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Summary

In 2015, 196 countries signed the Paris Agreement as an organised effort to mitigate the adverse
effects of climate change. Ever since, renewable forms of energy, and especially wind energy,
have become an integral part of the energy infrastructure around the globe. However, the con-
stant increase of installed wind capacity has put a strain on the selection of potential onshore
locations for wind turbine installation. As a result, the wind industry is focusing on offshore
applications, mainly with the use of bottom-fixed sub-structures. Nevertheless, research commu-
nity has started shifting their interest in floating wind turbine designs to harvest the abundant
wind potential of far-offshore locations, sited in water depths where monopiles and jacket sub-
structures are not economically feasible. Despite the progress on the design of such floating
units, there is still no consensus upon their optimum installation and maintenance strategies,
activities which comprise one third of the lifetime cost of a floating wind farm.

The aim of this research is to gain understanding on the optimum installation and maintenance
strategies for semi-submersible and spar buoy floating units based on their cost and duration.
Towards this direction, four different installation strategies are investigated: semi-submersible
installation with wind turbine assembly at quayside, semi-submersible installation with wind
turbine assembly at wind farm site, spar buoy installation with wind turbine - spar buoy assembly
in a single lift with a Heavy Lift Vessel (HLV) and spar buoy installation with wind turbine
assembly on the spar buoy with multiple lifts with a crane barge. Furthermore, based on the
type of the required maintenance activities, the onsite minor and major repairs of wind turbines
with the use of a Crew Transfer Vessel (CTV) or a Walk-to-Work vessel (W2W) are examined,
as well as the onsite or offsite replacement of major wind turbine components for wind turbines
installed on both semi-submersible and spar buoy floating sub-structures. In the context of
this thesis, a deterministic installation and Operation and Maintenance (O&M) model was
developed. This model relies on various input data, including weather time series for near-shore
and far-offshore locations, vessels and facilities costs, personnel and components costs as well as
an electricity price for the calculation of the lost revenue due to downtime.

The analysis of the installation and maintenance strategies is based both on a base case scenario
and a sensitivity analysis of the main factors influencing the cost and duration of offshore
activities: distance from shore/port and weather limits of activities. The results show that
semi-submersible installation with wind turbine assembly at quayside is the most cost-effective
and fastest of all implemented strategies, followed by the spar buoy installation with HLV.
The spar buoy installation with a crane barge and the semi-submersible installation with wind
turbine assembly at wind farm site are characterised by higher installation cost and duration,
due to the increased number of trips and the adverse weather conditions at site, respectively.
Furthermore, the use of a CTV for onsite repairs is more cost-effective, albeit slower, approach
than the W2W one, for all examined distances and weather limits. Finally, the offsite major
replacement strategy for semi-submersibles is the most cost-effective of the examined strategies.
No definitive conclusion can be drawn on the best major component replacement strategy for
spar buoys, as the cost difference between the onsite and offsite approach is small. When the
cost difference of different installation and maintenance strategies is low, the final choice depends
on the volatile vessel rates and the electricity market prices.
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1 | Introduction

In this Chapter, the current development trends of the wind industry are introduced, leading
to the formulation of the research questions for this thesis. The structure of this Chapter
follows; section 1.1 provides an overview of the current wind energy industry trends, section 1.2
gives an overview of the main components within floating wind farms, section 1.3 introduces
the installation and O&M of floating wind farms, and section 1.4 presents the main research
question and sub-questions of this thesis.

1.1 Background
In 2015, 196 countries signed the Paris Agreement as an organised effort to mitigate the adverse
effects of climate change [1]. Ever since, the integration of renewable energy technologies in the
current energy mix has increased in a fast rate around the globe, with wind turbines being one
of the most mature renewable technologies. In 2015, the cumulative installed wind capacity was
433 GW, while in 2020, it increased up to 743 GW [2]. This trend of new wind installations
is expected to continue in the following years, with a total new installed capacity of 469 GW
forecast for the next five years. In 2019, wind energy accounted for 5.3% of the global electricity
production and 20.3% of the global renewable electricity production, when also accounting for
hydroelectric power among the renewable electricity sources [3].

The constant increase of installed wind capacity has made the selection of potential onshore
locations for wind turbine installation a more difficult procedure. This is mainly due to wind
farms’ visual and acoustic constraints near populated areas, as well as the need to preserve and
protect areas of high natural significance [4]. All these reasons, together with the high wind
potential of offshore sites, have pushed the research towards offshore installations. Offshore sites
are characterised by higher average wind speeds and lower turbulence, which result in higher
energy yields and lower fatigue for the wind turbines, respectively [4]. In addition, larger wind
turbines can be deployed, since sea transportation imposes less stringent restrictions on the
turbine size.

Nevertheless, offshore wind energy has also various disadvantages compared to onshore instal-
lations. Marine environments are harsh and wind turbines have to withstand high wind speeds
and also wave loading. Furthermore, due to distance from shore and harsh weather conditions,
installation and O&M phases of offshore wind farms are characterised by restricted weather win-
dows, resulting in longer downtime, lower availability and higher cost. Moreover, installation
and O&M of offshore wind turbines require the deployment of specialised vessels and equipment
compared to onshore ones, resulting in higher installation and O&M costs [4].

From 2015 until 2020, offshore wind installations increased by almost 200%, from 12 GW to 35.3
GW [2]. This trend is expected to remain, with 70 GW of offshore wind projected to be installed
in the next five years [2]. European countries have been the pioneers towards harvesting offshore
wind, as almost 70% of total installed offshore wind capacity is found in Europe. China has
also invested in offshore wind, with a total share of 28%, while the rest of the installations are
scattered around the globe [2]. From the current and future installations, it is apparent that
offshore wind will take a larger share in the energy mix. Offshore commercial projects have
predominantly focused on bottom-fixed solutions in shallow waters near shore. Most offshore
wind farms implement monopile and jacket sub-structures, which are currently economically

1



1.2. FLOATING WIND FARM COMPONENTS 2

viable for depths up to 60 m [5].

For water depths greater than 60 m, floating sub-structures emerge as the most economically
viable option, as bottom-fixed solutions would require extra production costs and higher struc-
tural properties [6]. The load handling capabilities of the mooring lines of the floating units are
most effective between 80-150 m depth [6]. It is worth mentioning that bottom-fixed solutions
might also not be feasible in shallow waters as well, depending on the sea-bed conditions, which
might hinder such an installation. In this case, floating wind can also emerge as an ideal can-
didate to harvest the wind potential at these sites. However, when both solutions are feasible
in such depths, the Capital Expenditure (CAPEX) of floating wind farms is expected to be
around 15% higher than the bottom-fixed ones, mainly due to the requirement of mooring and
anchoring systems as well as dynamic electrical cables [6]. This cost advantage of bottom-fixed
solutions ceases to exist at water depths greater than 60 m, as aforementioned. In general, the
integration of floating wind farms is highly facilitated if the following conditions apply in the
site of interest: high wind potential, adequate water depths, proximity to ports and population
centres, grid infrastructure and renewable incentives [7]. According to projections, floating wind
could cover around 5% to 15% of the total offshore installations by 2050 [5].

It should be noted, however, that the high capital costs of floating wind farms might hinder
their development, even if there is considerable Levelised Cost of Energy (LCOE) reduction
potential [8]. Therefore, policy support for the development of floating wind is essential for
its cost reduction and increased competitiveness [4, 6]. Through such financial support, high
volume production, development of supply chains and learning-by-doing can result into cost
reduction and increase of installed capacity.

As aforementioned, far-offshore locations are ideal for achieving high capacity factors with larger
wind turbines. Offshore wind farms are connected to the onshore substation with export cables,
which directly transmit electricity to the grid. Nevertheless, challenges may arise due to the
wind farm’s intermittent, non-dispatchable electricity output. This volatility puts an extra
strain on the constant balance between electricity supply and demand, a prerequisite for the
smooth operation of the electricity sector. In addition, further strengthening of the electricity
grid, possibly in remote areas, is needed to integrate offshore wind farms [9].

These challenges can be alleviated by coupling hydrogen production, through the addition of an
electrolyser, with the offshore wind farm. The produced green hydrogen could act as a storage
mechanism, which could be exploited in cases of low wind availability and thus contribute to the
balance of the grid. Moreover, a far-offshore wind farm could solely produce hydrogen which
could be further utilised upon request for different energy requirements, like heating, transport,
or onshore electricity production when the demand is high [9]. Acknowledging all these benefits,
European Union (EU) has proposed an ambitious plan to install 40 GW of electrolysers in EU
countries by 2030. Furthermore, EU aims to support the construction of another 40 GW of
electrolysers in neighbouring countries to import the produced hydrogen [10].

1.2 Floating wind farm components
Floating wind farms consist of different main subsystems: the wind turbine, the floating sub-
structure, the anchoring and mooring system and the electrical Balance of Plant. If the wind
farm is partially or totally dedicated to the production of hydrogen, the installation of ad-
ditional components is essential, including electrolysers, desalination and compression units.
These subsystems are introduced in this section in the following structure; wind turbines for
floating applications are presented in subsection 1.2.1, characteristics of floating sub-structures
are introduced in subsection 1.2.2 and the main anchoring and mooring systems are presented in
section 1.2.3. Finally, information about the electrical balance of plant and hydrogen production
components of floating wind is presented in subsections 1.2.4 and 1.2.5, respectively.
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1.2.1 Floating wind turbines

As aforementioned, large wind turbines can be introduced in offshore applications as there are
lower constraints for their transportation. Typical are the examples of the Hywind Tampen spar-
buoy-based floating wind farm, which will comprise 11 wind turbines with a nominal capacity
of 8.6 MW each [11], and of the Kincardine semi-submersible-based floating wind farm, which
comprises five wind turbines with a nominal capacity of 9.5 MW each, as well as a 2 MW wind
turbine [12]. To match the trend that sees offshore wind turbines become larger and larger,
International Energy Agency (IEA) has proposed a reference wind turbine of 15 MW nominal
power output [13]. This reference wind turbine is a Class IB direct-drive turbine, with a rotor
diameter of 240 m and a hub height of 150 m. In general, direct-drive wind turbine generators
are characterised by several advantages compared to the geared drivetrains, including lower
complexity, fewer parts, higher reliability and additional flexibility in designing, characteristics
of high importance for far-offshore applications, where the accessibility of the structure is reduced
due to the harsh weather conditions.

1.2.2 Floating sub-structures

Despite the novelty of floating wind farms, various types of sub-structures have already been
developed. Typical floating support structures are the spar buoy, semi-submersible, and Tension
Leg Platform (TLP), as it is shown in Figure 1.1. Hybrid designs combining the advantages of
different concepts are also under development (e.g. GICON or TetraSpar). Semi-submersibles
mainly maintain their stability through displaced buoyancy, spar buoys through a gravity-based
righting moment and TLPs through tensioned mooring lines [6]. The main characteristics of
these three types of sub-structures follow [6, 14]:

Figure 1.1: Schematic overview of the most common floating sub-structure concepts. From left
to right: spar buoy, TLP, semi-submersible [15].

• The ballasted mass of a semi-submersible, designed to support a 15 MWwind turbine, is in the
order of 30,000 tons. Semi-submersibles are characterised by low draft which simplifies towing
operations. The outer columns can be filled with sea water to reach the operational draft at
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site. Due to their buoyant and stable structure, they are able to withstand increased wave
loading and offer a lively dynamic performance of the whole structure. Semi-submersibles
are supposed to perform better for applications in water depths around 30-300 m.

• The ballasted mass of a spar buoy, designed to support a 15 MW wind turbine, is in the
order of 40,000 tons. Due to their high draft, spar buoys are ideal for locations with water
depths above 100 m and moderate wave loads and gusts.

• The dry mass of a TLP, designed to support a 15 MW wind turbine, is in the order of 5,000
tons and no ballast is required, resulting in a low-mass structure. TLP’s stability is achieved
by vertical lines in tension, the fatigue life of which is yet to be fully understood in respect to
turbine loading. This sub-structure is suitable for severe wave environments, as the increase
in tower loads, due to installing the wind turbine on a floating sub-structure, is expected to
be lower than for the other floater concepts. They are ideal for applications in water depths
around 40-350 m.

1.2.3 Anchoring and mooring system

Catenary mooring lines are a suitable solution for semi-submersibles and spar buoys. Catenary
moorings have a bigger sea-bed footprint [4] and are usually more expensive than the tendons
required by TLPs, due to their higher weight and dimensions compared to the latter. On the
other hand, TLPs make use of much more expensive anchors than the other two concepts, but
their less expensive mooring lines lead to a lower overall mooring system cost [16]. Finally,
steel chains are used for the catenary mooring lines of semi-submersibles and spar buoys, while
synthetic fibres are viable in the case of TLPs [17].

In general, drag embedment anchors are a suitable choice in the case of catenary mooring
systems, as slack catenary mooring systems are designed to avoid vertical loads at the anchor.
On the other hand, the tendons of TLPs have to withstand vertical loads, thus disqualifying drag
embedment anchors as an option. In that case, a suction pile anchor or a vertical load anchor
should be preferred instead [4, 18]. However, the selection of the most appropriate anchors
largely depends on the seabed conditions at the wind farm site [6].

1.2.4 Electrical balance of plant

The main electrical components of a floating wind farm are the inter-array cables, the offshore
sub-station, the export cable and the onshore sub-station. Some characteristics of these compo-
nents follow:

• Inter-array cables connect wind turbines within a string with each other and different strings
with the offshore sub-station, in order to transfer the produced electricity. The fatigue of the
electrical cables is one of the most important factors to be taken into consideration at the
design phase of floating wind farms, primarily due to floating turbines motion. Therefore,
the use of dynamic cables for floating wind turbines is essential. Moreover, marine growth on
top of the cables should be taken into account, as it can significantly deteriorate their fatigue
life [6].

• An offshore sub-station provides stability of voltage, usage of a single export cable and reduc-
tion of electrical losses for the transmission of electricity to shore, thus leading to substantial
savings, which offset its high installation cost [19]. The decision of implementing one or more
offshore sub-stations in a wind farm is determined by the capacity of the wind farm and by the
distance from shore. Usually, sub-stations are considered for either capacities larger than 100
MW or far-offshore sites [20]. For deep-water applications, semi-submersible sub-structures
for floating sub-stations can be considered [4].
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• Export cables are responsible for the transmission of the produced electricity to the main
electrical grid. For this purpose, both Alternating Current (AC) and Direct Current (DC)
have been proposed in the literature. The latter possibility offers lower power losses at the
expense of higher investment cost. Although High Voltage Alternating Current (HVAC) is a
cost-competitive solution for offshore export cables near shore, there is a break-even distance
beyond which High Voltage Direct Current (HVDC) emerges as the most appropriate solution.
This distance has been reported to be between 55 and 100 km [21, 22].

• An onshore sub-station is used to connect the electricity supplied by the offshore wind farm
to the national grid. The installation cost of the onshore sub-station, is mostly determined
by the soil preparation, the foundation and the installation cost due to the use of cranes and
excavators [20].

1.2.5 Hydrogen production components

The coupling of hydrogen production to a floating wind farm, is a novel idea, thus limited in-
formation about the optimum configuration exists in the literature. According to [9], three dif-
ferent configurations are the most promising ones: (i) onshore hydrogen production (centralised
onshore), (ii) hydrogen production in an offshore sub-station (centralised offshore), and (iii)
in-turbine hydrogen production (decentralised offshore). For these procedures, the installation
of electrolysers, desalination and compression units, as well as pipelines is essential. However,
in the case of onshore production, the offshore pipeline system can be omitted as well as the
desalination unit, in case of clean water supply. Moreover, in the configurations of onshore and
offshore centralised production, only one electrolyser and desalination unit need to be installed,
whereas in the case of in-turbine hydrogen production, each wind turbine is equipped with its
own electrolyser and desalination unit [9].

Furthermore, another important aspect to be taken into consideration, is whether the whole
operation is expected to be hydrogen-driven or electricity driven [9]. In the former case, all
the produced electricity is used for hydrogen production, while in the latter one only the excess
of electricity is exploited for this purpose. However, this is an important aspect of the whole
project, as it determines if the installation of an export cable is necessary. In addition, in the
former case, if the produced electricity exceeds the electrolyser specifications, the possibility to
install a battery system should be investigated, to cover for the peaks of wind power production.
Finally, the selection of the type of electrolyser technology is important for the whole operation
of the coupled system. The most dominant electrolyser technologies include the alkaline and
the Proton Exchange Membrane (PEM) electrolysers [9].

1.3 Installation and O&M of floating wind farms
The lifetime of a floating wind farm can be divided into five distinct phases [23]: development
and consenting, production and acquisition, installation and commissioning, operation, and
decommissioning phase. This work focuses on the installation and O&M phase, which will
therefore be described in more detail.

The main factors determining the installation and O&M costs of offshore floating wind farms are
the distance from shore/port, the weather conditions and the types of required vessels, together
with the limiting conditions for the different vessels and offshore activities [24]:

• If there is no port with the required infrastructure in proximity to the wind farm site, it
should be considered to upgrade the nearest port to be able to perform installation and
maintenance tasks. These likely high investment costs at the early stages of the project need
to be compared to the alternatives, which include high risk and associated costs due to more
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restrictive weather windows and higher vessel costs, which derive from the selection of a port
further away from the site [24, 25].

