)

and drag ( ~D) as shown in Equations 3.15, 3.16, and 3.17. These equations assume the

Flettner rotor is spinning counter-clockwise, but since the rotors are symmetric they

can perform equally as well spinning clockwise, which would reverse the direction of

the lift. Flettner rotor lift and drag coefficients (Clp(γ) and Cdp(γ)) are presented in

Figures 3.6a and 3.6b and the power coefficient for the Flettner rotor motor (Cm(γ))

is shown in Figure 3.6c. These coefficients are calculated from empirical relationships

derived by Tillig and Ringsberg [6]. Since the Flettner rotors are spaced quite closely

together, the wakes of upwind Flettner rotors may affect the inflow velocity at rotors

downwind. As is recommended in [4], a coefficient that reduces the total thrust is

introduced to account for the interaction between the rotors and their wakes (Ct,int).

Although Ct,int will generally depend on wind speed, wind angle, and spin ratio, it is

assumed to be constant to remain consistent with existing models.
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~L = −1

2
ρ1A1V

2
apClp (γ) [sin (AWA)x̂,− cos (AWA)ŷ] (3.15)

~D = −1

2
ρ1A1V

2
apCdp (γ) [cos (AWA)x̂, sin (AWA)ŷ] (3.16)

~Fp =
(
~L+ ~D

)
Ct,int (3.17)

Power generated by the water turbines is modelled consistently with the thrust

force and is shown in Equation 3.18. An efficiency (ηg) is added to remain consistent

with [4] to account for losses in the conversion of mechanical (i.e shaft) power to

electrical power by the turbine and generator.

Pg = 2ρ2A2V
3
b a(1− a)2ηg (3.18)

The power consumed to spin the Flettner rotors is computed according to Equa-

tion 3.19. It is in line with existing research on Flettner rotors [6, 83, 84]. Equations

3.18 and 3.19 give enough information to calculate Γp,net via Equation 3.3.

Pp = −1

2
ρ1A1V

3
apCm (γ) (3.19)

Control

Although the UFOWT is constrained to steady-state solutions in both surge and

sway, the ES must only satisfy steady-state in surge. This is because it is assumed

that any side-force on the vessel will be counteracted by the force developed from

0 1 2 3 4 50

2

4

6

8

10

12

C l
p

(a) Clp(γ)

0 1 2 3 4 50.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

C d
p

(b) Cdp(γ)

0 1 2 3 4 50.0

0.2

0.4

0.6

0.8

1.0

1.2

C m
p

(c) Cm(γ)

Figure 3.6: Flettner rotor performance coefficients computed from [6].
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the ship’s keel and the associated leeway angle is assumed small. Only two control

variables are passed to the optimizer for the ES, they are the spin ratio of the Flettner

rotor and the vessel speed. Thus for the ES case:

{x} = {γ, Vb}

Rotational frequency of the Flettner rotors is also constrained to a maximum of

180 rpm according to [5]. The axial induction factor (a) is calculated numerically

according to Equation 3.20 to ensure steady-state in surge.

a(1− a) =
1

4

[
ρ1A1V

2
ap

ρ2A2V 2
b

Cx(γ)Ct,int −
Ad2
A2

Cd2(Fr)

]
Cx = Clp(γ) sin (AWA)− Cdp(γ) cos (AWA)

(3.20)

Design

Relevant specifications of the ES are presented in full in Table 3.2. The FARWIND ES

design is used here, as it is the most developed and best documented design available

[24, 4]. FARWIND uses a catamaran ship hull with four Flettner rotors mounted

onboard and two water turbines mounted under the hull.

3.2.3 Design differences

To establish a fair comparison, UFOWT and ES designs were both chosen based

on the largest, in terms of rated power, readily available designs in the literature.

This decision was based on the established trend for conventional wind turbines that

cost decreases for increasing rated power. However, the physical scales of the two

system designs, UFOWT and ES, are quite different The rated power of the ES

design is only 1.6 MW compared to the UFOWT rated power of 15 MW, however,

comparison results are non-dimensionalized to account for this discrepancy. This

implicitly assumes that net power results scale linearly with rated power, which is

further discussed in section 3.4.2. In terms of physical scale, the heights and weights

of the two proposed designs are very different. The discrepancy in height will create

a difference in wind speeds experienced by the UFOWT and ES because of the wind

shear. This effect is accounted for below in section 3.2.4. By virtue of being larger,

the UFOWT design uses a much larger amount of steel than the ES. The combined

mass of steel used in the platform, wind turbine tower, and nacelle is on the order of
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Table 3.2: Specifications of the ES subsystems (from [4, 5, 6]).

Hydro Turbines
r (m) 1.0
# of turbines 2
ηg (−) 0.75
ωmax,FR (rpm) 180
Prated,ES (MW ) 1.6
Hull
Ad2 (m2) 1107.5
Cd2(Fr) (m2) Fig. 3.5
Lhull (m) 80
Flettner Rotors
# of Rotors 4
hmid (m) 22.5
hFR (m) 35
DFR (m) 5.0
Ct,int (−) 0.7
Clp(γ) (−) Fig. 3.6a
Cdp(γ) (−) Fig. 3.6b
Cm(γ) (−) Fig. 3.6c

6200 tons for the UFOWT, whereas the ES hull and Flettner rotors use about 880

tons of steel [2, 4]. This amounts to the UFOWT using a about seven times more

steel than the ES, but producing about nine times as much power. More rigorous

accounting of the materials used in each design is necessary to draw any conclusions

on if one MOWES is more efficient than the other in this aspect, especially since the

weight of the UFOWT thrusters has not been accounted for here. The only dimension

in which the two MOWES designs proposed have similar scales is in the length of

the sub-structures, the ES hull being about 80% as long as the distance between the

pontoons of the semi-submersible platform. This may be relevant when accounting

for the space on deck or on board required for the PtX, storage, and other subsystems.

3.2.4 Wind shear

An important differentiating factor between ESs and UFOWTs, which is not inher-

ently captured in the power performance models, is the difference in local incident

wind speeds that each would experience due to the difference in height between the

two technologies. Current ES designs employ 35 meter tall Flettner rotors, the largest
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Figure 3.7: Vertical wind shear profiles for the chosen wind speeds.

commercially available from Norsepower [5]. In contrast, there are commercially avail-

able offshore wind turbines with hub heights well over 100 meters, and the IEA 15

MW reference turbine used throughout this work has a hub height of 150 meters

[1, 2]. This large difference in height means that under the same wind conditions,

the two would experience very different average wind speeds depending on the wind

shear. Accounting for this effect allows the two to be compared across identical en-

vironmental conditions, instead of at equal, but arbitrary, local wind speeds. Model

results/comparisons for wind speeds which account for the wind shear difference are

presented separately in Section 3.3.4. Relative device sizing may change in the future

as larger Flettner rotors may be available, or smaller wind turbine rotors preferred

for dynamic reasons.

