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Description of Master Thesis

Introduction

The goal of the thesis is to develop an understanding of energy balances and emissions over the life
cycle of an offshore wind farm, including fabrication, installation, operation and end-of-
life/decommissioning of the wind farm. The thesis will focus on decommissioning and end-of-life in
particular, as a literature review conducted last semester showed few other papers have focused on
this phase of an offshore windfarm’s life cycle.

Methods

A life cycle assessment (LCA) is a method for evaluating environmental impacts of a product over its
lifetime. The 1SO14040 and 1SO14044 standards will provide the framework for the life cycle
assessment conducted in this thesis. Emission and product data will be obtained from databases
provided by NTNU through the SimaPro software. Final calculations and bookkeeping will also be
done using SimaPro.

Subjects of Study

A comparative analysis of different offshore wind solutions will be conducted. A comparison of
different turbine sizes, farm locations, foundations (floating or fixed), and different techniques for
decommissioning will be done. Both environmental and economic factors will be considered when
comparing different solutions.

The thesis will focus on new developments in the offshore wind industry, such as large diameter
turbines, large scale farms, and moving the farms farther offshore. The thesis will study the effect
these factors have on the environment, especially on operations related to the end-of-life of the
farm.

Research Goals

The goal of the thesis is to identify how different aspects of the eol/operational lifecycle of an
offshore wind farm impact the environment, and how differences in location, scale, decommissioning
techniques, and different turbine types effect the environment differently. This data can be used
together with a cost-benefit analysis to identify measures that can lower the environmental impact
of offshore wind farms.

Previous Work/Studies

Previous studies or life cycle assessments of offshore wind farms and turbines have been conducted
by several authors belonging to different institutions, however most of these have focused mainly on
the production and sourcing of materials for the turbines. Few of them consider the effects of
decommissioning beyond just recycling the material.
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Abstract

The world is in constant need for more energy, and at the same time, this energy needs
to be produced with as little environmental impact as possible. Offshore wind power has
been put forward as a solution to this dilemma, and the capacity of installed offshore wind
power has exploded in the last decades. Of course, at some point, these wind farms will
have reached the end of their life cycle, and will need to be powered down and removed.

The aim of this thesis has been to investigate the global warming potential of marine
operations related to the decommissioning activities of offshore wind farm. Some work
has been done on this previously, however, this has mostly been done in the form of life
cycle assessments that have considered the entire life cycle, putting little focus on marine
operations in general.

In this thesis, several wind farm cases and scenarios have been developed, in order to
identify what part of the decommissioning process contributes the most to global warming,
and what methods can be employed to potentially lower these contributions. A basecase,
reflecting an ”average” or typical modern offshore wind farm was established, consisting
of 100 turbines with a rating of 8 MW installed on monopiles. This basecase was used
as a basis for comparisons, in order to identify what affects greenhouse gas emissions the
most. The effect types of foundations used in the wind farms, the size and number of
turbines, how cables were removed, and new potential technologies have on greenhouse
gas emissions have been assessed.

All marine operations related to the removal and decommissioning of an offshore wind
farm was included in the assessment done in this thesis. Preparation of the seabed before
foundation removal, the cutting and removal of the foundations, the disassembly of the
wind turbines, the removal of cables, and the final transportation of all components back
to shore.

The results show that for a typical modern offshore wind farm, the contribution to global
warming from decommissioning activities is 0.16 kg COz-eq / MWh. The types of found-
ations that were used in the wind farm had the biggest effect on the environmental im-
pact, with decommissioning of jacket and gravity based foundations contributing more
than double to global warming, compared with decommissioning of monopile foundations.
However, the results also showed that it was possible to significantly reduce the impact
by utilizing new technologies and specialized vessels.

An assessment was also conducted on floating offshore wind farms, a relatively new devel-
opment, with only pilot projects having been completed so far. However, the results show
that this type of offshore wind farm, a larger part of the life cycle needs to be included
in the assessment in order to achieve a result that is comparable to fixed offshore wind
farms.




Sammendrag

Malet for denne oppgaven har veert a undersgke effekten av marine operasjoner knyttet
til fjerning og avvikling av havvind. Studier som undersgker utslipp av drivhusgasser fra
hele livssyklusen til havvindparker har blitt utfert tidligere, men disse har fokusert pa hele
livssyklusen til havvind, og har ikke hatt et spesielt fokus hverken pa marine operasjoner,
eller sluttfasen av livssyklusen generelt.

I denne oppgaven har flere scenario og typer av havvindsparker blitt utviklet, for & identifis-
ere hvilken del av avviklingsprossesen som pavirker miljget mest. I tillegg har det blitt un-
dersgkt hvilke metoder som kan brukes for a senke den eventuelle pavirkningen mest mulig.
Et grunnscenario, som representer en gjennomsnittlig eller typisk moderne havvindspark
har blitt utviklet, og bestar av 100 stykker 8 MW turbiner, montert pa palefundament.
Denne havvindsparken ble brukt som sammenlikningsgrunnlag for a finne hvilke faktorer
som pavirker miljget mest. Effekten av forskjellige typer fundament, stgrrelsen og ant-
allet turbiner, hvordan fjerning av kabler foregikk, og potensielle nye teknologier har pa
drivhusgassutslipp har blitt undersgkt.