• In situ measurements can provide reliable metocean data, essential for the planning of the
offshore activities. Therefore, it is suggested to undertake in situ measurements, when the
final location of interest is selected [25]. In addition to measurements, useful wind, currents
and waves data in a range of 120 km from shore can be obtained by the usage of high frequency
radars [26].

• Special attention should be given to the operational significant wave height for the vessels,
as well as the wind speed limit for various activities, such as onshore/offshore lifts [25]. In
addition, wave period could be a limiting factor for offshore activities. Short wave periods,
in the order of 8-12 sec, could affect the operation of tug boats and Anchor Handling Vessels
(AHVs) [15]. Moreover, as vessels’ charter amounts to a significant part of the installation and
maintenance cost of floating wind farms, the development of low-cost and not over-specified
vessels is of utmost importance [6, 15]. On top of that, the optimal use of locally available
vessels and port facilities can further reduce the installation and O&M costs [25]. In addition,
depending on the demand and the size of the wind farm, it might be profitable for the wind
farm operator to purchase their own O&M vessels, to offset the risk related to the volatility
of the daily rates of vessels [4].

• In order to perform the required installation and maintenance tasks, the deployment of skilled
personnel is required, to work on floating structures. This increases the safety concerns about
the whole operation, and makes necessary the mobilisation of CTVs or W2W vessels for
maintenance activities [6]. It is suggested to avoid wave periods between 4.5-7 sec, as this can
cause sea-sickness in the personnel working on the floating sub-structure [27]. Another issue
with floating wind, is the safe transfer of equipment to the wind turbine, like transformers or
generators, a procedure which gets more complicated when performed between a vessel and a
floating structure. In general, mitigating risks makes an offshore wind farm a more attractive
investment opportunity, thus strengthening the development of the industry [6]. Therefore,
it is of paramount importance to increase the weather windows of all offshore operations as
well as to enhance the health and safety of the personnel [6, 25].

More details related to the procedures of installation and O&M, are presented in subsections
1.3.1 and 1.3.2 respectively.

1.3.1 Installation of floating wind farms

The total installation cost of the floating wind farm comprises the installation of the wind
turbines, the floaters, the electric system, the mooring and the anchoring system and the start-
up cost. After the installation of the wind farm, the next step is its commissioning [25]. These
installation costs are one of the most vital aspects of the life-cycle of an offshore floating wind
farm [28].

Generally, the installation of floating wind farms requires the deployment of a higher number,
but cheaper and more easily available vessels, compared to the bottom-fixed structures [25],
thus resulting in lower installation cost. This can be attributed to a variety of reasons [6].
First, the mooring lines and the anchors are easier to be installed compared to heavy monopile
or jacket foundations with strict positioning requirements. Moreover, floating wind turbines
can be assembled onshore or in sheltered waters, thus being less susceptible to the weather
conditions, compared to bottom-fixed solutions. The installation of the latter is dependent on
the harsher weather conditions at site, although jack-up vessels can provide some support in
case of adverse weather [29]. Nevertheless, the towing of floating structures also faces strict
weather limits, that can considerably delay the whole installation procedure.
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Furthermore, the environmental impact of the installation of floating wind turbines is lower
compared to the bottom-fixed ones. This is largely related to the mooring and anchoring system’s
lower seabed penetration and disruption of marine ecosystems compared to the bottom-fixed case
[6, 25, 30]. In an effort to reduce the environmental impact of floating wind turbines, the use of
more efficient vessels and the reduction of the overall number of trips should be pursued [31].

For the installation of floating wind farms, onshore cranes are necessary for quayside lifting
activities. In addition, a wide range of vessels can be used, each one of which is involved in
specific activities. The main vessels that are expected to take part in the installation campaign
and their respective tasks are reported hereafter:

• Anchor Handling Vessel (AHV): installation of mooring and anchoring system, towing
and support in the installation of floating units at wind farm site

• Cable Laying Vessel (CLV): installation of export cable and inter-array cables, connection
of the floating units with the inter-array cables

• Tug boat: towing of barges, sub-structures and complete floating units, support in upending,
ballasting, installation processes, pre-commissioning, commissioning

• Crane barge: offshore lift and installation of components
• Heavy Lift Vessel (HLV): offshore lift, even of an entire wind turbine, and mating with

sub-structures
• Barge: transiting components, ballasting of spar buoys

The installation procedure of floating wind turbines varies depending on the selected sub-
structure. However, when performed offsite, either at quayside or at sheltered waters, it can be
divided in distinctive steps, all together determining a complicated procedure [6]:

1. At site, the mooring and anchoring system is already installed with the use of AHVs. Ac-
cording to [32], the use of AHV is cheaper compared to the use of barges and tug boats for
the installation of mooring and anchoring systems.

2. The electrical cables are pre-installed at site with the aid of a CLV as well as a rock-dumping
vessel for the scour protection [20]. For the installation of the offshore sub-station, a HLV
and a tug and/or a barge vessel are required [20].

3. Float-out of the sub-structure from the port is performed. This can be achieved with either
the use of a crane (if the mass is low enough), slipways, or by flooding a dry dock, in case
the fabrication of the sub-structure takes place in a dry dock.

4. The wind turbine is installed onto the sub-structure at quayside using cranes, if the water
depth of the port allows for this procedure. Spar buoys, due to their high draft, have to
follow a different procedure, as explained in the following step.

5. The assembly of the sub-structure with the wind turbine is towed to the site with AHVs,
tug boats and/or barges depending on the floating sub-structure type, as shown in Figure
1.2. Spar buoys, due to their high draft, are wet-towed to sheltered areas to be upended and
ballasted. Then, the wind turbine is assembled on the spar buoy. Finally, they are towed to
site in the same way as for other foundation types.

6. Mooring lines are connected to the foundation to secure stability of the whole system, under
limiting sea conditions (Significant Wave Height (Hs) < 1.5 m). Extra attention should be
given at this step, as mistakes could lead to future damages and increased maintenance costs
for the mooring system.

7. After the connection of the floater with the mooring lines, its ballast is adjusted to ensure
stable and safe operating conditions [24].

8. Mooring lines are tensioned to the predefined levels.
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9. Electrical cables are connected to the wind turbines.
10. Final commissioning of the whole system is undertaken.

Figure 1.2: Tow of a complete wind turbine on a semi-submersible sub-structure [33].

In case the assembly of the wind turbine on the sub-structure is carried out at site, for the
transportation of the offshore wind farm components, two different strategies can be applied,
namely feeding and transiting [4]. Feeding is the strategy where the specialised installation
vessel is fed by other vessels with the required components. The former operates constantly
at site, while the latter transit between the port and the wind farm site. On the other hand,
transiting is the strategy where the installation vessel completes both the installation and
transportation of components. This leads to the deployment of fewer vessels at the expense
of a more time-consuming procedure. Depending on the weather windows and the distance to
port, one strategy might prove to be more economically viable than the other. In addition, by
increasing the number of installation lifts, the total offshore installation time might increase,
but at the same time the necessary requirements of the cranes and the vessels are reduced and
the limiting weather conditions can be lifted [4].

Finally, the mooring system installation can be divided into pre-set or concurrent installation.
In the former case, the anchors and the mooring lines are installed at site, before the installation
of the floating sub-structures takes place, thus limiting the interaction with the rest of the
installation. During concurrent installation, on the other hand, the anchor and mooring system
is installed at the same time with the floating structures, thus reducing the number of required
transports [4]. Moreover, a possibility to reduce the installation costs of the mooring system
would be to connect several mooring lines to the same anchor, and thus reduce the required
number of anchors in the wind farm [4].
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1.3.2 O&M of floating wind farms

O&M costs account for around 20-30% of the total life-time costs of floating offshore wind
farms [4, 20, 27, 34]. These costs are further divided into fixed and variable costs. Fixed costs
include sea-bed rental, insurance, grid access fees, administrative costs and service contracts
for planned maintenance [20, 35]. Variable costs include unplanned maintenance activities,
replacement parts and materials [35].

Similar to onshore wind farms, during the operation of floating wind farms, maintenance ac-
tivities are necessary to ensure their smooth operation. Maintenance procedures include the
exchange of parts, the removal of damaged parts, the installation of new parts, reconfiguration
of settings, software updates as well as lubrication or cleaning processes [4]. Three different
O&M strategies are widely used [17]: (i) calendar based preventive, (ii) condition based pre-
ventive and planned corrective, and (iii) unplanned corrective maintenance. In order to reduce
maintenance costs, unplanned corrective maintenance of failed components could be combined
with preventive maintenance procedures performed on other components. This strategy, is
defined as opportunistic maintenance [36].

In an effort to reduce the need for unplanned corrective maintenance activities, inspection of all
the components of the wind farm needs to be performed throughout the lifetime of the project.
The inspections may occur in predefined intervals, depending on the examined component.
According to [27], DNV suggests that periodic inspection shall be performed once at most every
five years. For critical items of the sub-structure, the recommended interval for inspection is
at least once per year. Critical areas which require more detailed and frequent inspections
include the fairlead region, the splash zone, the connectors and the rope terminations as well
as the seabed touchdown area [27]. Moreover, for underwater inspections, the use of Remotely
Operated Vehicles (ROVs) is suggested [25], as diver operations should be avoided whenever
possible due to safety reasons. Diver operations could be required, however, for a detailed visual
inspection.

Moreover, preventive maintenance, with the aid of a continuous monitoring system, could prove
vital for the whole cost of the wind farm by reducing the unexpected offshore maintenance
activities and thus revenue loss. In general, customised solutions for floating wind applications,
might lead to higher cost reductions of floating wind, than just trying to implement ideas of
bottom-fixed systems [6]. In addition, according to [25], developments in the robotic fields could
prove useful for inspection and maintenance purposes.

The main cause of downtime is due to failures of the wind turbines, while the elements of
the floating and electrical infrastructure, i.e., mooring and anchoring system, floating platform,
dynamic cables and export cable, are not expected to contribute substantially to the downtime
of the system [23]. However, the replacement of mooring and anchoring systems is accompanied
by the highest expenditures.

Depending on the category of the issue, different maintenance activities might be required.
Towards this direction, the maintenance activities of a floating wind farm can be split into three
categories: minor repair, major repair and major replacement. According to [37], the latter
category refers to the replacement of a component which requires a jack up vessel, in the case of
bottom-fixed wind turbines, or a HLV, in the case of floating wind turbines. These components
include the generator, the gearbox, the main bearings, the transformer and the blades. A major
repair refers to components which do not require the use of such vessels, but their repair is costly
and time-consuming, such is the case of the converter. Finally, minor repair refers to fast repairs
of small components, including but not limited to fixing an anemometer or other sensors.

Generally, O&M operations are characterised by stricter weather restrictions opposed to the
installation ones, as maintenance operations are expected to be performed with vessels of lower
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specifications compared to the installation of the wind farm [19]. Therefore, special attention
should be paid to the metocean conditions at site to select the most appropriate vessels and
strategy for the O&M activities [25]. Vessel daily rates and the cost of repairs and/or replace-
ments are expected to be the main driver of the O&M costs, followed by labour and fuel costs
at a much lower share [23].

The main vessels that are expected to take part in the O&M campaigns and their respective
tasks are reported hereafter:

• Crew Transfer Vessel (CTV): transfer of technicians from port to site to perform offshore
repairs, support in re-commissioning

• Walk-to-Work vessel (W2W): transfer of technicians at site to perform offshore repairs,
allowing higher accessibility than CTVs through the use of a gangway system, support in
re-commissioning

• Heavy Lift Vessel (HLV): onsite (or at sheltered location) major replacement of compo-
nents

• Tug boat: towing of complete floating units, support in major replacement of components,
(de)ballasting, disconnection/re-connection activities and re-commissioning

• Anchor Handling Vessel (AHV): towing of complete floating units, support in major
replacement of components and disconnection/re-connection activities

One of the main advantages of floating wind turbines is their ability to be towed offsite for
their required maintenance, as this can lead to safer operations and reduced use of expensive
vessels, thus leading to substantial cost reduction [6, 15, 38]. According to [25], semi-submersible
floating units can be towed back to port for quayside maintenance activities by relatively cheap,
but possibly weather limited, vessels. For spar buoys, an expensive HLV is necessary, regardless
if the operation is performed onsite or offsite. However, offsite repair strategies impose various
challenges. While the wind turbine is offsite, electrical continuity within the array is required
[6]. Moreover, towing operation is a difficult procedure. The inherently high mass of sub-
structures and their unstable operation when towed, require a low towing speed and strict
weather limits [6]. These limitations need to be overcome when commercial floating wind farms
will be commissioned.

The selection of onsite or offsite maintenance strategy mainly depends on the onsite weather
conditions, distance from available ports and the degree to which port weather conditions are
milder than the ones onsite [15]. In general, onshore operations are preferable compared to the
offshore ones, due to lower risk and shorter execution time, as the weather conditions are more
restrictive in the latter case [28].

The connection of the mooring lines with the foundations is accomplished with the deployment
of a ROV. This is an operation that requires highly skilled personnel and sufficient time.
Simplifying connection and disconnection of the electrical cables and mooring lines in higher sea
states could substantially reduce O&M costs of offsite maintenance strategies [6, 15, 25].

In the case of small repairs where the lifting equipment available at site is adequate to perform
the maintenance operations, a CTV or a W2W vessel could be deployed. The former vessel is
characterised by a low daily rate at the expense of limiting sea capabilities, whereas the latter is
able to operate at higher sea states but with higher daily rate and mobilisation cost. It should
be noted, that the use of CTVs may be limited for far offshore wind farms [39]. Nevertheless,
as further progress in the maritime industry is expected, an analysis of such a vessel is deemed
relevant in order to examine the potential of using a cheaper but more weather limited vessel
for minor and major repairs of a floating wind farm. It is also suggested in the literature that
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repair costs of a floating wind farm could be reduced with the deployment of a mother vessel,
which can act as an offshore base for the personnel and service vessels [4].

According to [15], it is unlikely that the HLV availability will drive the selection between offsite
and onsite repair strategy. However, as in the future, larger far-offshore wind farms are expected
to be developed, the demand for specialised vessels will also increase, and thus a growth in the
supply of these vessels is expected. In any case, the (de)mobilisation costs and the daily rates
of vessels are highly volatile and dependent on the market demand and supply at the time of
interest.

If the number of wind turbines to be repaired in a single campaign increases, it becomes more
difficult to find an adequate weather window to perform all the required tasks [15]. Therefore,
the operations might be delayed and subsequently the downtime of the farm increased. On the
other hand, by conducting a larger campaign, the fixed costs of the vessels, mainly mobilisation
costs, can be divided among the number of turbines and thus reduce the overall cost, especially
when the deployment of expensive vessels is required.

1.4 Research questions
The first step of the implementation of every technological breakthrough is to fully understand
its characteristics and optimise its design and performance. While this is an important starting
point for all technologies, and thus for floating wind, research should also focus on the optimi-
sation of the installation and O&M procedures of a floating wind farm [6]. This is necessary to
reduce the costs associated with these procedures and thus the overall LCOE of the project. Re-
ducing floating wind’s LCOE is highly important, as currently the cost of electricity production
of floating wind farms is higher than the average electricity price.

According to [23], installation, commissioning and O&M account for 30% of the overall cost of
offshore installations. However, the installation and O&M costs are highly dependent on the
different strategies selected. Various installation strategies have been proposed in the literature
for different floating sub-structures, including semi-submersibles, spar buoys and TLPs. Fur-
thermore, depending on the type of the sub-structure, the distance from shore and the weather
conditions of the location of interest, onsite or offsite repair works could be more or less conve-
nient. However, since floating wind farms have not reached commercial stage yet, there is not
yet consensus on their optimal installation and operation [25].

This thesis aims to shed light on the optimal strategies for the installation and operation phase
of far-offshore floating wind farms. This goal can be formulated as the following main research
question:

Which are the optimum strategies for the installation and O&M of far-offshore
floating wind farms from a techno-economic point of view?

The first step to achieving this goal, is to identify the different installation and O&M strategies
for floating wind turbines, installed on spar buoys and semi-submersibles, that have been pro-
posed in the literature. Then, an efficient deterministic installation and O&M cost model will
be developed. This model will be used to compare different installation and O&M strategies
and identify which solution offers the highest LCOE reduction potential. The selection of a
low-fidelity, deterministic cost model is made, since it can provide results in short time, which
is essential due to the fact that this model will be included in an optimisation framework for
floating wind farms. The scope of the model is thus not to obtain the exact estimation of the
installation and O&M cost for a given wind farm, but rather to incorporate the main drivers
determining the overall cost of each installation or maintenance strategy, allowing to identify
which set of conditions make one strategy more convenient than the others.
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The necessary steps towards the main research question, can be re-defined as the following
research sub-questions:

1. Which are the current installation strategies of the different floating sub-structures?
2. Which are the current O&M strategies of the different floating sub-structures?
3. Which are the main drivers determining installation and O&M costs?
4. Which are the main drivers determining installation and O&M duration?
5. Which installation and O&M strategies can lead to the highest LCOE reduction of a far-

offshore floating wind farm?



2 | Methodology

The aim of this Chapter is to present the different installation and O&M strategies of floating
wind farms considered in this thesis. This answers the first two research sub-questions. In
section 2.1, the four different installation strategies examined in this thesis are presented. In
section 2.2, the four different O&M strategies addressed in this thesis are offered. In section
2.3, main assumptions, resulting from an extensive literature review, are presented. Finally, in
section 2.4, the working principle of the code is introduced.