To account for this difference, power performance curves are generated for equal

reference wind speeds (i.e at a reference height of 10 meters). TWSs are scaled using

a power law relationship shown in Equation 3.21. A wind shear exponent of α = 0.14

is used in accordance with common practice for offshore winds [85, 4]. The effect of

applying the shear scaling to the wind speeds is shown in Figure 3.7. Exact wind

speeds used during the analysis are listed in Table 3.3.

V1 = Vref

(
h

href

)α
(3.21)
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Table 3.3: Wind speeds (m/s) at reference height, Flettner rotor midpoint, and wind
turbine hub height used in the analysis of the effect of vertical wind shear.

href = 10m hFR = 22.5m hhub = 150m
7.00 7.84 10.23
10.00 11.20 14.61
13.00 14.56 18.99
16.00 17.92 23.38
19.00 21.28 27.76

3.3 Results

Optimized power performance results for each system are presented in the sections

that follow. First, the model results were verified against existing literature in Section

3.3.1. Power performance maps for the UFOWT and ES are presented separately in

Sections 3.3.2 and 3.3.3 respectively, and are then compared to one another in Section

3.3.4.

3.3.1 Verification

For the ES model, power performance results were verified against those of Babarit

et al. [4], however, there is a distinct lack of published results for mobile UFOWTs

meaning that it is not possible to directly verify the results. For the case of a station-

keeping UFOWT, model results were verified against those of Xu et al. [7]. Power

generated and consumed for several wind speeds are shown in Figure 3.8. This veri-

fication case is run using a different UFOWT design which uses a 5 MW turbine and

smaller thrusters. The model results show good agreement, though slightly less power

is consumed by the present model. This may be because wave forces are accounted

for in the model of Xu et al. whereas they are not accounted for in the present model.

Of note for the results presented in Figure 3.8, no rated wind speed was considered

by Xu et al. and therefore the power simply scales with the cube of the wind speed

indefinitely. This is not the case for the model results presented hereafter, but this

exception was made for verification purposes.

3.3.2 UFOWT

The net power performance for the proposed UFOWT design is shown in Figure

3.9a for a range of wind speeds and for all possible TWAs. Also shown are the
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Figure 3.8: Results of the UFOWT model for Vb = 0 compared to those of Xu et al.
[7].

power generated by the wind turbine (Pg) and the power consumed by the thrusters

(Pp) in Figures 3.9b and 3.9c, respectively. Most net power is produced at a TWA

of 180◦, or heading directly downwind. This is owing to the fact that in this case

the viscous drag on the platform helps to counteract the thrust force from the wind

turbine, and so the propellers need not produce as much (or in some cases any) thrust

to maintain steady-state velocity. This results in potential operating points where

UFOWTs are capable of producing as much power as a conventional wind turbine,

albeit only for above-rated wind conditions. Drag on the platform is clearly a key

design aspect, as was suggested in [73]. A problem which may need to be considered

should a high-drag platform be designed is that changing the platform size and/or

shape to increase the viscous drag may also increase wave-platform interaction. It is

also evident from Figures 3.9a, 3.9b, and 3.9c that for many wind angles the UFOWT

operates identically. For more windward (i.e more upwind) headings the optimization

converges to results where the best operating speed is around 0 m/s, as is shown in

Figure 3.9d for upwind TWAs between 270◦ and 90◦. When there is no potential

to benefit, in terms of net power, from platform drag the default is therefore for

the platform to remain stationary. This will have implications on the routing of the

UFOWT, since sometimes it may be desirable to move upwind to reach an area with

higher local wind speeds or to maintain distance from shore. The proposed UFOWT is

capable of producing some net power under all environmental conditions considered.

The power ratio is also presented in Figure 3.10. Previous studies have shown that
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power ratios of 50% are to be expected for station-kept UFOWTs [7]. However, model

results here suggest that this represents the worst case power ratio. The worst case

is when the wind turbine is operating in region II, i.e below rated wind speed, and

the thrust is increasing with the square of the wind speed. In above-rated conditions,

although the power stops increasing, the thrust begins to decrease. This results in

the propellers consuming less power, and therefore an overall increase in net power.

This effect shows that to accurately predict power performance of a UFOWT, the

wind turbine power and thrust coefficients must be considered.

Although not well illustrated by Figure 3.9a, UFOWTs may operate at very high
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Figure 3.9: Power polar results for UFOWT optimization as a function of V1 (m/s)
for all TWAs.
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true wind speeds, above the conventional cut-out speed of a conventional stationary

wind turbine. This is owing to the fact that by moving downwind the wind turbine

rotor will experience a lower apparent wind speed than the true wind speed. The effect

of this is shown in Figure 3.11 which shows the power curve of a UFOWT for the ideal

wind direction (i.e 180◦) compared to the IEA 15 MW reference turbine. Note that

the regeneration and baseline UFOWT cases overlap perfectly, meaning regeneration

is not exploitable for the proposed design. Only the final wind speed differs, at this

point the optimizer failed to converge for the regeneration case. Of course, there will

be an upper-bound to the velocity of the UFOWT owing to constraints on the system

dynamics, however, at this stage it is not evident what this limit should be. Figure

3.11 also illustrates how at low TWSs the UFOWT cannot produce as much power as

the stationary turbine. For example, at V1 = 11m/s just above the rated wind speed

of the IEA 15 MW turbine the UFOWT is only able to produce 9.1 MW or 61% of

the power of the stationary turbine. However, by V1 = 13m/s the UFOWT is able

to generate rated power. Also shown is the power curve of an UFOWT constrained

to only operate at Vb = 0 m/s, as was assumed by most prior studies [7, 28]. It

is obvious that much more power may be produced by a mobile UFOWT than a

stationary one. However, allowing the UFOWT to move introduces dynamics and

logistical challenges which are not present for a stationary turbine.