2.1 Implemented installation strategies
As aforementioned, different installation strategies can be applied depending on the type of the
sub-structure used. For the scope of this thesis, two different installation strategies are examined
for semi-submersibles and spar buoys. The examined strategies are:

1. Semi-submersible installation with wind turbine assembly at quayside
2. Semi-submersible installation with wind turbine assembly at wind farm site
3. Spar buoy installation with wind turbine - spar buoy mating in one lift with HLV
4. Spar buoy installation with wind turbine assembly on spar buoy in multiple lifts with crane

barge

The aim of this section is to provide the sequence of these strategies and relevant assumptions
concerning the duration of each installation activity and vessels’ weather limitations. It should
be noted, at this point, that the scope of this thesis is restricted to the evaluation of different
installation and O&M strategies of floating units. Therefore, the installation and maintenance of
the anchoring and mooring system, the electrical balance of plant and the hydrogen components
is not treated because it is assumed to be the same for all the strategies investigated. Thus, this
does not have any effect on determining which strategy is the most cost-effective. The structure
of this section follows; semi-submersible installation with wind turbine assembly at quayside is
presented in subsection 2.1.1, while semi-submersible installation with wind turbine assembly
at wind farm site is offered in subsection 2.1.2. In addition, spar buoy installation with HLV
is described in subsection 2.1.3, while spar buoy installation with crane barge is presented in
subsection 2.1.4.

2.1.1 Semi-submersible installation with wind turbine assembly at quayside

In the first strategy under analysis, semi-submersibles are assumed as the floating sub-structure
selected for the wind farm, and the assembly of the turbine on the floater is expected to take
place at quayside. Figure 2.1 depicts the sequence of the required activities for the installation
of the floating units. A further explanation of these activities follows:

• Float-out semi-submersible: The semi-submersibles are assumed to be manufactured in a
shipyard, which is different from the port used as base for installation. Therefore, the floating
sub-structures have to be towed to a port closer to the wind farm site, where the turbines’
main components are stored. There, the wind turbine is assembled on the sub-structure. The

13
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Figure 2.1: Sequence diagram of the semi-submersible installation with wind turbine assembly
at quayside.

first step towards this direction, is the float-out of the semi-submersibles, so that they can
be towed to port. It is assumed that the required float-out is performed with the use of a
slipway.

• Prepare semi-submersible for towing: The next step is the connection of the semi-
submersible with tug boats in order to be towed to port. The towing process is assumed to
be undertaken with the aid of two small tug boats and one large tug boat.

• Ballast semi-submersible to transportational draft: After this connection, the semi-
submersible is ballasted to its towing draft via dynamic ballasting.

• Tow semi-submersible from shipyard to port: Then, the semi-submersible is towed to
the port where the wind turbine will be installed on the floater.

• Prepare semi-submersible for connection with wind turbine: Additional buoyancy
units are added to the sub-structure to enter into the port, which are then removed once the
semi-submersible is in position at the quayside.

• Return from port to shipyard: The tug boats return to shipyard so that the procedure
is repeated for the next semi-submersible unit.

• Onshore assembly of complete floating units: When all semi-submersibles have been
transited to the port, the assembly of the wind turbines on top of the semi-submersibles
is performed at quayside. This procedure is expected to be carried out in six lifts: two
tower segments, nacelle and hub assembly, and three blades. The lift of these components is
performed with onshore cranes at quayside. This step is finished when all wind turbines are
installed on the semi-submersibles.

• Pre-commissioning of floating units at quayside: The next step of the wind turbine
- semi-submersible assembly is the pre-commissioning of all floating units. For this activity
a small tug boat is mobilised. This activity is assumed to be parallel to the critical path
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of the installation sequence. Whenever a wind turbine is assembled on a floater, its pre-
commissioning can take place.

• Prepare complete floating unit for towing: After the assembly of the wind turbines
and their pre-commissioning, the floating assemblies are ready to be towed to the site. The
floating units are connected with two AHVs and two small tug boats to be towed to the
wind farm site. Buoyancy units are installed on the semi-submersibles to exit the port, and
removed once they are outside the port.

• Tow complete floating unit from port to wind farm site: Then, the floating unit is
towed to the wind farm site.

• Position complete floating unit at wind farm site: Upon arrival at the designated
location, the floating unit is ballasted to reach its operational draft.

• Install complete floating unit at wind farm site: The installation of the floating unit at
its specified location is performed, with the aid of a CLV to perform the electrical connection
of the wind turbine.

• Return from wind farm site to port: The tug boats and the AHVs return to port so
that the procedure is repeated for the next floating unit.

• Commissioning of floating units at wind farm site: The final step of the installation
procedure is the commissioning of the wind farm. For this activity a small tug boat is
mobilised. This activity is assumed to be parallel to the critical path of the installation
sequence. Whenever a wind turbine is installed, its commissioning can take place.

During the installation campaign, some activities need to be performed in a row, without the
vessels standing idle due to unfavourable weather conditions. Such activities comprise a critical
sequence, whose required weather window includes all the activities within the sequence. In this
case, the first critical sequence starts with the float-out of the semi-submersible from shipyard
and ends with its positioning at port quayside. The second critical sequence begins with the
preparation of the complete floating unit for towing at port and finishes with its installation at
wind farm site.

Throughout the installation campaign, the various components of the floating units have to be
stored at the shipyard or at the port. The duration of the shipyard storage of the floaters is
set equal to the required time to tow all floaters from shipyard to port. The duration of the
port storage of the wind turbine components is set equal to the required time to tow all floaters
from shipyard to port plus the time for their assembly with the semi-submersibles. Finally, the
complete floating units have to be stored at the quayside. This berthing duration is assumed
to start at the first time step of the installation procedure and finish with the installation of all
wind turbines at the wind farm site.

All the required activities, as well as the vessels’ operations, are characterised by their respective
theoretical duration and weather limits. Since offshore floating wind is still at a novel stage, there
is no clear overview on the duration and weather constraints of the different installation activities.
An extensive literature study was carried out to identify suitable net time and operational limits
for different installation activities, to be used in the installation model. These data for semi-
submersible installation with wind turbine assembly at quayside are reported in Table 2.1 [4,
15, 23, 25, 28, 40, 41].
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Table 2.1: Duration and weather limits for the activities involved in the semi-submersible in-
stallation with wind turbine assembly at quayside (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Float-out 3.0 - -
Prepare floater for
towing

2.0 4.0 -

Ballast floater to
transportational
draft

4.0 4.0 -

Prepare floater for
wind turbine
assembly

12.0 4.0 -

Assembly of a single
component

3.0 4.0 12.0

Pre-commissioning 24.0 - -
Prepare floating unit
for towing

12.0 4.0 -

Position at site 12.0 2.5 -
Installation at site 15.0 1.5 -
Commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floater 3.33 2.0 18.0
Tow floating unit 2.33 2.0 18.0
Free transit 6.11 3.2 30.0

2.1.2 Semi-submersible installation with wind turbine assembly at wind
farm site

In the second strategy under analysis, semi-submersibles are assumed as the floating sub-
structure selected for the wind farm, and the assembly of the turbine on the floater is expected
to take place at wind farm site. This follows a feeding strategy, as the wind turbine components
are transited to site by a different vessel than the crane vessel which performs the final assembly.
Figure 2.2 depicts the sequence of the required activities for the installation of the floating units.
A further explanation of these activities follows:

• Float-out semi-submersible: The semi-submersibles are assumed to be manufactured in
a shipyard, which is different from the port used as base for installation. The floating sub-
structures have to be towed to the wind farm site to be installed. The first step towards this
direction, is the float-out of the semi-submersibles, so that they can be towed to the wind
farm site. It is assumed that the required float-out is performed with the use of a slipway.

• Prepare semi-submersible for towing: The next step is the connection of the semi-
submersible with the towing vessels. The towing process is assumed to be undertaken with
the aid of one AHV, one small tug boat and one large tug boat.

• Ballast semi-submersible to transportational draft: After this connection, the semi-
submersible is ballasted to its towing draft via dynamic ballasting.
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Figure 2.2: Sequence diagram of the semi-submersible installation with wind turbine assembly
at wind farm site.

• Tow semi-submersible from shipyard to wind farm site: Then, the semi-submersible
is towed to the wind farm site to be connected with the mooring lines.

• Position semi-submersible at wind farm site: Upon arrival at the designated location,
the floater is ballasted down.

• Install semi-submersible at wind farm site: The installation of the floater is performed
at the wind farm site.

• Return from wind farm site to shipyard: The AHV and the two tug boats return to
shipyard so that the procedure is repeated for the next semi-submersible unit.

• Onshore lift of the components on the working barge: After all floaters have been
installed at the wind farm site, the components of the wind turbine are loaded on a barge
to be towed to site. Six lifts are necessary to lift the components of the wind turbine onto
the working barge: two lifts for the tower sections, one lift for the nacelle and hub, and three
lifts for the blades. Each component is loaded on the working barge with the aid of onshore
cranes.

• Transit components from port to wind farm site: The loaded working barge is towed
to the wind farm site with the aid of one small and one large tug boat.

• Assemble components on semi-submersible: At the wind farm site, a large crane barge
is deployed to assemble all wind turbine components on top of the semi-submersible floater.
This crane barge remains at the wind farm site during the whole installation sequence.

• Dynamic cable connection: A CLV is used to perform the electrical connection of the
wind turbine.

• Return from wind farm site to port: The tug boats and the working barge return to
port so that the procedure is repeated for the next floating unit.
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• Pre-commissioning of floating units at wind farm site: The turbine-assemblies are
pre-commissioned. For this activity a small tug boat is mobilised. This activity is assumed
to be parallel to the critical path of the installation sequence. Whenever a wind turbine is
installed, its pre-commissioning can take place.

• Commissioning of floating units at wind farm site: The final step of the installation
procedure is the commissioning of the wind farm. For this activity a small tug boat is used.
Commissioning follows pre-commissioning as a parallel activity to the critical path.

For this strategy, the first critical sequence starts with the float-out of the semi-submersible from
shipyard and ends with its installation at wind farm site. The second critical sequence begins
with the assembly of the wind turbine components on top of the semi-submersibles at wind farm
site and finishes with the dynamic cable connection.

Throughout the installation campaign, the various components of the floating units have to be
stored at the shipyard or the port. The duration of the shipyard storage of the floaters is set
equal to the required time to install all the floaters at the wind farm site. The time required to
store the wind turbine components at port is set equal to the required time to install all floaters
at the wind farm site plus the time to assemble all wind turbines on the semi-submersibles.

Net duration required for each activity and vessels limits were obtained from the available
literature on the subject [4, 15, 23, 25, 28, 40, 41] and are presented in Table 2.2.

Table 2.2: Duration and weather limits for the activities involved in the semi-submersible in-
stallation with wind turbine assembly at wind farm site (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Float-out 3.0 - -
Prepare floater for
towing

2.0 4.0 -

Ballast floater to
transportational
draft

4.0 4.0 -

Position at site 12.0 2.5 -
Installation at site 6.0 1.5 -
Onshore lift of a
single component

3.0 4.0 12.0

Offshore assembly of
a single component

4.5 1.5 12.0

Cable connection 9.0 1.5 -
Pre-commissioning 24.0 - -
Commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floater 3.33 2.0 18.0
Tow working barge 2.33 2.0 18.0
Free transit 6.11 3.2 30.0
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2.1.3 Spar buoy installation with HLV
In the third case, spar buoys are selected as support structure for the wind farm. The assembly
of the spar buoy and the wind turbine occurs in sheltered waters, by means of a HLV capable
of installing the whole turbine on the spar in one single lift. Figure 2.3 depicts the sequence of
the required activities for the installation of the floating units. A further explanation of these
activities follows:
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Figure 2.3: Sequence diagram of the spar buoy installation with HLV.

• Float-out spar buoy: The spar buoys are assumed to be manufactured in a shipyard, which
is different from the port used as base for installation. The floating sub-structures have to be
towed to a sheltered location, near port, where the wind turbine is assembled on the floater.
A sheltered location with deep waters is necessary, as due to the high draft of spar buoys, it
is not possible to install the wind turbine on the sub-structure at port. The first step is the
float-out of the spar buoys, so that they can be towed to the sheltered location. It is assumed
that the required float-out is performed with the use of a slipway.

• Prepare spar buoy for towing: The next step is the connection of the spar buoy with
tug boats in order to be horizontally towed to the sheltered location. The towing process is
assumed to be undertaken with the aid of one small tug boat and one large tug boat.

• Tow spar buoy from shipyard to sheltered location: Then, the spar buoy is towed to
the sheltered location to be upended and ballasted.

• Upend spar buoy: When the spar buoy reaches the sheltered location, it is upended and
ballasted as preparation of the wind turbine installation. The upending is accomplished with
the aid of a working barge. After the completion of the upending, the spar buoy is temporarily
secured to a support.

• Ballast spar buoy: After the completion of the upending, the ballast of the spar buoy is
performed at the sheltered location.
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• Return from sheltered location to shipyard: The tug boats return to shipyard so that
the procedure is repeated for the next spar buoy unit.

• Onshore assembly of wind turbines: When all spar buoys have been transited to the
sheltered location, the wind turbines are assembled at the quayside. The lift of the wind
turbine components is performed with onshore cranes of the port. This step is concluded
when all wind turbines are assembled.

• Single lift of wind turbine with HLV: The following step is the mating of the wind
turbines with the spar buoys. The entire wind turbine is lifted by a HLV.

• Transit wind turbine from port to sheltered location: The HLV transits to the shel-
tered location.

• Mate wind turbine with spar buoy at sheltered location: The mating of the wind
turbine with the spar buoy is performed. Two small tug boats and a large tug boat aid this
process by stabilising the spar buoy.

• Return from sheltered location to port: The HLV returns to port so that the procedure
is repeated for the next floating unit.

• Pre-commissioning of floating units at sheltered location: The next step of the wind
turbine - spar buoy assembly is the pre-commissioning of all floating units at the sheltered
location. For this activity a small tug boat is mobilised. This activity is assumed to be parallel
to the critical path of the installation sequence. Whenever a floating unit is assembled, its
pre-commissioning can take place.

• Prepare complete floating unit for towing: When all wind turbines are assembled and
pre-commissioned, the next step is their installation at the wind farm site. Therefore, the
floating assembly is connected with two AHVs and two small tug boats to be towed to the
wind farm site.

• Tow complete floating unit from sheltered location to wind farm site: Then, the
floating unit is towed to the wind farm site.

• Position complete floating unit at wind farm site: Upon arrival at the designated
location, the floating unit is ballasted to reach its operational draft.

• Install complete floating unit at wind farm site: The installation of the floating unit
at the wind farm site is performed, with the aid of a CLV to perform the electrical connection
of the wind turbine.

• Return from wind farm site to sheltered location: The tug boats and the AHVs return
to the sheltered location so that the procedure is repeated for the next floating unit.

• Commissioning of floating units at wind farm site: The final step of the installation
procedure is the commissioning of the wind farm. For this activity a small tug boat is
mobilised. This activity is assumed to be parallel to the critical path of the installation
sequence. Whenever a floating unit is installed, its final commissioning can take place.

In this strategy, the first critical sequence starts with the float-out of the spar buoy from the
shipyard and ends with its upending at the sheltered location. The second critical sequence
begins with the single lift of the wind turbine with the HLV and ends with its mating on top
of the spar buoy at the sheltered location. Finally, the third critical sequence starts with the
preparation of the complete floating unit for towing from the sheltered location to the wind farm
site and ends with its installation at site.

Throughout the installation campaign, the various components of the floating units have to be
stored at the shipyard or the port. The duration of the shipyard storage of the floaters is set
equal to the required time to tow all spar buoys from the shipyard to the sheltered location. The
duration of the port storage of the wind turbine components is set equal to the time required
to tow the spar buoys from the shipyard to the sheltered location plus the time to assemble all
wind turbines at the port quayside and mate them with the spar buoys at the sheltered location.
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Net duration required for each activity and vessels limits were obtained from the available
literature on the subject [4, 15, 23, 25, 28, 40, 41] and are presented in Table 2.3.

Table 2.3: Duration and weather limits for the activities involved in the spar buoy installation
with HLV (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Float-out 3.0 - -
Prepare floater for
towing

2.0 4.0 -

Upend 9.0 3.0 -
Ballast 13.5 4.0 -
Onshore lift of a
single component

3.0 - 12.0

Single lift of a wind
turbine

4.0 4.0 12.0

Mating 6.0 2.5 12.0
Pre-commissioning 24.0 - -
Prepare floating unit
for towing

12.0 4.0 -

Position at site 9.0 2.5 -
Installation at site 18.0 1.5 -
Commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floater (tug
boat)

2.36 2.0 18.0

Tow floating unit
(tug boat)

1.47 2.0 18.0

Free transit (tug
boat)

6.11 3.2 30.0

Transit wind turbine
(HLV)

3.08 2.1 11.0

Free transit (HLV) 6.22 10.0 25.0

2.1.4 Spar buoy installation with crane barge

The final implemented strategy refers to the assembly of wind turbines with spar buoys with the
aid of a medium sized crane barge. The lifting capacity of such a crane barge should be in the
order of 850 tons, so that it can lift the nacelle-hub assembly. Figure 2.4 depicts the sequence
of the required activities for the installation of the floating units. This strategy is similar to the
installation procedure with the HLV presented in subsection 2.1.3. Their main difference lies in
the critical sequence of assembling the wind turbine on the spar buoy at the sheltered location.
While in the previous case the wind turbines are fully assembled at the port quayside and the
mating with the spar buoy is performed by the HLV, in this strategy the following activities are
performed:

• Onshore lift of a wind turbine component on the crane barge: One wind turbine
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Figure 2.4: Sequence diagram of the spar buoy installation with crane barge.

component is loaded on the crane barge, to be transported to the sheltered location and
installed on the spar buoy. This lift is performed with the aid of onshore cranes of the port.

• Transit component from port to sheltered location: The crane barge transits to the
sheltered location.

• Assemble component on spar buoy at sheltered location: Finally, the wind turbine
component is installed on the spar buoy with the aid of the crane barge. In addition, two
small tug boats and one large tug boat aid with the stabilisation of the spar buoy.

This critical sequence needs to be repeated for each wind turbine six times, equal to the number
of lifts necessary to assemble the wind turbines. Net duration required for each activity and
vessels limits were obtained from the available literature on the subject [4, 15, 23, 25, 28, 40,
41] and are presented in Table 2.4.

As aforementioned in all implemented installation strategies, pre-commissioning and commis-
sioning activities are treated to be parallel to the critical path of the installation campaign.
During the simulations, it is assumed that these activities have shorter execution period than
the parallel critical sequences and thus only one repetition of these activities is added for the cal-
culation of the total installation duration. As presented in the installation results in Chapter 3,
this assumption holds for most implemented strategies, with the exception of semi-submersible
installation with wind turbine assembly at quayside and spar buoy installation with HLV in sum-
mer months, when the respective critical sequences have relatively shorter execution duration.
Therefore, the actual installation duration and cost would be a bit higher, although negligible,
as these activities are performed with the aid of a small tug boat, which is characterised by a
low daily rate.
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Table 2.4: Duration and weather limits for the activities involved in the spar buoy installation
with crane barge (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Float-out 3.0 - -
Prepare floater for
towing

2.0 4.0 -

Upend 9.0 3.0 -
Ballast 13.5 4.0 -
Onshore lift of a
single component

3.0 4.0 12.0

Offshore assembly of
a single component

4.5 2.5 12.0

Pre-commissioning 24.0 - -
Prepare floating unit
for towing

12.0 4.0 -

Position at site 9.0 2.5 -
Installation at site 18.0 1.5 -
Commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floater (tug
boat)

2.36 2.0 18.0

Tow floating unit
(tug boat)

1.47 2.0 18.0

Free transit (tug
boat)

6.11 3.2 30.0

Transit wind turbine
component (crane
barge)

1.44 2.5 15.0

Free transit (crane
barge)

3.60 3.0 20.0

2.2 Implemented O&M strategies
The aim of this section is to present the different O&M strategies of floating wind farms, thus
answering the second research sub-question. As aforementioned, the maintenance campaigns of a
floating wind farm can be sub-divided into minor repairs, major repairs and major replacements
of components. In order to simulate the maintenance activities, it is essential to be familiar with
the failure rate of each category as well as its respective component cost. The failure rates of
each category, based on [42], and their respective component cost for a 15-MW wind turbine,
based on [37], are listed in Table 2.5.

Since this thesis is based on a wind farm consisting of 30 wind turbines with a lifetime of 25
years, it is assumed that every year approximately 3 wind turbines undergo a major replacement.
Therefore, a 3-turbine campaign is assumed to be performed once per year for the whole wind
farm. Furthermore, since major replacement activities are not usually performed during the
autumn-winter months, a waiting-for-good-season lead-time is added during the simulations
which have a starting period during autumn and winter. This lead-time pushes the start of each
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Table 2.5: Failure rate and cost per repair category.

Repair Category Failure rate
(failure/(turbine*year))

Cost of repair (€)

Minor repair 5.675 2,600
Major repair 1.023 61,000
Major replacement 0.111 1,141,300

strategy at the 21st of the following March.

As aforementioned, different maintenance strategies can be applied depending on the type of
repair needed and the type of the sub-structure. For the scope of this thesis, two different vessels
are examined for minor/major repairs and two different approaches for major replacements. To
be more precise, the examined strategies are:

1. Onsite repair with a crew transfer vessel or a walk-to-work vessel
2. Onsite major replacement
3. Semi-submersible offsite major replacement
4. Spar buoy offsite major replacement

The onsite strategies are assumed to be identical for both types of sub-structures, while a
differentiation is made for the offsite replacement strategy. This is dictated by the different
towing requirements of each sub-structure and their unique drafts, which in the case of a spar
buoy renders a replacement at quayside impossible. It should be noted that for all repair and
replacement maintenance campaigns, it is assumed that the vessels are chartered on a case-by-
case scenario, as opposed to being owned by the wind farm operator.

The aim of this section is to provide the sequence of these strategies and their required input
data. The structure of this section follows; onsite repair with a CTV or a W2W vessel is
presented in subsection 2.2.1. In addition, onsite major replacement is described in subsection
2.2.2, while semi-submersible and spar buoy offsite major replacement strategies are presented
in subsections 2.2.3. and 2.2.4, respectively.

2.2.1 Onsite repair

For minor/major repairs, no replacement of large components is needed, and all the operations
can be performed with the lifting equipment available at site. These maintenance campaigns
are examined with the use of either a CTV or a W2W vessel, so as to compare a cheaper
vessel with limited working capabilities, against a more expensive option which can withstand
harsh weather conditions. Figure 2.5 depicts the sequence of the required activities for the
aforementioned strategy. A further explanation of these activities follows:

• Transit from port to wind farm site: A CTV or a W2W is mobilised and then transits
to the wind farm site to perform the required minor/major repair.

• Position at wind farm site: The next step is the positioning of the vessel at site so that
the technicians can board the floating unit.

• Onsite repair: After positioning, technicians board the wind turbine and the onsite repair
is performed.

• Return from wind farm site to port: When the repair is finished, the CTV or the W2W
returns to port to be de-mobilised.



2.2. IMPLEMENTED O&M STRATEGIES 25

1 CTV or 1 W2W

Legend

Facilities cost

Vessels cost

Critical activities

Semi-submersible/Spar buoy onsite repair with Crew Transfer 

Vessel (CTV) or Walk-to-Work Vessel (W2W)

1. Transit from port to wind farm site

2. Position at wind farm site

3. Onsite repair

Re-

commissioning 

of wind turbine

Return from 

wind farm site 

to port

Figure 2.5: Sequence diagram of the onsite repair strategy with a CTV or a W2W vessel.

• Re-commissioning of wind turbine: Then, the wind turbine is re-commissioned and it is
set back into operation. This activity is assumed to be parallel to the return to port.

The whole onsite repair strategy is treated as a critical sequence, due to the limiting sea ca-
pabilities of these vessels. As aforementioned, this critical sequence does not include the re-
commissioning of the wind turbine. It is worth mentioning that the onsite repair strategy with
the use of a W2W vessel was examined also with the transits not being a part of the critical
sequence, since a W2W can withstand harsher weather conditions. Nevertheless, the duration
and cost results were similar with the former case, thus this approach is omitted from the report.

All the required activities, as well as the vessels operations, are characterised by their respective
theoretical duration and weather limits. The duration and weather constraints of these activities
are based on sources available in the literature [4, 15, 17, 23, 25, 28]. The input data for all
activities for the onsite repair with the use of a CTV are presented in Table 2.6 and with the
use of a W2W in Table 2.7. It is clear that the W2W vessel can operate in harsher weather
conditions compared to a CTV, as the wave height limit of the former vessel is estimated to be
3.0 m, compared to the 1.5 m limit of CTV.
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Table 2.6: Duration and weather limits for the activities involved in the onsite repair with the
use of a CTV.

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Position at site 1.5 1.5 -
Onsite repair
(minor)

7.0 1.5 12.0

Onsite repair
(major)

19.0 1.5 12.0

Re-commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

CTV Transit 10.28 1.5 20.0

Table 2.7: Duration and weather limits for the activities involved in the onsite repair with the
use of a W2W vessel.

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Position at site 1.5 2.5 -
Onsite repair
(minor)

7.0 1.5 12.0

Onsite repair
(major)

19.0 1.5 12.0

Re-commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

W2W Transit 6.17 3.0 20.0

2.2.2 Onsite major replacement

The next examined maintenance strategy belongs in the category of major components replace-
ment. Therefore, the distinction between the different strategies originates from their onsite
or offsite execution. At first, the onsite maintenance strategy is analysed, which comprises the
same activities and vessels for both the semi-submersible and spar buoy floating types. Figure
2.6 depicts the sequence of the required activities for the replacement of the components of the
floating units. A further explanation of these activities follows:

• Rigging installation and loading components: For the onsite major replacement, a HLV
and a CTV are to be used. Sufficient time is needed for rigging installation and loading the
components to be used as replacement offshore.

• Transit from port to wind farm site: The vessels transit to site to perform the required
maintenance of the wind turbines.

• Position at wind farm site: Upon reaching the wind farm site, extra time is needed for
the HLV to position at the first wind turbine of the maintenance campaign.

• Vessel - wind turbine coupling: Before the onsite replacement, it is essential that the
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Figure 2.6: Sequence diagram of the onsite major replacement.

coupling of the HLV and the floating unit is performed, so that the float-to-float operations
become feasible.

• Onsite major replacement: Then, the replacement of the faulty component takes place.
• Vessel - wind turbine decoupling: When the replacement is complete, the HLV is decou-

pled from the wind turbine, in order to transit to the next wind turbine.
• Re-commissioning of wind turbines: When the decoupling of the vessel with the wind

turbine is complete, the re-commissioning takes place. The CTV is assumed to be available
during re-commissioning, in case transfer of technicians is needed. This activity is assumed
to be parallel to the critical path of the maintenance sequence.

• Return from wind farm site to port: When all components have been replaced, the two
vessels return back to port to be demobilised.

In this strategy, the critical sequence starts with the HLV positioning at site and ends with the
vessel - wind turbine decoupling. It should be noted that the end of this replacement strategy
is defined by the maximum duration between the re-commissioning of the last wind turbine and
the return of the vessels to port. All the required activities, as well as the vessels operations,
are characterised by their respective theoretical duration and weather limits, which are based
on the available literature [4, 15, 17, 23, 25, 28] and presented in Table 2.8.
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Table 2.8: Duration and weather limits for the activities involved in the onsite major replacement
(for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Rigging installation
and loading
components

15.0 4.0 -

Position at site 3.0 2.5 -
Vessel - wind turbine
coupling

4.0 2.5 -

Onsite replacement 48.0 1.5 12.0
Vessel - wind turbine
decoupling

4.0 2.5 -

Re-commissioning 12.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

HLV transit 6.22 10.0 25.0

2.2.3 Semi-submersible offsite major replacement

The next implemented strategy refers to the offsite major replacement of a component of a
wind turbine installed on a semi-submersible. Figure 2.7 depicts the sequence of the required
activities for the semi-submersible offsite major replacement. A further explanation of these
activities follows:

• Transit from port to wind farm site: The first step of the offsite strategy is the transit
of the vessels to the wind farm site. Two AHVs and two small tug boats are to be used to
tow back to port the wind turbines.

• Vessel - wind turbine coupling: Then, the next step is positioning at site and coupling
with the wind turbine to be towed.

• Dynamic cable disconnection: Before the towing is possible, the disconnection of the
dynamic cable of the wind turbine is performed.

• Mooring lines disconnection: Then, the mooring lines are disconnected, so that the
floating unit can be towed.

• Deballast semi-submersible to transportational draft: To allow for the towing to port,
the semi-submersible is deballasted to its transportational draft.

• Tow complete floating unit from wind farm site to port: Finally, the floating unit is
towed back to port, where the major replacement will take place.

• Position complete floating unit at quayside: Upon arrival at the quayside, extra time
is needed for the floating unit to be moored next to the quayside and acquire its necessary
ballast so that maintenance operations can be undertaken. When this activity is complete,
the vessels transit back to the wind farm site so that they can tow the rest of the wind
turbines involved in the maintenance campaign.

• Offsite major replacement at quayside: When all wind turbines are towed back to the
port, an onshore crane is used to perform the replacement of the major component. During
this time, the vessels wait at port in order to tow the wind turbines back to the wind farm
site, after their replacement is completed.
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Figure 2.7: Sequence diagram of the semi-submersible offsite major replacement.

• Connect complete floating unit with tug boats: After the replacement, the wind
turbines are partially re-commissioned and connected with the vessels in order to be towed
back to the wind farm site.

• Prepare complete floating unit for towing: Then, the floating unit is deballasted again
to acquire its transportational draft and it is prepared to leave the O&M port.

• Tow complete floating unit from port to wind farm site: Afterwards, the floating
unit is towed back to site.

• Ballast semi-submersible to operational draft: Upon arrival at the designated location,
the floating unit is ballasted to reach its operational draft.

• Mooring lines connection: Then, the mooring lines are connected back to the semi-
submersible.

• Dynamic cable connection: Finally, the dynamic cable is re-connected to the wind turbine
so that the electricity production can resume.

• Return from wind farm site to port: After the dynamic cable connection, the vessels
return back to port to perform the same sequence for the next wind turbine.

• Re-commissioning of wind turbines: When cable connection is finalised, the wind turbine
is re-commissioned. One small tug boat is assumed to be available during re-commissioning,
in case transfer of technicians is needed. This activity is assumed to be parallel to the critical
path of the maintenance sequence.

In this strategy, the first critical sequence starts with the vessel - wind turbine coupling at site
and finishes with the positioning of the floating unit at quayside. Then, the second critical
sequence begins with the connection of the complete floating unit with tug boats to be towed
back to wind farm site and ends with the dynamic cable connection.
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The complete floating units have to be stored at the quayside. The requirement for quayside
space is assumed to have the same duration as the total maintenance campaign. This is a
reasonable approach as it is expected that the wind farm operator will rent working space,
quayside space and facilities at the port used as O&M base for the whole lifetime of the wind
farm. It should be noted that the end of this replacement strategy is defined by the maximum
duration of the re-commissioning of the last wind turbine and the return to port of the vessels.
All the required activities, as well as the vessels operations, are characterised by their respective
theoretical duration and weather limits, which are based on available literature [4, 15, 17, 23,
25, 28] and presented in Table 2.9.

Table 2.9: Duration and weather limits for the activities involved in the semi-submersible offsite
major replacement (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Vessel - wind turbine
coupling

4.0 2.5 -

Cable disconnection 4.0 1.5 -
Mooring lines
disconnection

6.0 1.5 -

Deballast
semi-submersible to
transportational
draft

6.0 2.5 -

Position at quayside 18.0 4.0 -
Replacement at
quayside

47.0 4.0 12.0

Connect floating
unit

6.0 4.0 -

Prepare floating unit
for towing

9.0 4.0 -

Ballast
semi-submersible to
operational draft

12.0 2.5 -

Mooring lines
connection

6.0 1.5 -

Cable connection 9.0 1.5 -
Re-commissioning 9.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floating unit 2.33 2.0 18.0
Free transit 6.11 3.2 30.0

2.2.4 Spar buoy offsite major replacement

The final implemented strategy refers to the offsite major replacement of a component of a
wind turbine for a spar buoy floating unit. Due to its high draft, a spar buoy cannot be towed
back to port. Therefore, similarly to its installation procedure, a spar buoy needs to be towed
to a sheltered location, where the main component replacement takes place with the use of a



2.2. IMPLEMENTED O&M STRATEGIES 31

HLV. Figure 2.8 depicts the sequence of the required activities for the spar buoy offsite major
replacement. A further explanation of these activities follows:
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Figure 2.8: Sequence diagram of the spar buoy offsite major replacement.

• Transit from port/sheltered location to wind farm site: The first step of the offsite
strategy is the transit of the vessels to the wind farm site. Two AHVs and two small tug
boats are mobilised to tow back to the sheltered location the floating assemblies.

• Vessel - wind turbine coupling: Then, the vessels are positioned at site and coupled with
the wind turbine to be towed.

• Dynamic cable disconnection: Before the towing is possible, the disconnection of the
dynamic cable of the wind turbine is performed.

• Mooring lines disconnection: Moreover, the mooring lines are disconnected, so that the
floating unit can be towed.

• Tow complete floating unit from wind farm site to sheltered location: Finally, the
floating unit is towed back to the sheltered location, where the major replacement will take
place.

• Position complete floating unit at sheltered location: Upon arrival at the sheltered
location, extra time is needed for the floating unit to be positioned so that maintenance
operations can be undertaken. When this activity is complete, the vessels transit back to
wind farm site so that they can tow the rest of the wind turbines of the maintenance campaign.

• Rigging installation and loading components: Sufficient time is needed for rigging
installation and loading the components to be used as replacement at the sheltered location.

• Transit HLV from port to sheltered location: A HLV is mobilised and transits to the
sheltered location to perform the replacement of the major components of all wind turbines.

• Offsite major replacement at sheltered location: When all wind turbines are towed
back to the sheltered location, a HLV is used to perform the replacement of the major
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components. During this time, the vessels wait at the sheltered location in order to tow the
wind turbines back to the wind farm site, after their replacement is completed.