The control variable values for a scan of true wind speeds and TWA = 180◦ are

shown in Figures 3.12a, 3.12b, and 3.12c. These are the values which result in optimal
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Figure 3.10: UFOWT power ratio (Rp,%) at optimal operating points as a function
of V1 (m/s) for all TWAs. Note 7 m/s result is hidden by 10 m/s result since they
match exactly.
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Figure 3.11: UFOWT power curve at TWA = 0◦ for the UFOWT baseline case,
UFOWT regeneration case, UFOWT with Vb = 0 case, and baseline IEA 15 MW
power curve. Note that the UFOWT baseline case (“base”) is hidden by the regen-
eration case (“regen”) since they match each other exactly until about 27 m/s.

net power production, for each of the cases examined. Obviously, for both the base

IEA 15 MW case and the case where the vessel speed is restricted to be zero, the vessel

speed is zero for all wind speeds. Trends for the TSR and pitch are similar across all

cases. TSR is constant in region II and decreasing in region III, while pitch is zero

in region II (except for the UFOWT case where Vb = 0) and then increasing pitch

through region III. Since the blades pitch to feather in above-rated speeds, thrust

force decreases as V1 increases and so less drag is required to counteract the thrust

to achieve steady-state velocity. This means that the UFOWT’s optimal Vb decreases

in above rated conditions. Above the conventional cut-out wind speed, the optimal

vessel speed will again increase, because the blades reach their maximum allowable

pitch (25◦) and can no longer reduce rotor thrust. In this region, call it region IV,

the propellers must push the wind turbine downwind to reduce the apparent wind

speed at the rotor to below the cut-out wind speed. These control and performance

results both suggest that developing optimized UFOWT rotors would be beneficial,

since the trade-off between wind turbine rotor thrust and power can be included in

the design optimization process.

Regeneration

Although it may be possible to generate more power by operating the propellers out-

side of their normal operating range, as is shown in Figure 3.11 this is not exploitable

for the proposed design. Indeed, optimal net power for the UFOWT in both the
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baseline case and the case where regeneration was considered are identical. This may

be because the propellers perform very inefficiently as turbines. Future studies may

consider a variable-pitch propeller that has been designed for this application. Alter-

natively, dedicated water turbines could be installed in addition to the propellers as

was done for the WindTrawler concept [30]. In this case, the system was designed

holistically around a specific operating speed to guarantee wind and water turbines

operate at rated power at the same point.
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Figure 3.12: Control variables of the UFOWT at optimal operating points for TWA =
0◦. UFOWT baseline results are hidden by the regeneration case for the most part,
since regeneration was not exploitable.
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3.3.3 Energy ship

The net power generated by the FARWIND ES concept is shown in Figure 3.13a.

Power produced by the water turbines and consumed to spin the Flettner rotors for

each set of wind conditions are shown in Figures 3.13b and 3.13c respectively. The

ideal vessel speed for the ES is shown in Figure 3.13d. For many sets of conditions

the optimal vessel speed is 10 m/s, this is owing to the shape of the drag curve

for the ship hull, which reaches a local minimum at this speed (see Figure 3.5);

it is not a ceiling effect from a constraint applied to the optimization. For direct

headwinds (i.e TWA = 0◦) and nearby angles, the optimization converged to results

which suggested net negative power production. Realistically, this means that the

ship cannot operate under these conditions as expected, so the results for these wind

angles are defaulted to zero. Like the results for the UFOWT, the power generation

of the ES has reflectional symmetry across the x-axis. This is because the Flettner

rotors can operate equally as well spinning clockwise or counter-clockwise. Unlike the

UFOWT, ESs power performance does not fall off symmetrically on either side of its

optimum point. This is owing to the fact that the lift generated by the Flettner rotors

to propel the ship is perpendicular to the AWA, while the drag is parallel. The most

efficient TWAs for ES operation are driven mostly by the most efficient wind angles

for sailing.

3.3.4 Comparisons

Here the performance of the two technologies predicted by the models are compared

to one another. First, Figure 3.14 shows the effective power curve of the two technolo-

gies compared to the standard power curve for the IEA 15 MW reference turbine. It

is assumed that each technology is operating at its optimal wind angle for each wind

speed, and the net power is presented as a fraction of each technology’s respective

rated power (i.e Γp,net). The shaded blue region indicates where the UFOWT outper-

forms the ES, whereas the shaded red region shows where the ES performs better.

As was expected, neither technology is able to perform as well as a stationary wind

turbine over all wind speeds. However, at above-rated wind speeds the UFOWT is

able to generate rated power whereas the ES is not. No matter the conditions, the ES

must always consume some power to spin the Flettner rotors, meaning that it is not

possible for it to reach the rated power of the water turbines. Although this suggests

that the UFOWT is performing better on a scale of Γp,net, it is also indicative that
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Γp,net as a metric is not sufficient for comparing the two technologies. This is further

discussed in section 3.4.

Also of interest is the performance of the two technologies under non-ideal condi-

tions. Since the wind and wave loads are stochastic, unpredictable, and harsh when

far offshore, the systems actual operating points will differ from their optimal ones
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Figure 3.13: Power polar results for ES optimization as a function of V1 for all TWAs.
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frequently. In addition to errors in heading from stochastic wind and waves, per-

forming well over a wide range of headings/wind angles may also be advantageous for

routing a course for the system. Although this is not reflected in the power curve,

it may result in increases in average capacity factor. The reduction in power perfor-

mance of the technologies when at sub-optimal operating points is examined here for

deviations in true wind angle and vessel speed separately. In these analyses, the net

power is presented as a fraction of the maximum obtainable net power (instead of as

a fraction of rated power) for each technology for each wind speed to isolate the effect

of changing each variable.

The sensitivity of the net power of the two technologies to varying TWAs on

either side of the optimal TWA is shown in Figure 3.15. From Figure 3.15 it is

shown that for smaller deviations in wind angle (±20◦) the ES maintains better

relative power performance in higher wind speeds. Beyond deviations of 20◦ which

technology performs better depends mostly on whether the wind angle is increasing

or decreasing. This is because the ES’s power performance is not symmetric about

its optimal TWA, whereas the UFOWT’s is symmetric. Since the energy ship relies

on Flettner rotors which are lifting surfaces to propel them, they perform relatively

better for more downwind TWAs than more upwind ones.

The sensitivity of net power production to changes in vessel speed is examined in

Figure 3.16. Both MOWESs sensitivity to relative changes in vessel speed is quite sim-

ilar, with ESs only barely outperforming UFOWTs at high wind speeds. UFOWTs’

change in net power is noticeably asymmetric over all wind speeds. This is because
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Figure 3.15: Net power loss for operation at sub-optimal wind angles. Panels show
individual wind speeds (V1, m/s) and ∆TWA is measured relative to the optimal wind
angle for each technology for each wind speed. Power loss (Pnet(∆TWA)/Pnet,max)
is defined relative to the maximum net power for a given wind speed for a given
technology, to isolate the effect of changing wind angle.

the optimal TWA for UFOWTs is 0◦, meaning increasing vessel speed corresponds

to sailing downwind faster. Both a decrease in AWS at the wind turbine (thus de-

creasing Pg) and an increase in propeller thrust to overcome drag (thus increasing

Pp consumed) come as a result of this increase in speed. At a TWS of 13 m/s,

there is a local optimum for UFOWT performance after increasing vessel speed by

about 20 %. This comes about because the wind turbine rotor was initially designed

around a rated wind speed of 10.6 m/s, so at this point it achieves maximum Cp. A

caveat to Figure 3.16 is that vessel speeds are plotted relative to the optimal vessel

speed of each MOWES at each wind speed. This means that, for example, a 20%

increase in vessel speed for the ES will often correspond to a total increase of about

2 m/s whereas the same relative increase for a UFOWT will be between 0.2-0.4 m/s.