• Return HLV from sheltered location to port: When all major replacements are per-
formed, the HLV returns back to port to be demobilised. This activity, as well as the rigging
installation and loading of components and the HLV transit to sheltered location, do not be-
long to the critical path of the maintenance campaign, albeit they are performed in parallel.

• Connect complete floating unit with tug boats: After the replacement, the wind
turbines are partially re-commissioned and connected with the vessels in order to be towed
back to the wind farm site.

• Prepare complete floating unit for towing: Then, the floating unit is prepared to leave
the sheltered location.

• Tow complete floating unit from sheltered location to wind farm site: Afterwards,
the floating unit is towed back to site.

• Position complete floating unit at wind farm site: Upon arrival at the wind farm site,
the floating unit is positioned at its designated location.

• Mooring lines connection: Then, the mooring lines are connected back to the spar buoy.
• Dynamic cable connection: Finally, the dynamic cable is re-connected to the wind turbine

so that the electricity production can resume.
• Return from wind farm site to sheltered location/port: When the dynamic cable

connection is complete, the vessels transit back to sheltered location so that they can tow the
rest of the wind turbines of the maintenance campaign.

• Re-commissioning of wind turbines: When the cable connection is finalised, the re-
commissioning of the wind turbine is performed. One small tug boat is assumed to be
available during re-commissioning, in case transfer of technicians is needed. This activity is
assumed to be parallel to the critical path of the maintenance sequence.

In this strategy, the first critical sequence starts with the vessel - wind turbine coupling and
ends with the positioning of the complete floating units at the sheltered location. Then, the
second critical sequence begins with the connection of the floating units with tug boats to be
towed back to the wind farm site and ends with their dynamic cable connection.

It should be noted that the end of this replacement strategy is defined by the maximum duration
of the re-commissioning of the last wind turbine and the return of the vessels to port. All
the required activities, as well as the vessels operations, are characterised by their respective
theoretical duration and weather limits, which are based on literature [4, 15, 17, 23, 25, 28] and
presented in Table 2.10.
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Table 2.10: Duration and weather limits for the activities involved in the spar buoy offsite major
replacement (for a single floating unit).

Activity Duration (h) Significant wave
height limit (Hs)

(m)

Wind speed limit
(U100) (m/s)

Vessel - wind turbine
coupling

4.0 2.5 -

Cable disconnection 4.0 1.5 -
Mooring lines
disconnection

9.0 1.5 -

Position at sheltered
location

18.0 4.0 -

Rigging installation
and loading
components

15.0 4.0 -

Replacement at
sheltered location

48.0 2.5 12.0

Connect floating
unit

6.0 4.0 -

Prepare floating unit
for towing

9.0 4.0 -

Position at site 9.0 2.5 -
Mooring lines
connection

9.0 1.5 -

Cable connection 9.0 1.5 -
Re-commissioning 9.0 - -
Activity Speed (m/s) Significant wave

height limit (Hs)
(m)

Wind speed limit
(U100) (m/s)

Tow floating unit
(tug boat)

1.47 2.0 18.0

Free transit (tug
boat)

6.11 3.2 30.0

HLV transit 6.22 10.0 25.0

2.3 Wind farm and daily rates assumptions
In this section, the reference wind farm used for this thesis is introduced, as well as assumptions
related to the daily rates of vessels and port facilities and other incurred costs. In subsection
2.3.1, the specifications of the selected wind turbine and floaters are listed. In subsection 2.3.2,
the location of the wind farm site, the port and the shipyard is presented. In subsection 2.3.3
the daily rates and the mobilisation costs of different vessels as well as required facilities and
personnel costs are offered. Moreover, the calculation of the required shipyard and port storage
as well as the lost revenue during downtime are presented.

2.3.1 Specifications of wind farm components

The main specifications of the IEA 15-MW reference wind turbine are listed in Table 2.11.
It should be noted that the tower height should be adapted to match the desired hub height
depending on the height of the interface between the tower base and the floating sub-structure
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[4]. Furthermore, the assumption of a nacelle diameter of 9.0 m and a nacelle length of 7.0 m is
made. This assumption is not critical to the outcome of the thesis, as it is only relevant for the
calculation of the port storage cost.

Table 2.11: Main specifications of the IEA 15-MW offshore reference wind turbine [13].

Parameter Value Parameter Value
Power rating (MW) 15 Hub height (m) 150
Cut-in wind speed (m/s) 3.00 Blade mass (ton) 65.25
Rated wind speed (m/s) 10.59 Nacelle mass (ton) 630.89
Cut-out wind speed (m/s) 25.00 Hub mass (ton) 190.00
Rotor diameter (m) 240 RNA mass (ton) 1016.64
Blade length (m) 117 Tower mass (ton) 860.00
Maximum blade chord (m) 5.77

For the scope of this thesis, two different sub-structures are examined, due to their high po-
tential: semi-submersibles and spar buoys. The WindCrete (spar buoy) and ActiveFloat (semi-
submersible) [14] concrete sub-structures designed to support the 15-MW IEA reference wind
turbine are used for this study. Technical specifications for both the designs are reported in
Table 2.12.

Table 2.12: Main specifications of the selected sub-structures to be mated with the IEA 15-MW
reference wind turbine [14].

Semi-submersible Spar buoy
Parameter Value Parameter Value
Length (m) 76.0 Length (m) 155.0
Breadth (m) 83.9 Diameter (m) 18.6
Floater mass including ballast (tons) 34,387 Floater mass including ballast (ton) 39,805
Tower base diameter (m) 10.00 Tower base diameter (m) 13.20
Tower diameter at 40% height (m) 8.60 Tower diameter at 40% height (m) 10.35

2.3.2 Wind farm location

The exact location of the wind farm site is not of utmost importance for the scope of this
thesis, since the aim is to find some general conclusions over the optimum installation and O&M
strategies of floating wind farms, which are not related to a specific site. However, one location
should be decided upon, representative of far-offshore weather conditions. For this reason, the
selection of a far-offshore location was made inside the Exclusive Economic Zone (EEZ) of the
Netherlands, approximately 200 km from shore. The coordinates of this location are 55.0°N
4.15°E. It is assumed that the water depth at the far-offshore site is sufficient to allow for the
installation of a spar buoy. The 30-year reanalysis weather time series acquired from LAUTEC
database [43] for this location are used for all the activities that are performed at the wind farm
site.

In addition, near shore weather time series are needed for all the activities that are performed at
port or shipyard or at sheltered location. For this reason, a node from the LAUTEC database [43]
located in the proximity of the Northern shore of the Netherlands - coordinates 52.45°N 4.45°E
- was selected as representative of the near-shore wind climate. While the port, shipyard and
sheltered location are assumed not to be adjacent during the simulation, the weather conditions
of each one of them is based on the 30-year weather time series acquired from [43] for the near-
shore location specified. Similarly, as in the case of the wind farm site, the water depth at the
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sheltered location is assumed to be greater than the draft of the spar buoy. Finally, for activities
performed between the wind farm site and onshore/near-shore locations, such as the towing of
a complete floating unit from the port to the wind farm site, the average of the offshore and
near-shore weather data are used. It should be noted that, during the simulations, significant
wave height and wind speed at 100 m height are examined as limiting conditions for installation
and maintenance activities, while wave period is neglected.

The simulations are based on 25-year weather time series obtained for the wind farm site and
near-shore location. The selection of 25 over 30 years is made, in order to allow the simulations
beginning at the end of the 25th year to be concluded without running out of available time steps.
The installation and O&M sequences are assumed to begin every hour of these 25 years, and
the average results of all these simulations are used as the representative values of the respective
strategies. A 24-hour long work day has been assumed for all operations. Furthermore, for
the installation campaigns, the simulations are performed for three different periods, namely:
Spring-Summer period (21st March - 20th September), Autumn-Winter period (21st September -
20th March) and the whole year. This division is made, since it is a common practice that offshore
operations do not occur during the winter period, due to adverse weather conditions. Therefore,
it is interesting to examine whether it is more economically viable to perform all installation
activities during the spring-summer period and halt all operations during the autumn-winter
one, or if it is more efficient to perform the installation sequence throughout the whole year.

A base case scenario is assumed for all time periods, the characteristics of which are presented
in Table 2.13. In addition, the weather limits of each activity and vessel operation, which are
elaborated in sections 2.1 and 2.2, are assumed to be constant during the base case scenario.
Moreover, a sensitivity analysis is performed on the parameters that highly influence the total
cost and duration of the installation and O&M strategies: distance from shore/port and opera-
tional limits for the different activities. For these parameters, the effect of a decrease up to 50%
and of an increase up to 50% of their nominal values is examined, with intervals of 5%. As a
result, each simulation is run 42 times in order to gain a better insight into the dependence of
installation and O&M costs and duration upon distance from shore/port and vessels operational
limits.

It is worth mentioning that the same weather data are used throughout the sensitivity analyses.
Despite the changing distance from shore, it is assumed that the selected weather data are
representative of far-offshore locations, either the wind farm is based 100 or 300 km from shore.
Furthermore, it is assumed that the same vessel equipment is mobilised and used, even when
the distance from shore increases further than the base case distance of 200 km.

Table 2.13: Base case scenario characteristics.

Parameter Value
Number of wind turbines (-) 30
Distance shipyard - port (km) 200
Distance port - wind farm site (km) 200
Distance shipyard - wind farm site (km) 200
Distance shipyard - sheltered location (km) 200
Distance port - sheltered location (km) 20
Distance sheltered location - wind farm site (km) 180

2.3.3 Cost assumptions

Other key inputs for the installation and O&M strategies are the vessel daily rates and their
mobilisation costs, as well as other costs associated with port and shipyard activities. Vessels
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costs are highly volatile as they are heavily dependent on market supply and demand. In the
context of this research, the cost estimation was carried out based on the existing literature [4,
6, 8, 15, 18, 20, 23, 25, 27, 28, 31, 38], which is reported in Table 2.14. The mobilisation costs
are assumed to be equal to 3.5 daily rates.

Table 2.14: Vessel rates and mobilisation costs.

Vessel Daily rate (€/day) Mobilisation cost (€)
CTV 2,050 7,175
W2W 35,000 122,500
Small tug boat 4,500 15,750
Large tug boat 28,350 99,225
AHV 43,150 151,025
CLV 61,550 215,425
Working barge 33,400 116,900
HLV 467,950 1,637,825
Large sized crane barge
(used at 2.1.2)

128,500 449,750

Medium sized crane barge
(used at 2.1.4)

56,100 196,350

In addition to the vessel costs, the total installation and maintenance costs comprise also facilities
costs, including the use of slipways and onshore cranes as well as the port/shipyard storage space
and the quayside space requirements. The latter is applicable only for the semi-submersible
installation at quayside and offsite major replacement. Similarly to the vessels, the exact values
of these costs are highly volatile. In the context of this thesis, port and shipyard costs are based
on the existing literature, and are presented in Table 2.15.

Table 2.15: Facilities costs of the installation and maintenance campaigns.

Type of cost Value Sources
Slipway hourly rate (€/h) 850.0 [4]
Crane hourly rate (€/h) 850.0 [8, 20, 28]
Storage daily rate (€/(day*m2) 0.2 [44]
Berthing daily rate (€/(day*unit) 300.0 [45]

During the installation procedure, both the floaters and the wind turbine components need to
be stored at the shipyard and port facilities, respectively. The area of the required shipyard
storage for the case of semi-submersibles is given by equation 2.3.1, while for the case of spar
buoys by equation 2.3.2:

Sshipyard = 1.1 ∗NWTG ∗Lsemi ∗Bsemi (2.3.1)
Sshipyard = 1.1 ∗NWTG ∗Lspar ∗Dspar (2.3.2)

where Sshipyard is the required shipyard storage surface, NWTG is the number of wind turbines,
L is the length of the floaters, Bsemi is the breadth of the semi-submersible and Dspar is the
diameter of the spar buoy. A coefficient of 1.1 is used to ensure enough space for internal
movements.

The area of the required port storage for all installation strategies is given by equation 2.3.3:

Sport = 1.1 ∗NWTG ∗ (
π

4
∗ (D2

lower +D
2
upper) + 3 ∗Lblade ∗Lchord +Dnacelle ∗Lnacelle) (2.3.3)
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where Sport is the required port storage surface, NWTG is the number of wind turbines, Dlower

is the base diameter of the lower section of the tower of the wind turbine, Dupper is the base
diameter of the upper section of the tower of the wind turbine, Lblade is the length of one blade,
Lchord is the maximum chord of one blade, Dnacelle is the nacelle diameter and Lnacelle is the
nacelle length. A coefficient of 1.1 is used to ensure enough space for internal movements.

Moreover, during the cost calculation of the maintenance strategies, the number of required
technicians is introduced. Depending on the type of the required maintenance, different number
of technicians are used. According to [42], for a minor repair a team of two technicians is needed,
while for a major repair a team of three. In addition, a team of eight technicians is required for
a major replacement. Since the length of the working day is set to be equal to 24 hours, two
shifts of teams are used per day for all strategies. Finally, the daily rate of a single technician
is set to be 200 €/day [17].

During the maintenance procedure, the lost revenue due to the downtime of the wind turbines is
calculated as an additional cost. This is an important factor for the selection of the optimal O&M
strategy, as strategies with longer duration result in higher lost revenue due to the increased
downtime. Therefore, a trade-off can be identified between a fast maintenance strategy with
the use of expensive vessels and a slower one with the use of cheaper vessels. As a base case
scenario, a fixed electricity price of 100 €/MWh is assumed. For the calculation of the energy
output of a single wind turbine, equation 2.3.4 is used:

PWTG =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

0, if Uhub < Ucut−in
1
2 ∗ ρair ∗ cp ∗U

3
hub ∗

π
4 ∗D

2
WTG, if Uhub < Urated

Prated, if Uhub < Ucut−out

0, Uhub > Ucut−out

(2.3.4)

where PWTG is the power output of a wind turbine, ρair is the air density equal to 1.225
kg/m3 and cp is the optimal power coefficient of the reference wind turbine equal to 0.456.
The remaining specifications of the reference wind turbine can be found at Table 2.11. For
the estimation of the energy losses, the time series of wind data (height of 100 m) have been
extrapolated to hub height (height of 150 m) with power law, using an offshore power law
exponent equal to 0.11.

2.4 Code implementation
In Figure 2.9, the implementation of a critical sequence in the installation code is shown for a
better understanding of how these activities are simulated. A similar approach is used for the
maintenance campaigns. The critical sequence consisting of connection of turbine for towing,
towing to wind farm site, positioning at site and offshore installation is depicted, as this is
applied in all installation strategies apart from the semi-submersible installation with wind
turbine assembly at wind farm site. In the given flowchart, a counter for each activity is used in
order to determine its completion. If this counter becomes greater or equal than the theoretical
duration of this activity, then the activity is considered to be completed and then the calculation
of the counter of the next activity begins. If one of the weather limits of the activities of the
critical sequence is not satisfied, then all counters are set to zero and the whole process should
start from the beginning with the next time step. In this case, a total counter for each critical
sequence is incremented to account for the delay due to waiting on weather. This procedure
is iterated until all separate activities can be performed with no interruption due to weather
conditions. A similar procedure is followed for non-critical activities.
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3 | Installation Results

In this Chapter, the main results of the simulation of the different installation strategies are pre-
sented. In section 3.1, the installation base case scenario results are presented for all strategies.
In addition, in section 3.2, the weather delays of various activities as well as cost and duration
histograms of all strategies are presented. Finally, in section 3.3, the results of the sensitivity
analysis are detailed.

3.1 Installation base case comparison
The comparison of the different strategies is first undertaken for the base case scenario. In
Figure 3.1, the total facilities and vessels cost per MW of the different installation strategies for
all examined time periods are presented. The facilities costs include the cost of slipway, onshore
cranes, port and shipyard storage as well as berthing, when applicable. The costs of the vessels
include both their mobilisation costs and their cumulative daily rates over the hiring period.

The operational costs of the vessels represent the largest percentage of the total installation costs
of the floating wind farm. Moreover, during the spring-summer period, the costs are substantially
lower than for the autumn-winter case. This is due to the adverse weather conditions in the bad
season, resulting in increased weather delay for all operations and therefore longer duration of
the whole installation sequence. This increased duration is accompanied by higher cumulative
daily vessel rates as well as longer hiring time of shipyard and port facilities. Thus, a total
increase of both the facilities and vessels costs can be observed. It is evident that performing
all the installation activities during the spring-summer months could result in lower installation
costs compared to the yearly operation. However, in case the installation of all the units in
the wind farm was to exceed the allocated time frame, operations would continue the following
year. Then, vessels’ mobilisation and demobilisation costs might have to be repaid and hiring
port/shipyard facilities might need to be extended for the next year, but with a smaller required
storage area. Therefore, the difference between limiting the operations to the good season or
extending them to the whole year will decrease to some extent.

This conclusion can be drawn for all the examined installation strategies. However, it is impor-
tant to compare the installation costs of the implemented strategies for the same time periods.
From Figure 3.1, it is evident that the semi-submersible installation with wind turbine assembly
at quayside is the least expensive option for all time periods, with a total installation cost of 69.9
k€/MW for the spring-summer period and 108.8 k€/MW for the yearly one. The spar buoy in-
stallation with HLV follows, with a total installation cost of 107.0 k€/MW for the spring-summer
period and 163.1 k€/MW for the yearly one. This proves the big advantage of floating wind
turbines; their ability to perform operations offsite. The spar buoy installation with crane barge
and the semi-submersible installation with wind turbine assembly at wind farm site are less
cost-effective, ranking respectively third and fourth in terms of cost-convenience. The assembly
of wind turbines with semi-submersible floaters at wind farm site results in high installation
costs, as the whole procedure is highly susceptible to the far-offshore weather conditions. While
a total cost increase of 56% is observed between the spring-summer and the yearly operation of
the semi-submersible installation with wind turbine assembly at quayside, a total cost increase
of 78% is observed in the semi-submersible installation with wind turbine assembly at wind farm
site.

39
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Figure 3.1: Total facilities and vessels cost per MW for the base case scenario of the examined
installation strategies. Strategy 1 refers to semi-submersible installation with wind turbine
assembly at quayside, Strategy 2 to semi-submersible installation wind wind turbine assembly
at wind farm site, Strategy 3 to spar buoy installation with HLV and Strategy 4 to spar buoy
installation with crane barge.

The conclusions which can be drawn by the comparison of the different spar buoy installation
strategies are not so evident, as the ones derived from the semi-submersible ones. From Figure
3.1, it is clear that the vessel costs for both strategies are almost identical during all the examined
time periods, with a yearly increase, compared to the spring-summer one, of 52% for both cases.
Therefore, using a cheaper crane barge does not provide a significant cost advantage, as the
crane barge has to be deployed for longer periods. Due to this higher duration of the installation
sequence, the cost of shipyard and port facilities for the spar buoy installation with crane barge
are higher than the installation with the deployment of the HLV, as the storage duration of wind
turbine components is increased. Nevertheless, as the prices of the vessels are quite volatile, one
or the other strategy might prove to be more economically promising for wind farm developers.

Similar conclusion can be drawn from Figure 3.2, where the installation duration per floating
unit is examined for all strategies. It is clear that due to more favourable weather conditions,
installation during the spring-summer months results in lower installation time. However, the
yearly duration increase is in the order of 43-47% for all strategies, except for semi-submersible
installation with wind turbine assembly at site, where it is in the order of 66%. Furthermore,
as previously explained, the spar buoy installation with crane barge results in higher duration
than the spar buoy installation with HLV, due to the increased number of trips required for the
assembly of the wind turbines and the spar buoys at the sheltered location. Moreover, despite
its high dependence on far-offshore weather conditions, the duration of the semi-submersible
installation with wind turbine assembly at wind farm site is comparable to spar buoy installation
strategies, as it involves a reduced number of required activities. Overall, the semi-submersible
installation with quayside assembly of wind turbines and floaters, seems to be the most promising
strategy for the floating wind farm, also as far as the expected duration of the installation
sequence is concerned.
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Figure 3.2: Installation duration per floating unit for the base case scenario of the examined
installation strategies. Strategy 1 refers to semi-submersible installation with wind turbine
assembly at quayside, Strategy 2 to semi-submersible installation with wind turbine assembly
at wind farm site, Strategy 3 to spar buoy installation with HLV and Strategy 4 to spar buoy
installation with crane barge.

3.2 Seasonal evaluation of installation strategies for the base
case scenario

A relevant item when dealing with floating wind farms’ installation is the seasonal evaluation
of all installation strategies in order to get better insight into the best period to execute the
installation sequence. In this section, the waiting on weather and the weather delay of all
installation strategies are addressed for all examined time periods, for the base case scenario.
It should be noted that, in this thesis, waiting on weather refers to the absolute increase of
the duration of each activity due to the implemented weather limits, while the weather delay is
defined as the percentage increase of the theoretical duration of one activity, given by equation
3.2.1:

WeatherDelay = AverageDuration − TheoreticalDuration

TheoreticalDuration
∗ 100% (3.2.1)

where Average Duration is the average duration of each activity after the 25-year simulations
and Theoretical Duration is the net duration of each activity, if there were no weather limits.
It should be noted, however, that since this weather delay is based on the theoretical duration
of each activity, some activities with small net duration might be characterised by very high
weather delay, even if their actual waiting on weather is not very significant.

As observed in Figures 3.4, 3.6, 3.8 and 3.10, the waiting on weather and weather delays during
the autumn-winter months are much higher than the ones during the spring-summer period
for all installation strategies, as the weather conditions are much more severe and limiting for
offshore activities. Furthermore, the density histograms of the installation duration per floating
unit and the total installation cost per MW of all installation strategies, are presented in Figures
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3.3, 3.5, 3.7 and 3.9. As expected, the installation cost and duration are lower during the spring-
summer period compared to the yearly and the autumn-winter ones. The left-side bins of the
spring-summer case are characterised by higher probability density, while the right-side bins
of the autumn-winter period are characterised by higher probability density than the spring
summer case. It should be noted that only a selected number of bins is presented in Figures 3.3,
3.5, 3.7 and 3.9, as a small number of simulations results in higher cost and duration. However,
these extreme results are omitted to focus on the interesting portion of the figures. Thus, the
area of the histograms is lower than 1.

The structure of this section follows; in subsection 3.2.1, the seasonal evaluation of semi-
submersible installation with wind turbine assembly at quayside is introduced, and the eval-
uation of the semi-submersible installation with wind turbine assembly at wind farm site is
presented in subsection 3.2.2. Then, the seasonal evaluations of the spar buoy installation with
HLV and with crane barge are reported in subsections 3.2.3 and 3.2.4, respectively.

3.2.1 Seasonal evaluation of semi-submersible installation with wind tur-
bine assembly at quayside

As it can be observed in Figure 3.4a, for the case of the semi-submersible installation with wind
turbine assembly at quayside, the critical activities of installation of the wind turbines at site
and towing of the floaters are the ones resulting in the highest waiting on weather for all time
periods (up to 103 h and 17 h, respectively, during yearly simulation). This is mainly due to
the restrictive weather limits of far-offshore activities and the long weather windows required
for the towing operations. Onshore assembly is the next activity with the highest share of
the total waiting on weather. This depends on the fact that the assembly of the wind turbine
onshore is highly susceptible to wind conditions at hub height, thus resulting in considerable
weather delays. As previously explained, in Figure 3.4b, it is evident that onshore assembly is
characterised by higher weather delay compared to the critical sequence of towing of the floaters,
a conclusion which can be explained by the shorter net duration of the former activity compared
to the latter.

(a) Duration histogram (b) Cost histogram

Figure 3.3: Histograms of installation duration per floating unit and total installation cost per
MW of the semi-submersible installation with wind turbine assembly at quayside for the three
examined time periods.
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Figure 3.4: Waiting on weather and weather delay of installation activities of the semi-
submersible installation with wind turbine assembly at quayside for the three examined time
periods.

3.2.2 Seasonal evaluation of semi-submersible installation with wind tur-
bine assembly at wind farm site

As it can be observed in Figure 3.6a, for the case of the semi-submersible installation with wind
turbine assembly at wind farm site, the critical sequence of offshore wind turbine installation
and the critical sequence of installing the floaters at site are the ones with the highest waiting
on weather for all time periods (up to 153 h and 64 h, respectively, for the yearly installation
case). This is mainly due to the restrictive weather windows and high duration of the offshore
assembly and the towing operations. The transit of the turbine components is the next activity
with the highest share of the total waiting on weather. This is due to the requirements for a
long weather window in harsh weather conditions. In Figure 3.6, it is clear that the same order
of activities for both waiting on weather and weather delay is observed.
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(a) Duration histogram (b) Cost histogram

Figure 3.5: Histograms of installation duration per floating unit and total installation cost per
MW of the semi-submersible installation with wind turbine assembly at wind farm site for the
three examined time periods.
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Figure 3.6: Waiting on weather and weather delay of installation activities of the semi-
submersible installation with with turbine assembly at wind farm site for the three examined
time periods.
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3.2.3 Seasonal evaluation of spar buoy installation with HLV

As it can be observed in Figure 3.8a, for the case of the spar buoy installation with HLV, the
critical activities of installation of the wind turbines at site and towing of the floaters are the
ones with the highest waiting on weather for all time periods (up to 128 h and 24 h, respectively,
during yearly simulation). This is again related to the restrictive offshore weather limits and
long weather-window requirements of the towing operations. The critical sequence of mating the
wind turbine with the spar buoy is the next activity with the highest share of the total waiting
on weather. This can be explained, as this critical sequence is characterised by relative high
duration and restrictive significant wave height and wind speed limits. As it can be observed in
Figure 3.8b, the critical sequence of mating the wind turbines with the spar buoys has higher
weather delay compared to the critical sequence involving the towing of the floaters, a conclusion
which can be explained by the shorter duration of the former critical sequence compared to the
latter.

Furthermore, as it is shown in Figure 3.7, the probability density of the left-side bins of this
strategy, is lower compared to the semi-submersible installation with wind turbine assembly at
quayside (see Figure 3.3), but higher than the semi-submersible installation with wind turbine
assembly at wind farm site (see Figure 3.5), thus supporting the conclusions presented in section
3.1, that spar buoy installation with HLV is more weather dependent than the semi-submersible
installation with wind turbine assembly at quayside, but less weather dependent than the semi-
submersible installation with wind turbine assembly at wind farm site.

(a) Duration histogram (b) Cost histogram

Figure 3.7: Histograms of installation duration per floating unit and total installation cost per
MW of the spar buoy installation with HLV for the three examined time periods.
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Figure 3.8: Waiting on weather and weather delay of installation activities of the spar buoy
installation with HLV for the three examined time periods.

3.2.4 Seasonal evaluation of spar buoy installation with crane barge

As it can be observed in Figure 3.10a, for the case of spar buoy installation with crane barge,
the critical activities of installation of the wind turbines at site and offshore assembly at the
sheltered location are the ones with the highest waiting on weather for all time periods (up to 128
h and 56 h, respectively, during yearly simulation). This is mainly due to the restrictive weather
limits of offshore operations. The critical sequence of towing floaters is the next activity with
the highest share of the total waiting on weather, again due to the restrictive weather limits and
long weather window requirements. As it is shown in Figure 3.10b, in this installation strategy,
the order of the activities is the same both for their waiting on weather and their weather delay.
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(a) Duration histogram (b) Cost histogram

Figure 3.9: Histograms of the installation duration per floating unit and total installation cost
per MW of the spar buoy installation with crane barge for the three examined time periods.
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Figure 3.10: Waiting on weather and weather delay of installation activities of the spar buoy
installation with crane barge for the three examined time periods.
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3.3 Sensitivity analysis of installation strategies
As aforementioned, the distance from shore/port, the weather conditions and the operational
limits for the installation activities, are the most vital parameters that affect the total installation
cost and duration of floating wind farms. For this reason, a sensitivity analysis is performed on
these parameters, as introduced in subsection 2.3.2. The results of this analysis, are presented
in three subsections; subsection 3.3.1 refers to the spring-summer period, subsection 3.3.2 refers
to the yearly period, and subsection 3.3.3 refers to the autumn-winter period.

For every examined time period, the following general conclusions hold. As it can be observed
in the following subsections, it is clear that a nearly linear relation exists between the total
installation cost and the distance from shore/port for all time periods. Moreover, it is evident,
that semi-submersible installation with wind turbine assembly at quayside is, in any case, the
least expensive option to pursue, while the semi-submersible installation with wind turbine
assembly at wind farm site is the most expensive one. In addition, as the distances increase, the
cost difference between spar buoy installation with HLV and crane barge increases, as a result
of the multiple number of trips that the crane barge needs to perform.

Moreover, it can be concluded that in all the cases under consideration, there is no linear relation
between the total installation cost and the operational weather limits. When stricter weather
limits are applied, higher costs are observed; when weather limits are reduced down to 50% of the
base case scenario ones, the installation cost per MW increases exponentially for all implemented
installation strategies in all time periods. This is predominantly true for the semi-submersible
installation with wind turbine assembly at site, which highlights the high dependence on weather
limits of this strategy, whereas semi-submersible installation with wind turbine assembly at
quayside is less affected by the weather conditions and thus weather limits, proven by the
lowest cost increase. As a result, the cost difference between the different strategies is increased
when stringent weather limits are applied. Furthermore, when the weather limits are relaxed
compared to the nominal ones, the cost difference is much smaller, as the cost curve becomes
nearly horizontal and close to its net theoretical value. Also in this case, semi-submersible
installation with wind turbine assembly at site has the highest cost decrease, when weather
limits are relaxed by 50%, proving its high dependence on far-offshore weather conditions. In
any case, the ranking of the installation strategies remains the same for all the cases considered
in this sensitivity analysis.

Furthermore, a linear relation between the installation duration per floating unit and distance
is observed, similar to the installation cost per MW. For all the examined distances and time
periods, the semi-submersible installation with wind turbine assembly at quayside is the fastest
one, while the order of the rest of the strategies highly depends on the examined time period
and distance from shore/port. The differences between the implemented strategies, however,
are not constant. It can be observed that the spar buoy installation with crane barge becomes
the slowest strategy, when the distances increase in all time periods, as the crane barge needs
to perform multiple trips between the port and the sheltered location, thus resulting in a higher
total duration.

Finally, similarly to the installation cost, it is evident that there is no linear relation between
the installation duration and the weather limits. The installation strategies which are more
dependent on weather limits are characterised by the highest duration increase, and as a result,
semi-submersible installation with wind turbine assembly at site is the slowest strategy when the
strictest weather limits are applied, despite its low net theoretical duration. When the weather
limits are relaxed, the duration differences between implemented strategies become slim, as the
actual durations approach their theoretical values.
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3.3.1 Sensitivity analysis for the spring-summer period

At first, the installation cost results of all implemented strategies are presented; in Figure 3.11a
with respect to changing distance, and in Figure 3.11b in respect of changing weather limits.

As it can be observed in Figure 3.11a, an installation cost increase of 15-24% occurs with an
increase of 50% of the distance, while a general decrease of 15-23% is observed with a decrease
of 50% compared to the nominal case. The maximum variation is observed for the spar buoy
installation with crane barge, due to the multiple number of required trips. The minimum
difference is observed for the semi-submersible installation with wind turbine assembly at site,
as its installation cost is mainly driven by far-offshore weather conditions rather than distance
from shore/port.

Furthermore, as it can be observed from Figure 3.11b, when the operational weather limits
are equal to 50% of the base case scenario, an installation cost increase of 649% is observed
in the strategy with semi-submersible installation with wind turbine assembly at site, while
in the case of the semi-submersible installation with wind turbine assembly at quayside, this
increase is limited to 255%. Similarly, the spar buoy installation with HLV is characterised by an
installation cost increase of 321%, while spar buoy installation with crane barge by an installation
cost increase of 336%. When weather limits are relaxed by 50% compared to the nominal case,
semi-submersible installation with wind turbine assembly at site has the highest installation
cost decrease equal to 30%, while the rest of the installation strategies are characterised by a
decrease in the order of 19-20%.

Moreover, the installation duration results of all implemented strategies are presented; in Figure
3.12a with respect to changing distance, and in Figure 3.12b in respect of changing weather
limits.

From Figure, 3.12a, it is clear that for all the examined distances, the semi-submersible installa-
tion with wind turbine assembly at quayside is the fastest strategy, while spar buoy installation
with crane barge is the slowest one. Semi-submersible installation with wind turbine assem-
bly at site becomes faster than the spar buoy installation with HLV, approximately when the
distance from shore/port is equal to 90% of the nominal one. The differences between the im-
plemented strategies, however, are not constant. In fact, a 50% decrease of distance compared
to the nominal one results in a duration decrease of 17% for the semi-submersible installation
with wind turbine assembly at quayside and of 14% for the semi-submersible installation with
wind turbine assembly at site, whereas the spar buoy installations with HLV and crane barge
are characterised by a decrease of 19% and 21%, respectively. Similarly, a 50% increase of dis-
tance compared to the nominal one, results in an increase of the same order of magnitude for
all strategies, respectively. Therefore, it is evident that the spar buoy installation strategies are
more dependent on the distance from shore/port compared to the semi-submersible ones.

Finally, from Figure 3.12b, it can be observed that when a weather-limit decrease of 50% is
applied, the duration of semi-submersible installation with wind turbine assembly at quayside is
increased by 208%, the duration of semi-submersible installation with wind turbine assembly at
site is increased by 512%, the duration of spar buoy installation with HLV is increased by 267%
and the duration of spar buoy installation with crane barge is increased by 297%. Therefore, the
same strategies that perform better in terms of cost while decreasing the operational weather
limits, also perform better in terms of installation time. Moreover, the strategies that show a
higher increase in installation duration with stricter weather limits, also show the higher decrease
when weather limits are relaxed, with a general decrease of 15-25% for all implemented strategies.
In particular, semi-submersible installation with wind turbine assembly at wind farm site shows
such a strong dependence on weather conditions, that from being the slowest installation strategy
with strict weather limits, it becomes the second fastest one when the weather limits are relaxed.
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Figure 3.11: Sensitivity analysis of the installation cost per MW of the different examined instal-
lation strategies for the spring-summer period. Strategy 1 refers to semi-submersible installation
with wind turbine assembly at quayside, Strategy 2 to semi-submersible installation with wind
turbine assembly at wind farm site, Strategy 3 to spar buoy installation with HLV and Strategy
4 to spar buoy installation with crane barge.
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Figure 3.12: Sensitivity analysis of the installation duration per floating unit of the differ-
ent examined installation strategies for the spring-summer period. Strategy 1 refers to semi-
submersible installation with wind turbine assembly at quayside, Strategy 2 to semi-submersible
installation with wind turbine assembly at wind farm site, Strategy 3 to spar buoy installation
with HLV and Strategy 4 to spar buoy installation with crane barge.
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3.3.2 Sensitivity analysis for the yearly period

The second period to be presented is the yearly one. At first, the installation cost results of all
implemented strategies are presented; in Figure 3.13a with respect to changing distance, and in
Figure 3.13b in respect of changing weather limits.