Absolute differences in vessel speed can be seen from Figures 3.9d and 3.13d; from

these it is evident that energy ships travel much faster which is likely an advantage in

terms of operation and routing. Overall, similar to the result for sensitivity to TWA,

Figure 3.16 suggests that ESs will perform somewhat better from a capacity factor

perspective than UFOWTs, since they are more flexible to plan routes.

Wind shear effect

All figures presented thus far show power production at the reference height for each

technology respectively. However, the two technologies are very different heights. As
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Figure 3.16: Net power loss for sub-optimal vessel speeds. Panels show individual
wind speeds (V1, m/s). Vessel speed is plotted as a percentage of the optimal vessel
speed (∆Vb/Vb,opt, m/s) over a range of ±50% of the optimal vessel speed for the
given V1 and the optimal TWA.

discussed in section 3.2.4, this means that the UFOWT will experience much higher

average wind speeds than the ES owing to the wind shear effect. Correcting for this,

the normalized net power performance of each technology is shown in Figure 3.17

as a function of the TWS at a constant reference height of 10 m. When accounting

for this difference, the UFOWT outperforms the ES for all wind speeds for an ideal

TWA except for the last one, V10m = 19 m/s. As seen in Table 3.3 at wind turbine

hub height this corresponds to V1 = 27.76 m/s, well above the cut-out speed for the

conventional wind turbine. Although UFOWTs tend to reduce the local wind speed

by moving downwind, in this case the UFOWT is not able to move downwind fast

enough to reduce the wind speed to below the cut-off speed. This is an aspect of

UFOWT design which can be explored further in future studies. Because of wind

shear, the performance comparison in Figure 3.14 may be misleading, however, it

was included since it is conventional to present power curves as a function of the

wind speed at hub height, not at a reference height. The impact of wind shear is

heavily design-dependent, since it relates directly to the height of the technologies.

However, the designs proposed use the largest available Flettner rotors and the largest

published reference wind turbine to make the comparison as fair as possible. This

point must be carefully considered in the overall comparison of MOWESs, as scale

will impact both dynamic feasibility as well as component and sub-system design and

availability.
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Figure 3.17: Effective power curve for each MOWES after accounting for wind shear
effects.

3.4 Discussion

In the subsections that follow the limitations of the models and analysis are discussed.

By virtue of being a preliminary idealized analysis of the performance of these tech-

nologies, many facets of the design and operation of a MOWES were overlooked.

3.4.1 Model concessions

Operating points that maximize the net power for each technology were computed

in a two degree of freedom steady-state model of the system. Two bulk assumptions

are made for these models: the assumption of steady-state, and the modelling of only

two degrees of freedom. Each of these assumptions leads to omissions of details that

should be considered by other models in the future. Firstly, analysing only the steady-

states of the system allows the omission of dynamic wind and wave loading. Studying

the response of these systems to these loads, as has been done for moored FOWTs, is

imperative to understanding whether they are feasible and what design and controls

modifications are required. Standard operational design load cases and extreme events

will need to be analysed, since the system loads and response may differ greatly from

a moored FOWT in both cases. These studies may also help refine estimates of

power performance by considering power production under dynamic inflow conditions.

Secondly, by only modelling the surge and sway degrees of freedom, much is left out
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of the analysis. Modelling only surge and sway is adequate for representing the

dominant steady loads on the system, however, future studies should consider more

degrees of freedom. It will be especially important to analyse the pitching of each

system when operating in severe wave conditions. The yaw behaviour of the UFOWT

is also important to analyse. There may be a net yaw moment on the wind turbine

rotor from variations in local AWA vertically, since the AWS will vary vertically due

to wind shear. To effectively operate at sea, the propellers will need to prevent the

UFOWT from yawing out of the wind.

In addition to the assumptions above, some steady loads have also been omitted

from the analysis. These are namely mean drift wave loading, and loads from ocean

currents. As mentioned in Section 3.1, mean drift loads were considered in a previous

modelling study of UFOWTs [28]. However, for the semi-submersible platform used

here it was expected that mean drift loads should be relatively small compared to

other loads such as wind turbine thrust and platform drag. Whereas for a barge type

platform, mean drift loads may be much larger and therefore should be considered.

The effect of ocean current is omitted for simplicity, although it has been shown that

currents can have a significant impact on the power generated by an UFOWT [7,

73]. Currents will effect UFOWTs and ESs differently, and therefore will impact the

comparisons presented here, but as of yet the effect of currents on the performance of

ESs has not been considered in any study. Ocean currents should also be considered in

larger scale routing analysis as well, as they will impact on overall system trajectories.

There are many aspects which should be kept in mind when evaluating the com-

parisons between ESs and UFOWTs presented here (Figures 3.14, 3.15, 3.17). One

such aspect is that the design of both systems should undergo further iteration. Nei-

ther design has yet been optimized, in terms of subsystem design or overall sizing,

for cost or power production. To establish a more fair comparison between the two

technologies would require design optimization studies for each, however, this is far

beyond the scope of the present work.

3.4.2 Metrics of performance

The power performance of these systems has been compared under many environ-

mental conditions, however, this alone is not adequate for determining if one or both

of these technologies is feasible. More information is also required for clearly deter-

mining if one technology is a better candidate for further development than the other.
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Ideally, the two technologies would be compared on a basis of levelized cost of energy

(LCOE) first, as well as other metrics such as the life-cycle emissions of the tech-

nologies and their impact on other sustainable development goals. Although there is

existing and ongoing research into additional study of ESs, including cost predictions,

so far UFOWTs have many more research gaps. To reasonably estimate the LCOE

of an UFOWT will require dedicated design optimization work as well as implemen-

tation of a weather-routing algorithm for capacity factor optimization of UFOWTs,

as has been done for ESs. The present work has performed some preliminary steps

which are necessary for these proposed further works.

Comparing the two technologies on the basis of power performance has some in-

herent flaws. By directly comparing the power performance of the two, it is as if all

other dimensions are assumed equal (or perhaps irrelevant) for the two technologies.