As it can be observed in Figure 3.13a, an installation cost increase of 12-28% occurs with an
increase of 50% of the distance, while a general decrease of 12-23% is observed with a decrease of
50% compared to the nominal case. Similarly to the spring-summer period, the maximum vari-
ation is observed for the spar buoy installation with crane barge, while the minimum difference
is observed for the semi-submersible installation with wind turbine assembly at site.

Furthermore, as it can be observed in Figure 3.13b, when weather limits are equal to 50% of
the base case scenario, an installation cost increase of 639% is observed for the semi-submersible
installation with wind turbine assembly at site, while in the case of the semi-submersible in-
stallation with wind turbine assembly at quayside, this increase is limited to 382%. Similarly,
the spar buoy installation with HLV is characterised by an installation cost increase of 412%,
while spar buoy installation with crane barge by an increase of 432%. When weather limits are
relaxed by 50% compared to the nominal case, semi-submersible installation with wind turbine
assembly at site has the highest installation cost decrease equal to 49%, while the rest of the
installation strategies are characterised by a cost decrease of 39%.

Moreover, the installation duration results of all implemented strategies are presented; in Figure
3.14a with respect to changing distance, and in Figure 3.14b in respect of changing weather
limits.

From Figure, 3.14a, it is clear that for all the examined distances, the semi-submersible installa-
tion with wind turbine assembly at quayside is the fastest one. Spar buoy installation with crane
barge becomes the slowest strategy for distances greater than approximately 65% of the nominal
case, while semi-submersible installation with wind turbine assembly at site becomes as fast as
the spar buoy installation with HLV only when the distance from shore/port becomes equal to
150% of the nominal case. The differences between the implemented strategies, however, are not
constant. A 50% decrease of distance compared to the nominal one, results in an installation
duration decrease of 18% for the semi-submersible installation with wind turbine assembly at
quayside and of 12% for the semi-submersible installation with wind turbine assembly at site,
whereas the spar buoy installations with HLV and crane barge are characterised by a decrease
of 21% and 22%, respectively. Similarly, a 50% increase of distance compared to the nominal
one, results in an installation duration increase of 21% for the semi-submersible installation with
wind turbine assembly at quayside and of 13% for the semi-submersible installation with wind
turbine assembly at site, whereas the spar buoy installations with HLV and crane barge are
characterised by an increase of 27% and 26%, respectively.

Finally, from Figure 3.14b, it can be concluded that when a weather-limit decrease of 50%
is applied, the duration of the semi-submersible installation with wind turbine assembly at
quayside is increased by 330%, the duration of the semi-submersible installation with wind
turbine assembly at site by 559%, the duration of the spar buoy installation with HLV by
367% and the duration of the spar buoy installation with crane barge by 400%. Moreover, the
strategies that show a higher increase in installation duration with stricter weather limits, also
show the higher decrease when weather limits are relaxed, with a general decrease of 33-44% for
all implemented strategies. Again, the semi-submersible installation with wind turbine assembly
at wind farm site shows such a strong dependence on weather conditions, that from being the
slowest installation strategy with strict weather limits, it becomes the second fastest strategy
when the operational weather limits are relaxed.
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Figure 3.13: Sensitivity analysis of the installation cost per MW of the different examined
installation strategies for the yearly period. Strategy 1 refers to semi-submersible installation
with wind turbine assembly at quayside, Strategy 2 to semi-submersible installation with wind
turbine assembly at wind farm site, Strategy 3 to spar buoy installation with HLV and Strategy
4 to spar buoy installation with crane barge.
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(b) Installation duration per floating unit as a function of operational weather limits

Figure 3.14: Sensitivity analysis of the installation duration per floating unit of the different
examined installation strategies for the yearly period. Strategy 1 refers to semi-submersible
installation with wind turbine assembly at quayside, Strategy 2 to semi-submersible installation
with wind turbine assembly at wind farm site, Strategy 3 to spar buoy installation with HLV
and Strategy 4 to spar buoy installation with crane barge.
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3.3.3 Sensitivity analysis for the autumn-winter period

The last case taken into consideration is the autumn-winter period. At first, the installation
cost results of all implemented strategies are presented; in Figure 3.15a with respect to changing
distance, and in Figure 3.15b in respect of changing weather limits.

As it can be observed in Figure 3.15a, an installation cost increase of 11-30% occurs with an
increase of 50% of the distance, while a general decrease of 11-23% is observed with a decrease of
50% compared to the nominal case. Similarly to the other two time periods, the maximum vari-
ation is observed for the spar buoy installation with crane barge, while the minimum difference
is observed for the semi-submersible installation with wind turbine assembly at site.

Furthermore, as it can be observed in Figure 3.15b, when weather limits are equal to 50%
of the base case scenario, an installation cost increase of 635% is observed in the strategy of
semi-submersible installation with wind turbine assembly at site, while in the case of the semi-
submersible installation with wind turbine assembly at quayside, this increase is limited to 442%.
Similarly, the spar buoy installation with HLV is characterised by an installation cost increase
of 457%, while spar buoy installation with crane barge by an increase of 480%. When weather
limits are relaxed by 50% compared to the nominal case, semi-submersible installation with wind
turbine assembly at site has the highest installation cost decrease equal to 56%, while the rest
of the installation strategies are characterised by a decrease in the order of 48-49%.

Moreover, the installation duration results of all implemented strategies are presented; in Figure
3.16a with respect to changing distance, and in Figure 3.16b in respect of changing weather
limits.

From Figure, 3.16a, it is clear that for all the examined distances, the semi-submersible in-
stallation with wind turbine assembly at quayside is the fastest one followed by the spar buoy
installation with HLV. When the distances are equal to 90% of their nominal value, the semi-
submersible installation with wind turbine assembly at site becomes faster than the spar buoy
installation with crane barge. The differences between the implemented strategies, however, are
not constant. A 50% decrease of distance compared to the nominal one, results in an installation
duration decrease of 18% for the semi-submersible installation with wind turbine assembly at
quayside and of 11% for the semi-submersible installation with wind turbine assembly at site,
whereas the spar buoy installations with HLV and crane barge are both characterised by a de-
crease of 22%. Similarly, a 50% increase of distance compared to the nominal one, results in
an installation duration increase of 23% for the semi-submersible installation with wind turbine
assembly at quayside and of 12% for the semi-submersible installation with wind turbine assem-
bly at site, whereas the spar buoy installations with HLV and crane barge are characterised by
an increase of 30% and 28%, respectively.

Finally, from Figure 3.16b, it can be concluded that when a weather-limit decrease of 50% is
applied, the duration of the semi-submersible installation with wind turbine assembly at quayside
is increased by 396%, the duration of semi-submersible installation with wind turbine assembly
at site by 580%, the duration of spar buoy installation with HLV by 420% and the duration of
spar buoy installation with crane barge by 454%. Moreover, the strategies that show a higher
increase in installation duration with stricter weather limits, also show the higher decrease when
weather limits are relaxed, with a general decrease of 43-52% for all implemented strategies.

Overall, similar cost trends between the implemented strategies are evident during all time
periods and throughout both the sensitivity analyses. Semi-submersible installation with wind
turbine assembly at quayside is always the cheapest installation strategy followed by spar buoy
installation with HLV, spar buoy installation with crane barge and semi-submersible installation
with wind turbine assembly at site. The ranking of the installation strategies with respect to
their duration depends on the distance the vessels have to cover and the operational weather
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Figure 3.15: Sensitivity analysis of the installation cost per MW of the different examined instal-
lation strategies for the autumn-winter period. Strategy 1 refers to semi-submersible installation
with wind turbine assembly at quayside, Strategy 2 to semi-submersible installation with wind
turbine assembly at wind farm site, Strategy 3 to spar buoy installation with HLV and Strategy
4 to spar buoy installation with crane barge.

conditions, with the exception of the semi-submersible installation with wind turbine assembly
at quayside, which is always the fastest strategy.
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(b) Installation duration per floating unit as a function of operational weather limits

Figure 3.16: Sensitivity analysis of the installation duration per floating unit of the differ-
ent examined installation strategies for the autumn-winter period. Strategy 1 refers to semi-
submersible installation with wind turbine assembly at quayside, Strategy 2 to semi-submersible
installation with wind turbine assembly at wind farm site, Strategy 3 to spar buoy installation
with HLV and Strategy 4 to spar buoy installation with crane barge.



4 | O&M Results

The aim of this Chapter is to present the main results of the simulation of the different O&M
strategies. In section 4.1, the O&M base case scenario results are presented for all strategies.
In addition, in section 4.2, the weather delays of various activities as well as cost and duration
histograms of all strategies are presented. Finally, in section 4.3, the results of the sensitivity
analysis are detailed.

4.1 O&M base case comparison
The comparison of the different strategies is first undertaken for the base case scenario. In
Figures 4.1 and 4.2, the total vessels cost, lost revenue and additional costs of the different repair
and replacement strategies are presented, respectively. The costs of the vessels include both their
mobilisation costs and their cumulative daily rates. Lost revenue is calculated based on the
lost energy output of the wind turbines during their downtime, as explained in equation 2.3.4.
Additional costs include the facilities cost, the personnel cost and the cost of new components.
In all cases, the additional costs are dominated by the cost of the new components.

As it can be observed in Figure 4.1, the minor and major repairs with a CTV are cheaper than
the ones performed with the aid of a W2W vessel, predominantly due to their much lower daily
rate. The higher sea-keeping capabilities of the W2W vessels lead to a lower weather delay than
when adopting CTVs. However, the resulting lower lost revenue is not enough to outweigh the
higher cost of the W2W vessels. Therefore, the use of a CTV for a minor/major repair seems to
be more economically viable compared to the use of a W2W vessel. However, as aforementioned,
currently CTVs are not able to transit to far-offshore locations. This may change with further
progress in the maritime industry.

In Figure 4.2, it is clear that for the semi-submersible floating units, the offsite 3-wind turbine
major replacement campaign is by far the most economically viable option, proving once more the
advantage of towing semi-submersible floating units at quayside for installation and maintenance
activities. Despite its increased lost revenue compared to the onsite replacement strategy, its
overall cost is much lower since there is no need of an expensive HLV. For the spar buoy, the
HLV is required both in the onsite and offsite major replacement strategies. However, the offsite
replacement strategy is less susceptible to adverse far-offshore weather conditions, leading to
lower vessel costs, which are counterbalanced by a longer downtime leading to higher personnel
costs and production losses. As the cost difference is small, the selection of the optimum spar
buoy replacement strategy is highly dependent on the volatility of the vessel daily rates and
electricity prices.

Overall, onsite repair with the use of a CTV is the most cost-effective strategy with a total minor
repair cost of 120.0 k€, and a total major repair cost of 242.8 k€. In the case of a W2W vessel,
these costs are equal to 322.1 k€, and 525.5 k€, respectively. In addition, semi-submersible
offsite major replacement campaign of 3 wind turbines is by far the most cost-effective strategy
with a total cost of 10.8 m€, followed by spar buoy offsite replacement strategy with a total cost
of 18.6 m€, and onsite replacement strategy with a total cost of 18.9 m€.

As previously explained, from Figure 4.3, it is clear that the duration of onsite repairs is lower
when using a W2W vessel, due to its higher sea capabilities. However, this saving in time is

58



4.1. O&M BASE CASE COMPARISON 59

15.31 19.77

237.70

318.06

98.95

154.68

79.15

139.69

5.78

68.37

5.23

67.70

0.00

100.00

200.00

300.00

400.00

500.00

600.00

Minor Repair - CTV Major Repair - CTV Minor Repair - W2W Major Repair - W2W

T
o

ta
l 

re
p

a
ir

 c
o

s
t 

(k
€
)

Additional costs

Lost revenue

Vessels cost

Figure 4.1: Total vessels cost, lost revenue and additional costs for the base case scenario of the
examined repair strategies.
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Figure 4.2: Total vessels cost, lost revenue and additional costs for the base case scenario of the
examined replacement strategies.

not enough to make it the most economically viable strategy for a single repair. However, in
far-offshore floating wind farms with large capacity, it is expected that repair campaigns might
include numerous wind turbines, possibly making W2W vessels necessary, due to the ability to
operate in adverse weather conditions and to provide accommodation to technicians for longer
repair campaigns.

Furthermore, from Figure 4.4, it is evident that onsite replacement strategy of semi-submersible
and spar buoy floating units is considerably faster that their offsite alternatives. This can
be explained as towing is not necessary between the wind farm site and the port/sheltered
location. However, as seen in Figure 4.2, despite its much shorter duration, onsite replacement
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Figure 4.3: Total duration for the base case scenario of the examined repair strategies.
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Figure 4.4: Total duration for the base case scenario of the examined replacement strategies.

is accompanied by the highest cost of the three options, due to the deployment of an expensive
HLV for the whole duration of the maintenance campaign.

4.2 Weather dependence of O&M strategies for the base case
scenario

One of the main topics of interest when dealing with O&M for floating wind farms is the
dependence of the different O&M strategies on the weather. In this section, the waiting on
weather and the weather delays of all repair and replacement strategies are addressed for the base
case scenario. The structure of this section follows; at subsection 4.2.1, the weather dependence
of onsite minor/major repair for both CTVs and W2W vessels is introduced. The dependence
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of the semi-submersible onsite and offsite replacement strategies is presented in subsection 4.2.2.
Finally, the weather dependence of the spar buoy onsite and offsite replacement strategies is
reported in subsection 4.2.3.

4.2.1 Weather dependence of onsite repair

As it can be observed in Figures 4.5a and 4.6a, the minor/major onsite repairs with the use
of a W2W vessel are performed faster compared to the use of a CTV. This is shown by the
fact that the left-side bins of the W2W strategy are characterised by higher probability density
compared to the CTV ones. This conclusion can be derived both for the minor and the major
repairs. In addition, due to the need of a longer weather window in the case of the major repair,
the probability density of its left-side bins is lower compared to the case of the minor repair,
as it is easier to find a suitable weather window for the latter case. However, despite the lower
duration of the W2W strategy, its cost is substantially higher than the CTV strategy for both
the minor and major repairs, as it can be seen in Figures 4.5b and 4.6b, respectively. This is
clear, as even the first occurrences of the W2W strategy are characterised by higher cost than
the majority of the CTV simulations.

As aforementioned, the whole onsite repair strategy with the use of a CTV is treated as a critical
sequence, each activity of which has the same weather limit. As a result, there is no scope in
analysing all of them separately. In the case of the W2W strategy, the repair activity has the
highest waiting on weather (up to 48 h for major repair and 23 h for minor repair), as it is shown
in Figure 4.7a. This can be explained by the fact that this is the most limiting activity of the
critical sequence. However, position-at-site is characterised by the highest weather delay, as it
can be observed in Figure 4.7b, due to its low net theoretical duration.

(a) Duration histogram (b) Cost histogram

Figure 4.5: Histograms of repair duration per floating unit and total repair cost of the onsite
minor repair strategy with a CTV or a W2W vessel.
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(a) Duration histogram (b) Cost histogram

Figure 4.6: Histograms of repair duration per floating unit and total repair cost of the onsite
major repair strategy with a CTV or a W2W vessel.
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Figure 4.7: Waiting on weather and weather delay of maintenance activities of the onsite mi-
nor/major repair strategy with a W2W vessel.

4.2.2 Weather dependence of semi-submersible major replacement

As shown in Figure 4.8a, the onsite major replacement is characterised by lower duration com-
pared to the semi-submersible offsite one. However, due to the long and complicated nature of
the whole maintenance sequence, it is observed that the probability density of the bins does not
decrease smoothly for longer durations. In addition, it is worth mentioning that the probability
density of the first bin of the onsite strategy is lower than the offsite one, proving that the net
theoretical duration of the onsite strategy is more difficult to be achieved, due to its dependence
on stricter weather limits and more adverse far-offshore weather conditions. Furthermore, as it
can be seen in Figure 4.8b, the semi-submersible offsite replacement strategy is characterised by
lower cost despite its considerably higher duration. As aforementioned, this is mainly attributed
to the fact that no HLV is needed for the semi-submersible offsite replacement campaign.

For the onsite replacement strategy, only the critical sequence of the replacement of the compo-
nents results in significant waiting on weather (up to 143 h). This is due to the lenient weather
limits of the rest of the activities. From Figure 4.9a, it is clear that the critical sequences of
connection and disconnection of the floating units from the wind farm site are characterised
by the highest waiting on weather for the offsite strategy (up to 64 h and 63 h, respectively).
This is related to the restrictive weather limits and high net duration of the activities contained
within these sequences, as well as to their execution under adverse far-offshore weather condi-
tions. The next activity with the highest waiting on weather is the quayside replacement of the
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components, due to its wind speed limitations at hub height. Finally, from Figure 4.9b, it can
be observed that the weather delay of the critical sequence of the disconnection of the floating
units is higher than the connection one, due to its slightly lower net theoretical duration.