In reality, there are many other dimensions which are equally as important. The

first of which, as was mentioned above, is the cost of the system. Since ultimately

the viability of MOWESs depends on whether or not they will be able to produce

a valuable product (i.e green e-fuel) at a profit, ultimately the cost per unit power

should be considered. Here, the net power is instead normalized by the rated power

of the system (Γp,net), which provides a less valuable means of comparison. An issue

with Γp,net is that ESs can fundamentally never reach their nameplate rated power,

specifically, the nameplate capacity of the water turbines installed. Thus Γp,net may

be misleading, since at first glance it may seem that under ideal conditions both tech-

nologies should reach Γp,net = 1. This shows that for ESs the water turbine generators

must be designed to be oversized, since some power will always be consumed to run

the Flettner rotors. Indeed, ESs might also benefit from the use of rigid sails or kites

as alternative propulsion technologies to avoid this issue. Normalizing by the rated

power of each system also implies that the power curves/polars for each system would

scale linearly with increasing rated power. This assumption is valid in the case where

multiples of the same design are deployed, i.e a fleet of ten 1.5 MW ESs could be di-

rectly compared to a 15 MW UFOWT. However, for individual systems with different

rated powers (i.e a 5MW wind turbine vs. a 15MW wind turbine) this assumption

may not hold exactly, since many design aspects may change with changing size.

There are many factors other than power production that are also important for

the feasibility of MOWESs. One such factor is the system stability while in operation,

as discussed earlier. The operational vessel speeds will strongly play into the dynamics

of each system, and so it is important to also compare them. Under most operating
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conditions where the ES is producing considerable power, it is travelling at a speed

of 10 m/s or about 20 kn (see Figure 3.13d). This is comparable to average speeds

of container ships which range from 18 − 24 kn [76, 86], but is much slower than

the largest high-speed catamarans which travel at around 38 kn [75]. For high-speed

vessels in severe wave environments, wave-slamming loads and subsequent whipping

effects may be crucial to the operation and lifetime of the vessel, and so should also

be considered for ESs in the future [75, 87]. While the UFOWT travels much slower,

only around 1−3 m/s (see Figure 3.9d), it is a much taller and heavier structure. No

matter the effect of speed on the dynamics of the systems, moving faster may be an

asset operationally, since it means the system can return to offload fuel more quickly

and also travel to far-offshore areas with high wind speeds more quickly. This effect,

and the robustness of each technology to operate in non-ideal TWAs and headings,

come into play when determining routes for the system which maximize fuel/energy

production, such as in [50].

3.4.3 Other Differences

Although this work has focused on quantitatively comparing the two MOWES tech-

nologies discussed, other important qualitative differences also exist between the two.

One such difference is that each will rely on different supply chains to be manufactured

at a large-scale. UFOWTs will benefit greatly from the existing wind turbine manu-

facturers, and port infrastructure that is being developed for FOWTs, and continues

to develop as power grids become more electrified. On the other hand, ESs may ben-

efit from growth of the wind propulsion sector, as the shipping sector decarbonizes.

While some examples of deployed full-scale wind propulsion technologies exist, the

global manufacturing capacity for wind turbine components is much greater.

3.5 Conclusions

As the offshore wind industry grows, far-offshore wind systems should be considered

as an option for green e-fuel production. Steady-state, two degree of freedom models

of two candidate MOWESs, the ES and the UFOWT, are presented. The ES model is

reproduced from the work of Babarit et al. [4] to compare the power performance of

ESs to that of UFOWTs. The UFOWT model achieves steady-state in surge and sway

by determining the thrust required by the propellers to sustain wind turbine thrust
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loads as well as platform drag. Both technologies have dedicated subsystems for power

generation and subsystems which consume power for propulsion. An optimization is

employed to determine operating points for these systems that maximize net power

generation over a range of possible wind speeds and TWAs.

Model results presented show some relative strengths of the ES and the UFOWT

when compared to one another. While an UFOWT is able to produce a higher

fraction of its rated power under ideal wind conditions compared to an ES, an ES is

more robust to operating in various headings/TWAs as well as various vessel speeds.

Both peak operating efficiency and robustness to operating in sub-optimal conditions

will impact the capacity factor of the systems. A relative advantage of UFOWTs

over ESs is that they benefit more from the effect of wind shear because of their

prodigious height. Regeneration via the propellers was not an exploitable means of

power generation for the UFOWT design used here, however, it may be exploitable

given a more rigorous design process. Further work is required to compute estimates

of the capacity factor of an UFOWT to be compared to published ES capacity factors.

Neither technology should be ruled out as a potentially cost-effective, novel, means of

producing green e-fuels that are necessary for the ongoing global energy transition.
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Chapter 4

Conclusions

Herein I have endeavoured to examine the feasibility of MOWESs through the de-

velopment and analysis of numerical models. More specifically, this work focuses

on determining the power production of these systems to assess how they perform

relative to conventional wind turbines. Two unique numerical models of UFOWTs

were developed and an ES model was produced based on a well established model.

A one-dimensional steady-state model of a UFOWT was developed first to analyse

large-scale design choices, such as subsystem sizing, and operational choices, such as

upwind versus downwind operation. Subsequently, a two-dimensional steady-state

model was developed to look at UFOWT power production in more detail. A two-

dimensional ES model was also developed based on the work of Babarit et al. for the

sake of comparison [4]. An optimization scheme was employed to guarantee that the

latter models arrive at operating points that correspond to optimal power production

under any given set of wind conditions. All models were developed to allow for in-

vestigation into key design and operation questions for MOWESs, outlined in section

1.2. Model results have given promising direction for further MOWES research in

terms of dynamics modelling, design optimization, optimal control, and routing.

The main metric of interest for this work has been net power production. Power

production is a core metric in itself, and is also useful for subsequent analyses. Indeed,

to evaluate the cost of energy, to evaluate system design choices, and to determine

the consequences of system dynamics the power production of the system must first

be well understood. The main contribution of this work is in producing a readily-

reproducible power performance model of a UFOWT that predicts it’s optimal power

production for a given design under any wind conditions.
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4.1 Key Findings

Model results lead to several important conclusions on the design and operation of

MOWESs, discussed in turn here:

1. No matter how the UFOWT is designed, it may always achieve higher net power

production by moving than by remaining stationary.

Despite the consensus in existing literature of modelling UFOWTs only to be

station-kept, results of both models suggest that mobile UFOWTs generate

more power. Figure 2.6 shows that for low-drag systems it is best for the system

to operate moving upwind, whereas for high-drag systems moving downwind

is better. This is corroborated by the results of the 2D model developed in

chapter 3. The design used in this case was a high-drag one, using a semi-

submersible platform, and the optimization determined that moving downwind

can lead to rated power production whereas moving upwind produces much less.