(a) Duration histogram (b) Cost histogram

Figure 4.8: Histograms of replacement duration and total replacement cost of the semi-
submersible onsite/offsite major replacement strategies.
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Figure 4.9: Waiting on weather and weather delay of semi-submersible offsite major replacement
strategy.
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4.2.3 Weather dependence of spar buoy major replacement

As reported in Figure 4.10a, the onsite major replacement is characterised by lower duration
compared to the spar buoy offsite one. Similarly to the semi-submersible case, it is worth
mentioning that the probability density of the first bin of the onsite strategy is lower than the
offsite one, proving that the net theoretical duration of the onsite strategy is more difficult to be
achieved, due to its dependence on stricter weather limits and more adverse far-offshore weather
conditions. Furthermore, in Figure 4.10b, no clear conclusion can be derived about which
strategy is more cost-effective, despite the fact that the left-side bins of the onsite strategy have
higher probability density than the offsite ones. Due to some extreme values occurring for the
onsite strategy, because of adverse far-offshore weather conditions, its average cost ends up being
slightly higher than the offsite one, as it was mentioned in section 4.1.

Moreover, in Figure 4.11a, it is shown that the critical sequences of connection and disconnection
of the floating units from the wind farm site are characterised by the highest waiting on weather
(up to 81 h and 76 h, respectively). This is related to the restrictive weather limits and high net
duration of the activities contained within these sequences, as well as to their execution under
adverse far-offshore weather conditions. The next activity with the highest waiting on weather
is the replacement of the components at the sheltered location, due to the wind speed limitations
at hub height. In Figure 4.11b, the weather delay of the critical sequence of the disconnection
of the floating units is higher than for their connection, due to its slightly lower net theoretical
duration.

(a) Duration histogram (b) Cost histogram

Figure 4.10: Histograms of the replacement duration and total replacement cost of the spar
buoy onsite/offsite major replacement strategies.
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Figure 4.11: Waiting on weather and weather delay of spar buoy offsite major replacement
strategy.

4.3 Sensitivity analysis of O&M strategies
Distance from shore/port, weather conditions and the operational limits for the maintenance
activities, are the most significant parameters that affect the total maintenance cost and duration
of floating wind farms. For this reason, a sensitivity analysis is performed on these parameters,
as already presented in subsection 2.3.2. The results of this analysis, are presented in two
subsections; subsection 4.3.1 refers to the onsite minor/major repair, and subsection 4.3.2 refers
to the onsite/offsite major replacement.

For every examined strategy, the following general conclusions hold. Similarly to the installation
scenarios previously considered, a nearly linear relation exists between the total maintenance cost
and duration and the distance from shore/port for all strategies. Moreover, it can be concluded
that for all strategies there is no linear relation between the total maintenance cost and duration
and the operational weather limits. When stricter weather limits are applied, higher costs are
observed; when weather limits are equal to 50% of the base case scenario, the maintenance cost
increases exponentially for all implemented strategies. As a result, the cost difference between
the different strategies is increased when stringent weather limits are applied. Furthermore,
when the weather limits are relaxed compared to the nominal ones, the cost difference is much
smaller, as the cost curve becomes nearly horizontal and close to its net theoretical value.
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4.3.1 Sensitivity analysis of onsite repair

At first, the repair cost results of all implemented strategies are presented; in Figure 4.12a with
respect to changing distance, and in Figure 4.12b in respect of changing weather limits.

As it can be observed in Figure 4.12a, the use of a CTV in order to perform an onsite mi-
nor/major repair is always the most cost-effective option compared to the use of a W2W vessel,
independently from the distance from port. However, the sensitivity of the cost of the CTV
to the distance from shore/port is higher than for the W2W. A repair cost increase of 9-17%
occurs with an increase of 50% of the distance for the CTV, while a cost increase of 3-5% is
observed for the W2W vessel. The smaller value refers to the major repair, since the total repair
cost is mainly influenced by the repair activity rather than the transit to site. Similarly, a cost
decrease of 5-15% is observed in the case of CTV, as opposed to a cost decrease of 3-4% in the
case of W2W vessel, with a distance decrease of 50% compared to the nominal case. The higher
impact of sailing distance on the CTV strategy was expected, due to its stricter weather limits
during its transit compared to the W2W vessel.

Furthermore, as it can be observed from Figure 4.12b, CTV is again the most cost-effective
strategy, irrespective of the weather limits. When weather limits are equal to 50% of the base
case scenario ones, a repair cost increase of 494-519% is observed for the CTV repair strategy,
while an increase of 330-400% is observed in the W2W case. In this sensitivity analysis, the
lower value of each respective range refers to the minor repair, as due to stricter weather limits,
it is even harder to satisfy the extended weather window of major repair. When weather limits
are relaxed by 50% compared to the nominal case, CTV onsite repair cost decreases by 43-59%,
while the W2W onsite repair cost decreases by 32-36%.

Moreover, the repair duration results of all implemented strategies are presented; in Figure 4.13a
with respect to changing distance, and in Figure 4.13b in respect of changing weather limits.

From Figure 4.13a, it is clear that for all the examined distances, the W2W repair strategy
is faster compared to the CTV one. The difference in operational time increases for longer
distances, due to CTV limitations for long transits. In fact, a 50% decrease of distance compared
to the nominal one results in a duration decrease of 6-14% for the CTV repair strategy, while a
decrease of 4-6% is observed in the W2W case. Similarly to the cost analysis, the lower value
refers to the major repair. Coherently, a 50% increase of distance compared to the nominal one,
results in an increase of 11-17% for the CTV strategy and an increase of 5-8% for the W2W
case. Therefore, it is evident that the CTVs are more dependent on the distance from shore/port
compared to the W2W vessels.

Finally, from Figure 4.13b, it can be concluded that W2W strategy is again the fastest one,
irrespective of the operational weather limits. When a weather-limit decrease of 50% is applied,
the duration of CTV repair campaign is increased by 524-734%, while the duration of W2W
repair strategy is increased by 522-616%. This trend is similar with the installation cost with
respect to the weather limits. Moreover, the CTV strategy also shows the highest decrease of
repair duration, when weather limits are relaxed, with a general decrease of 55% compared to a
decrease of 48-53% for the W2W strategy.

In conclusion, irrespective of the examined range of distance and weather limits, the use of CTVs
is always a more cost-effective, albeit slower strategy compared to W2W vessels.
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Figure 4.12: Sensitivity analysis of the onsite minor/major repair cost of the different examined
repair strategies.
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Figure 4.13: Sensitivity analysis of the onsite minor/major repair duration per floating unit of
the different examined repair strategies.
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4.3.2 Sensitivity analysis of major replacement

At first, the replacement cost results of all implemented strategies are presented; in Figure 4.14a
with respect to changing distance, and in Figure 4.14b in respect of changing weather limits.

As it can be observed in Figure 4.14a, the semi-submersible offsite replacement strategy is
the most cost-effective strategy for all examined distances. The onsite strategy becomes cheaper
than the spar buoy offsite replacement strategy, when the distance from shore/port is larger than
110% of the base case. When distance is decreased by 50%, offsite strategies are characterised
by a cost decrease of 9%, while onsite strategy only by 1%. This relates to the longer weather
window required for towing the floating assemblies for the offsite replacement strategies. When
the distance is increased by 50%, the maintenance cost increase of all three strategies shows
the same order of magnitude as their respective decrease. Thus, the onsite strategy is the least
dependent on distance from shore.

Nevertheless, as it can be observed in Figure 4.14b, onsite replacement strategy is the most
affected by changing weather limits. When weather limits are equal to 50% of their nominal
case, a cost increase of 726% is observed for the onsite strategy, followed by 453% for the
spar buoy offsite one and by 300% for the semi-submersible offsite replacement. This high
replacement cost increase for the onsite strategy is attributed to the far-offshore adverse weather
conditions, under which all the replacement operations take place. When comparing the offsite
replacement strategy for spar buoys and semi-submersibles, the towing speed of spar buoy units
is lower compared to the semi-submersibles and thus longer weather windows are required.
Furthermore, semi-submersible offsite replacement takes place at the quayside, while spar buoy
offsite replacements are performed at a sheltered location. Therefore, the latter strategy is more
exposed to adverse weather conditions. When weather limits are increased by 50% compared to
the nominal ones, onsite strategy shows the highest cost decrease of 38%, followed by spar buoy
offsite strategy with a decrease of 27% and the semi-submersible offsite one with a decrease of
24%. This proves again the high dependence on weather conditions of the onsite strategy. The
semi-submersible offsite strategy is the most cost-effective replacement strategy, irrespective of
the weather limits, while the onsite one becomes cheaper than the spar buoy offsite strategy,
when weather limits become larger than 125% of the base case.

Moreover, the duration of the replacements for all implemented strategies are presented; in
Figure 4.15a with respect to changing distance, and in Figure 4.15b in respect of changing
weather limits.

From Figure, 4.15a, it is clear that for all the examined distances, the onsite replacement strategy
is the fastest one, followed by the semi-submersible offsite replacement campaign. However, the
differences in duration between the implemented strategies do not remain constant. When the
distance is decreased by 50%, the replacement duration of onsite strategy is decreased by 1%,
while the duration of the offsite strategies of the semi-submersible and the spar buoy floating
units is decreased by 15% and 22%, respectively. As aforementioned, this is due to the fact that
for the onsite strategy no towing operations are required. When the distance is increased by
50%, the maintenance duration increase of all three strategies, has the same order of magnitude
as their respective decrease.

Finally, in Figure 4.15b, it can be noticed that when weather limits decrease by 50%, the duration
of the onsite replacement strategy increases by 989%, followed by the spar buoy and the semi-
submersible offsite strategies with an increase in required time of 469% and 428%, respectively.
This conclusion is similar to the one obtained from the sensitivity analysis of the replacement
cost with respect to the weather limits. Furthermore, when weather limits are increased by
50% compared to the nominal ones, the onsite strategy shows the highest duration decrease of
52%, followed by spar buoy and semi-submersible offsite strategies with a duration decrease of
38% and 37%, respectively. It is worth mentioning that the semi-submersible offsite strategy is
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Figure 4.14: Sensitivity analysis of the replacement cost of the different examined replacement
strategies.

always faster than the spar buoy offsite one, irrespective of the weather limits, while the onsite
strategy becomes the fastest one in general when weather limits are higher than 70% of their
nominal case, despite being the slowest one for weather limits up to 60% of the base case.

Irrespective of the range of distance and weather limits, semi-submersible offsite strategy is
always the most cost-effective strategy, while the onsite strategy is the fastest one for all distances
and weather limits higher than 70% of the base case ones.
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5 | Conclusion and Recommendations

The purpose of this MSc thesis is to gain understanding on what are the optimum strategies
for the installation and O&M of far-offshore floating wind farms, from a techno-economic point
of view. Towards this direction, different installation and maintenance strategies have been
investigated in this report, both for semi-submersible as well as for spar buoy floating units.
The installation strategies include the semi-submersible installation with wind turbine assembly
at quayside or at wind farm site, as well as the spar buoy installation with the use of a HLV or
with a crane barge. The maintenance strategies include the minor/major repairs using a CTV
or a W2W vessel, as well as the onsite or offsite major replacement for semi-submersibles and
spar buoys. A script to simulate the installation and O&M strategies mentioned above has been
developed, which takes into account weather time series, vessel and facilities costs, personnel
and replacement component costs as well as electricity prices to calculate the lost revenue due
to downtime. In order to examine the most cost-effective strategies for both the installation
and the maintenance phase of the wind farm, a base case scenario is defined. In addition, a
sensitivity analysis is performed on the main factors that influence the cost and the duration of
offshore activities: distance from shore/port and operational limits for the different activities.

As far as the installation cost and duration are concerned, the semi-submersible installation with
wind turbine assembly at quayside is the fastest and most economically viable strategy for all the
cases taken into account in this thesis. This conclusion is in agreement with previous literature
on the topic, as according to [6], semi-submersibles are expected to yield the lowest installation
cost, mainly due to the fact that their low draft allows for quayside turbine assembly. On the
other hand, the semi-submersible installation with wind turbine assembly at wind farm site,
is the most expensive option, irrespective of the distance from shore/port and weather limits.
This is attributed to the high number of activities performed at site, which makes it susceptible
to adverse far-offshore weather conditions. Nevertheless, the duration of this strategy is highly
dependent on the applicable weather limits. When the operational weather limits of the activities
are at their minimum, this strategy is characterised by the highest duration for all the examined
time periods, while it becomes competitive or even faster than the two strategies examined for
the spar buoys when the weather limits are more relaxed.

Moreover, the spar buoy installation with HLV is faster and more cost-effective than the spar
buoy installation with crane barge. The increased number of trips required to assemble the wind
turbine on the spar buoy with a crane barge, results in a higher overall duration and cost despite
the higher mobilisation cost and daily rate of a HLV. In addition, both strategies result in higher
installation cost compared to the semi-submersible installation with wind turbine assembly at
quayside, mainly due to the use of an additional vessel, either the HLV or the crane barge,
to assemble the wind turbine on the spar buoy at the sheltered location [16]. In general, it is
considered of utmost importance to increase the weather limits of all offshore activities due to
their high impact on the overall cost and duration of the installation of floating wind farms.
This is proven by the exponential relation of the installation cost and duration with the applied
weather limits.

Onsite maintenance campaigns for minor and major repairs of wind turbine components were
examined with the use of either a CTV or a W2W vessel. For all examined distances and
weather limits, the CTV repair campaign is more cost-effective, albeit slower, than the W2W
one. Nevertheless, the deployment of a CTV to perform operations in far-offshore locations might
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not be possible, unless progress in its operational capabilities is undertaken in the following years.
Furthermore, the results are based on a single wind turbine repair campaign. In a larger wind
farm this might not be the case, and the vessels will need to perform offshore activities for a
longer duration, thus making the W2W vessel a necessity, due to its accommodation and higher
sea capabilities. Finally, in the scope of this thesis, it is assumed that the O&M vessels are
chartered on a case to case basis. In reality, a wind farm operator might invest in their own
vessels or sign a long-term contract for the use of third-party vessels for the wind farm lifetime.
In that case, the high mobilisation cost and daily rate of the W2W vessel will not have such
a significant impact, as its investment cost will be spread over the lifetime of the vessel or the
length of the long-term charter contract.

Replacement of major components of wind turbines were examined for both an onsite and on
offsite strategy. It is found that the semi-submersible offsite replacement strategy is the most
cost-effective option among all examined distances and weather limits. For the spar buoy, on-
site replacement strategy becomes cheaper than the offsite strategy when distance from shore is
increased or weather limits are relaxed. This is due to the significant amount of time required
for towing operations for the spar buoy offsite strategy and the high dependence on far-offshore
weather conditions of the onsite strategy, respectively. A previous study [15] concluded that
the ideal maintenance strategy for spar buoys is significantly affected by the weather conditions.
Harsh weather conditions dictate that offsite repair works in a sheltered area should be pursued,
while in medium weather conditions, it is more economically viable to perform maintenance
activities onsite. However, the cost difference is marginal and thus the selection of the optimal
strategy is subject to the volatility of the HLV daily rate and the electricity price. In case of
marginal cost difference between the onsite and the offsite replacement strategy, the wind farm
developer should also take into consideration the actual weather risk and a more thorough exam-
ination of the cost allocation to avoid excessive expenditure [15]. In general, offsite maintenance
is expected to be the best strategy at the time being, but in the following years, development
of new technologies could make onsite operations more economically viable [27].

Furthermore, the onsite replacement strategy is the fastest replacement strategy throughout the
sensitivity analyses, apart from the simulations where the weather limits are lower than 70% of
their nominal values. This is due to the fact that in the onsite replacement strategy the HLV
has to transit only once to site, while in the offsite strategies the floating units have to be towed
to port/sheltered location and then back to wind farm site. In addition, the semi-submersible
offsite replacement strategy is proven to be faster than the spar buoy offsite one for all examined
distances and weather limits, mainly due to its higher towing speed.

Overall, the installation and the maintenance campaigns of semi-submersible floating units
are more cost-effective than the spar buoy ones. Nevertheless, the production cost of semi-
submersibles is higher than spar buoys, so the final selection of the type of the floater should
be the result of the overall life-time costs of the floating wind farm, from the development and
consenting phase up to the decommissioning phase [6].

Future work could extend and verify the content of this thesis. First of all, a validation of the
results with a higher fidelity simulation model is essential. By comparing with detailed models,
which include various cost input data that are not taken into consideration in the scope of this
thesis, as for example project and management personnel cost, a better understanding of the
trends of the different installation and maintenance strategies can be obtained. In the case
of the maintenance campaigns, a stochastic approach to failure with Monte Carlo simulations
could be pursued, to get a more realistic insight into the actual operation phase of a floating
wind farm. Furthermore, the concurrent execution of independent activities could be considered,
as this is the expected approach in complex projects with multiple stakeholders. Moreover, a
sensitivity analysis could be performed also on the various costs, like vessels and facilities costs,
and on the electricity price for the lost revenue calculation, as it is suggested that these variables
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have a high impact on the selection of the optimum strategy. In addition, the installation and
maintenance of the other components of the wind farm, including the floater, the anchoring and
mooring system as well as the electrical balance of plant, could be added to achieve a full model
representation. Finally, another step forward would be the addition of hydrogen components
in the far-offshore floating wind farm, in order to acquire better insight into the wind turbine
- hydrogen production configuration, which is expected to make its first steps in far-offshore
locations in the imminent future.
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