This result should serve to direct further research into mobile concepts instead

of strictly station-kept unmoored systems. In particular, research directed at

hull/platform optimization and wind turbine rotor design to optimize UFOWT

operating points will be necessary.

2. Both UFOWT designs that are intended to move upwind or downwind may be

feasible. Higher maximum power production is predicted for downwind UFOWT

designs than upwind designs.

Results of the one-dimensional UFOWT model show that designs based on exist-

ing concepts for upwind and downwind UFOWTs may both be feasible. While

downwind designs seem to produce more power under ideal conditions, upwind

designs may have other logistical and operational benefits. Upwind concepts re-

quire a low-drag subsystem such as a ship hull and will tend to move faster than

downwind systems. Because of this, they may be able to reach areas of high

wind quicker, resulting in an increase in CF. Also similarly to ESs, they may

be more robust to operating at non-ideal vessel speeds. Downwind concepts

can produce more power under ideal conditions, but as shown in Figure 3.16,

they are extremely sensitive to changes in vessel speed. Although it was not

directly exploited in model results presented, power take-off by the thrusters in

downwind operation may also be possible to further increase net power above
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conventional wind turbine rated power. Both design types merit further inves-

tigation, especially at the level of routing optimization to see if the potential

upsides of upwind UFOWTs can be exploited.

3. UFOWTs can produce as much power as a stationary turbine in above-rated

wind speeds.

Although not predicted by the one-dimensional UFOWT model, the two-dimensional

model shows that UFOWTs can produce up to the same rated power as a con-

ventional wind turbine when operating in above rated wind speeds. This result

is not present in the one-dimensional model, and indeed is not present in other

existing literature, since it does not account for the thrust and power coefficients

of the wind turbine and how they change in the different regions of operation.

Figure 3.11 shows that the power curve for the UFOWT reaches rated power

at wind speeds about 2 m/s higher than the conventional FOWT. However,

given that wind speeds are higher offshore, this shift may be effectively offset

by operating in the open ocean. More detailed design studies should consider

this when sizing the wind turbine rotor and generator for UFOWTs. Power pro-

duction will also be affected by the system dynamics, and so this result should

be confirmed using future dynamic UFOWT simulations.

4. Under ideal conditions, an UFOWT produces more power than an ES, however,

ESs are more robust to non-ideal conditions.

Figure 3.14 directly compares power production of the two technologies, showing

that UFOWTs are able to produce more power at high wind speeds. When

wind shear is accounted for (Figure 3.17), UFOWTs produce more power at

all wind speeds within their operating range. Together these results suggest

that no matter the relative physical scale of the technologies, UFOWTs’ power

production under ideal conditions is greater than that of ESs. This result comes

in part from the fact that ESs will always consume some power to spin the

Flettner rotors, meaning they will never reach their nameplate rated power.

The advantage of ESs is that their power production remains relatively higher

than UFOWTs’ for sub-optimal vessel speeds. This illustrates the importance

of further research into routing of UFOWTs, so that an estimate of their CF

can be calculated and see if the operational/routing benefits of ESs outweigh

the better peak performance of UFOWTs.
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5. Both types of MOWESs discussed merit further research.

Many differences between UFOWTs and ESs are described in chapter 3, but

ultimately the discrepancies between their predicted performance are not sub-

stantial enough to dissuade continued research into either concept. The signif-

icant differences presented herein may guide intuition into expected results of

future work. For example, since UFOWTs tend to move much slower than en-

ergy ships, it is expected that their CF over a short period will vary much more

than for ESs, since they cannot as easily reach areas with locally high wind

speeds. UFOWTs also tend to incur greater losses for operating in non-ideal

conditions, which may also increase the variance in CFs. On the other hand,

the higher speeds of ESs create greater risk of wave-slamming events which may

limit their operational sea states. Much more research, as outlined in section

4.2, is necessary to conclusively say if one technology is more economical, more

efficient, or otherwise more feasible than the other.

MOWESs have proven to be a potentially viable means of producing renewable

energy far-offshore and for off-grid processes at this level of analysis. Models devel-

oped here have built upon existing models, and advanced modelling methodology for

UFOWTs. Results for ES and UFOWT power performance are promising, though in

most cases they are not able to produce as much power as conventional FOWTs. That

said, MOWESs need not produce as much power as existing renewables since they are

exploiting an otherwise unused part of the wind resource. From a global climate and

decarbonization perspective, MOWESs may appear to be a distraction away from

more well-established renewable energy systems. However, MOWESs occupy a niche

in that they can provide green fuels, a commodity which there is a growing need for,

without competing for grid power or space on- or off-shore. Many technical barriers

remain before MOWESs may be technologically ready, however, these can be tack-

led through research and development in academia or industry, leveraging existing

institutions in wind energy. Existing manufacturing capacity of important parts for

MOWESs (such as wind turbine blades or Flettner rotors) developed for the wind

energy and wind propulsion sectors may help MOWESs scale-up faster than concepts

relying on wholly novel energy generation strategies. Although MOWESs may seem

far-fetched at first, that is often true of innovative technologies, especially those that

reshape our world.
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4.2 Future Work

Although the main focus of this work was to understand the fundamental power

performance of MOWESs and how they relate to design and operation, many other re-

lated and important research questions remain unanswered. Other aspects of MOWESs

such as dynamics may directly impact power performance. Still others such as routing

will not directly impact power performance, but will impact the energy production

and therefore the CF. The goal of this section is to outline the most important research

questions which were not the main focus of this work, but that require attention in the

future. This chapter focuses on three main topics for future MOWES development:

1. System Dynamics: All MOWESs will interact with stochastic winds and waves.

The response of the system under these conditions may directly impact power

performance and will also need to be verified against system dynamics con-

straints. Changes in system loads may also affect the fatigue life of system

components, potentially resulting in more frequent maintenance.

2. Course Routing: To achieve optimal CFs, MOWESs must choose courses which

maximize power production along the way. Although research exists on weather

routing of energy ships, this has not yet been generalized to other concepts [50].

3. Holistic System Design Optimization: MOWESs have several component sys-

tems, each of which can vary in many aspects. Thus far, MOWES designs are

based on reference designs used in other contexts; this means that a power/energy

optimal or cost optimal system design has not yet been identified. Component

level optimization may also be necessary, such as optimizing the wind turbine

rotor for UFOWTs to tailor thrust and power coefficients to optimal operating

points. Design of other subsystems that were not studied here is also necessary,

such as sizing and control of the PtX or CO2 capture system with associated

storage systems to use the produced power efficiently.

It is important to note that although these topics are presented independently,

they are, realistically, interconnected. For example, an algorithm may be developed

to optimize the course of a given MOWES, but the solutions produced for that given

system depend inherently on the design of the system. The course may also depend

upon results of system dynamics studies, since the harshest environmental conditions

may need to be avoided for system safety. Here each research topic is addressed in
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isolation and it is expected that results of each should be used to guide subsequent

studies. This section may also serve to guide future research projects focused on

MOWESs.

Other important research topics will also arise, that are not directly addressed

below. These may include lifecycle emissions assessments, environmental assessments,

supply-chain and scalability assessments, operational and maintenance assessments,

and other yet unknown challenges. Furthermore, the models developed herein can be

used directly for further analysis, such as a combined sensitivity analysis of MOWESs

to operation in any TWA and at any vessel speed. This would combine the results

from Figures 3.15 and 3.16, and would explore a space that combines the ranges of

these to understand MOWES performance over all possible operating conditions.

4.2.1 System Dynamics

UFOWTs

As of yet, the dynamics of UFOWTs have not been studied to a satisfactory extent.

Multi-DOF, coupled simulations of aerodynamics, hydrodynamics, flexible body dy-

namics, and control dynamics are commonplace for FOWT research, however, so far

UFOWT simulations have been limited to only some of these aspects. The work of

Xu et al. focused on time-domain simulation of an UFOWT, but used a simplified

aerodynamics model and was limited to a stationary UFOWT [7]. Willeke simulated

a fully-coupled UFOWT system, however, the results were limited by the omission of

a propulsion system to stabilize the UFOWT, resulting in failed simulations due to

large rotations of the system [29].

Novel modelling methodology may be required to construct an accurate dynam-

ics model of a UFOWT. Multi-physics models such as OpenFAST represent different

physical phenomena through separate modules, however, in the case of OpenFAST

there is no module to represent the propellers of an UFOWT [88, 89]. OpenFAST

in particular has been extended to include more modules (i.e MoorDyn for dynamic

mooring system simulation [90, 91]), and also adapted for different applications such

as airborne wind energy and the program KiteFAST [92]. For UFOWTs, the pro-

pellers must be actively controlled based on changing environmental conditions, and

so a coupled modelling approach including propeller control system integration is

likely necessary. Existing FOWT models may also need to be adapted for the fact

that UFOWTs should operate about a constant (and non-zero) velocity in most cases
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to maximize power production. This will have an impact on the wind-system and

wave-system interactions. Wind and wave conditions are represented using frequency

dependent spectra. Since UFOWTs will move during operation they will tend to

encounter the wind and waves at different frequencies (referred to as encounter fre-

quency) than their ambient frequencies. The implications of this are that depending

on the heading of the UFOWT relative to the wind and wave directions, the UFOWT

will experience forcing in different proportions at different frequencies than for a con-

ventional FOWT. System natural frequencies may be excited or potentially avoided

because of this shift, so some parts of UFOWT designs such as tower design and

controller designs may need to be reconsidered based on dynamics simulation results.

A coupled model will be necessary to capture all relevant effects, such as the well-

known problem of negative-damping that can occur when a floating wind turbine’s

blade pitch controller acts at a similar frequency to the rigid-body pitch natural fre-

quency of the system [93]. For UFOWTs, a controller for the propeller system will

also need to be designed and similar effects with the effective damping due to the

controller should be considered.

Representative and extreme load cases (LCs) will also be very different for UFOWTs

than for FOWTs. Given the fact that the system operates far-offshore, it is reason-

able to assume that the average sea state that it operates in will be more severe than

those of conventional FOWTs in shallower waters. This will have an effect on the

ultimate loads experienced by the UFOWT, for example since a 1-year wave event far

offshore will be much worse than a 1-year wave event near shore. More severe average

sea states will also impact fatigue loads. A representative operational sea-state will

be more severe for UFOWTs than FOWTs, so average wave-loading will increase and

therefore so will the response of the UFOWT. This means that in normal operation

UFOWTs may be heaving and pitching more than a conventional FOWT under anal-

ogous LCs, which could be detrimental to the fatigue life of the system. Standard

sets of design LCs exist for FOWTs (see [94, 95]), but these will need to be revised

for UFOWTs considering the system is unmoored and mobile while operating.

Energy ships

No work has yet been published on the dynamics of an ES. Similarly to an UFOWT,

ES system dynamics will impact the power production since power generated depends

on the vessel speed. For a course project during my degree program I developed a
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model of an ES in ProteusDS to examine the effect of system dynamics on stability

and power production [96]. Model results suggest that the effect of wave-loading

on the ship can positively affect power production in cases where waves propagate

in the same direction as the ship, whereas large power losses occur when the ship

sails against the waves. In terms of stability, the ship showed large pitch and roll

rates when subjected to harsh wave environments. A more detailed model is required

to verify the results of this model, however, these results show that investigating

the dynamics warrants further research. Results of such an ES model may better

inform system design, such as through analysing ultimate loads on the Flettner rotors

under various environmental conditions and headings. Similarly to UFOWTs, active

control systems will need to be designed for the propulsion and generation subsystems;

coupled dynamics models of ESs should include these to fully capture coupled effects.

4.2.2 Course Routing

Determining a route for a MOWES is an essential problem in determining it’s energy

production. Typically, for stationary wind turbines the annual energy production

(AEP) is determined by simply numerically integrating the power produced by the

wind turbine given the wind speed at each point in time, over a period of time. This is

analogous to the numerator of equation 1.1. However, since wind speeds vary spatially

and MOWESs are mobile, the summation must consider the wind speed locally in

both time and space:

AEPMOWES =
T∑
i=0

P (Vi(ti, xi, yi))∆t

where xi and yi indicate the position of the vessel at time ti. The fact that the system

is mobile in this case introduces an optimization problem which is not present for sta-

tionary wind turbines. Since the MOWES has control over the course it takes, it may

maximize energy production by intelligently choosing its path relative to stochastic

weather systems. Optimal courses for each individual route may vary greatly de-

pending on weather system variation. Moreover, the design of the system will greatly

influence routing decision-making based on factors such as operational vessel speeds,

optimal headings, limiting extreme weather conditions, and quantity of storage on-

board the vessel. Re-evaluating MOWES designs based on routing results may also

be necessary, although this combined design and operation problem may be very
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complex.

Weather routing for energy ships has been studied by Abd Jamil et al. [50, 40].

Their work modifies an existing routing optimization program, traditionally used for

planning optimal routes for shipping vessels, to instead optimize energy production.

For routes in the north Atlantic ocean, they compute CFs of up to 95%, with an

average capacity factor of above 80%. Existing floating offshore wind farms have

reported CFs of 50% or more, suggesting that energy ships can be effective at taking

advantage of the higher wind speeds that are present far offshore [34]. Despite this,

it is important to recall that the CF is a relative measure of energy captured to what

is possible based on the nameplate rated power of the system (see equation 1.1).

This means that a system with very large generator capacity, such as a 15 MW wind

turbine, with a much lower CF may out-perform a smaller capacity system with much

higher CF. At this level, it becomes apparent why LCOE is an important metric to

compare across multiple systems in a fair and unambiguous way, since it accounts for

the energy production dimensionally. Although it is promising that energy ships can

produce such high CFs, no similar published result exists for UFOWTs. Based on

the results of chapter 3, UFOWTs may have a much higher variability in their CFs

since their power output reduces more in sub-optimal environmental conditions than

ESs’.

As part of the coursework for my degree program, I developed a similar routing

model and applied it to the case of energy ships, but examined the area off the coast

of the Pacific Northwest [9]. Figure 4.1 shows the mean wind speed at each point in

the space available to the energy ship in the model. Instead of using an optimization

approach, a weighted rules-based controller was developed that makes use of several

parameters: local wind speed, local average wind power density, efficiency of the

energy ship under current conditions, and change in heading. Several model tunings

were tested, and most performed quite similarly to one another, achieving average

CFs of 57% over many random trials. CFs were also calculated for hypothetical

stationary wind turbines at each grid-point. The maximum CF achieved by a wind

turbine over the chosen area was 0.65; less than the maximum for ESs computed in

[50], but greater than the average for any model tuning. These results show that

CFs may vary largely depending on the location where energy ships are deployed, as

evidenced by [40].
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Figure 4.1: 6-month (Jul.-Dec. 2017) mean wind speed (m/s) off the coast of the
Pacific Northwest from the ERA5 re-analysis dataset [8]. A sample ES route is
plotted for a one week voyage. Based on course work from [9].

4.2.3 System Design Optimization

The problem of system design is mentioned throughout this work, since the design

of the system affects all model results. No design optimization studies have been

conducted yet for UFOWTs or ESs. It is reasonable to assume from this that im-

provements may be made in the design of each type of MOWES in terms of efficiency

and cost. System design optimization could be performed at many levels from ro-

tor/platform sizing down to wind turbine blade optimization. Results presented in

chapters 2 and 3 show the importance of analysing MOWES designs at various lev-

els. Figures 2.5 and 2.6 show the impact of large-scale subsystem design on power

performance and on ideal system operation. In addition, Figures 3.11 and 3.12 show

the consequences of operational decisions, which should ultimately be designed for.

MOWESs have many subsystems and therefore many design choices are neces-

sary. Optimizing the design of all components holistically may require significant

computational effort since many design variables would be required. There are also

multiple possible objective functions to be considered, such as cost metrics, dynamic

stability metrics, fatigue life metrics, and life-cycle emissions metrics. It therefore

seems prudent to study subsystem design individually first, identifying where major
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gains may be possible in this way. Based on the results of this work, for UFOWTs

I recommend first looking into thruster design optimization. Results of chapter 3

show that UFOWTs are at their most efficient when the thrusters do not operate

at all, however, the thrusters in reality will need to operate often to stabilize and

course-keep the system. As well, further investigation of thruster design may show if

multi-purpose thruster/turbine designs are feasible using variable pitch thrusters or

through other means. Co-design of the platform and wind turbine will also be key

for maximizing UFOWT power output, since ideal power production is driven largely

by the wind turbine thrust-power tradeoff as well as platform drag to counteract the

thrust. This could be done through optimization by using an objective function cor-

responding to the net UFOWT power output (i.e Γp.net or similar), or combined with

a routing algorithm using an objective of system energy production. A vast design

space is possible for such an optimization, spanning wind turbine blade characteris-

tics (i.e chord, twist, blade length etc.) as well as platform characteristics (i.e draft,

number of columns, column diameter, waterplane area etc.).

In the case of ESs, system design may also still be optimized. Clodic et al.

concluded that many propulsion technologies may be suitable for energy ships, but

further work has focused on Flettner rotor based designs. Re-evaluation of alternative

propulsion technologies may be prudent as the wind propulsion sector grows, since

one of the major barriers for other propulsion technologies (such as kite wings and

turbo-sails) is a lack of technological maturity. The combined design and routing

problem will also be important in this case, since different propulsion technologies

will perform best under different wind conditions, thus changing optimal routes.



85

Bibliography

[1] E. Gaertner, J. Rinker, L. Sethuraman, F. Zahle, B. Anderson, G. Barter, N. Ab-

bas, F. Meng, P. Bortolotti, W. Skrzypinksi, G. Scott, R. Feil, H. Bredmose,

K. Dykes, M. Shields, C. Allen, and A. M. Viselli, “IEA Wind TCP Task 37:

Definition of the IEA 15-Megawatt Offshore Reference Wind Turbine,” Technical

Report NREL/TP-5000-75698, NREL, 2020.

[2] C. Allen, A. Viscelli, H. Dagher, A. Goupee, E. Gaertner, N. Abbas, M. Hall, and

G. Barter, “Definition of the UMaine VolturnUS-S Reference Platform Developed

for the IEA Wind 15-Megawatt Offshore Reference Wind Turbine,” Tech. Rep.

NREL/TP-5000-76773, 1660012, MainId:9434, July 2020.

[3] M. M. Bernitsas, D. Ray, and P. Kinley, “Kt, Kq, and Effficiency Curves for

the Wageningen B-Series Propellers,” Tech. Rep. 237, University of Michigan,

Departmenet of Naval Architecture and Marine Engineering, University of Michi,

May 1981.

[4] A. Babarit, F. Gorintin, P. de Belizal, A. Neau, G. Bordogna, and J.-C.

Gilloteaux, “Exploitation of the far-offshore wind energy resource by fleets of

energy ships – Part 2: Updated ship design and cost of energy estimate,” Wind

Energy Science Discussions, pp. 1–22, June 2021. Publisher: Copernicus GmbH.

[5] Norespower, “Rotor Sail Technical Specifications,” brochure, Norsepower,

Helsinki, Finland.

[6] F. Tillig and J. W. Ringsberg, “Design, operation and analysis of wind-assisted

cargo ships,” Ocean Engineering, vol. 211, p. 107603, Sept. 2020.

[7] S. Xu, M. Murai, X. Wang, and K. Takahashi, “A novel conceptual design of

a dynamically positioned floating wind turbine,” Ocean Engineering, vol. 221,

p. 108528, Feb. 2021.



86

[8] H. Hersbach, B. Bell, P. Berrisford, G. Biavati, A. Horányi, J. Muñoz Sabater,
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