Alle marine operasjoner knyttet til fjerning og avvikling av havvindsparker har blitt
inkludert i undersgkelsen gjennomfert i denne oppgaven. Det inkluderer forberedelser
av havbunnen fgr fjerning av fundament, kutting og lgft av fundament, demontering av
vindturbiner, fjerning av kabler, og transport tilbake til land for videre demontering.

Resultatene viste at en typisk moderne havvindspark slipper ut 0.16 kg COs-ekvivalenter
med drivhusgasser under avviklingen. Hva slags fundament som brukes hadde stgrst in-
nvirkning pa resultatene, fjerning av fagverksplattformer og gravitasjonsplatformer for-
urenset mer enn dobbelt s& mye som fjerning av palefundament. Men, resultatene viste
ogsa at det var mulig a redusere disse utslippene ved bruk av ny teknologi, og spesiallagde
fartgy.

En undersgkelse av flytende havvind, en relativt ny utvikling, er ogsa blitt gjennomfert.
Kun pilotprosjekter er blitt ferdigstilt sa langt. Resultatene viser at for at avvikling av
flytende anlegg skal kunne sammenliknes med bunnfaste anlegg, sa ma en stgrre del av
livssyklusen vaere med i undersgkelsen.




Glossary

GHG Green house gas(es)

GWP Global Warming Potential

ISO International organisation for standardisation
LCA Life Cycle Assessment

LCIA Life Cycle Inventory Assessment
SPIV Self Propelled Installation Vessel
BOEMRE Bureau of Safety and Environmental Enforcement
WTG Wind Turbine Generator

MCR Maximum continuous rating

DP Dynamic Positioning

ROV Remotely operated vessel

WOW Waiting on Weather

HAWT Horizontal Axis Wind Turbine
GBF Gravity Based Foundation

CLV Cable Laying Vessel

OoSsv Offshore Support Vessel

ocv Offshore Construction vessel
AHTS Anchor Handling Tug Supply
MCR Maximum Continuous Rating
HLP Heavy Lift Platform

EIA Environmental Impact Assessments
EoL End of Life

OWT Offshore wind turbine
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1 introduction

In the future, it is estimated that the world’s demand for energy will increase by 50% [1].
At the same time, the world will have to tackle the challenges of climate change, meaning
new power production must have little impact on the environment.

Development of offshore wind has progressed rapidly in the last decade. In Europe, annual
installed capacity has increased from 1 GW per year, to almost 4 GW in 2019, in total
tripling offshore wind capacity in Europe in the same time frame [2]. At the same time,
the EU and other organisations wish to further grow the offshore wind energy sector. The
EU has a goal of 60GW of installed offshore wind energy by 2030. In 2021, the total
amount of installed offshore wind power in Europe was 28GW [3].

The rationale behind moving wind turbines offshore is the expectation that winds are
more prevalent offshore, and have higher speeds as well. A study of suitable sites for wind
power in the north east USA showed offshore sites had 40% higher average wind speeds,
compared to onshore sites. Equinor [4] estimates 80% of the world’s wind energy resources
are at sea.

Another factor for moving wind farms offshore is to better utilise available space. Farms
offshore has the advantage of the ability to be located so as not to compete with other
primary industries, and, if placed far enough offshore, can avoid disrupting aesthetically
pleasing areas, such as on top on mountains, where wind conditions may otherwise be
favourable.

However, at some point, these offshore wind turbines reach the end of their lifetime, and
will have to be removed. An estimation done by DNV [5] shows that in the next 10-20
years, the number of turbines that reach their expected life time will increase massively, see
the graph in Figure 1. What can also be seen from the figure, is that the power capacity
increases more sharply than the number of turbines that are being decommissioned.
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Figure 1: The number of turbines expected to reach the end of their 20 year lifetime per
year, and the total power rating of decommissioned turbines. From [5]

Previous environmental impact assessments and life cycle assessments (LCA) have been
conducted on offshore wind farms, although their focus has not been on the emissions
from marine operations or the decommissioning process in general. Additionally, the




assessments that have been conducted have included smaller turbines and older technology
and methods, and not on newer installations, with larger turbines, foundations, and vessels.

The purpose of this thesis is to investigate the greenhouse gas (GHG) emissions, or global
warming potential (GWP) of the marine operations conducted when decommissioning an
offshore wind farm. The aim of this thesis is to compare the impact on the environment
when decommissioning using different methods, and comparing the effect of different types
of foundations, wind turbines, and other factors.

2 The Offshore Wind Turbine

Nacelle Blades
\ _
Turbine tower

\

Transition piece

Foundation

Figure 2: The basic components of the offshore wind turbine.

In the figure above, the main components of an offshore wind turbine generator (WTG)
are shown. In the sections below, a quick overview of the the offshore wind turbine will
be presented. The turbine pictured is a horizontal-axis wind turbine (HAWT), fastened
to a monopile foundation. This is the most commonly found type of offshore wind turbine
today, more than 80% of offshore wind installations in Europe have this configuration [2].




2.1 The Turbine Blades

The turbine blades are the aerodynamic surfaces that act upon the wind, generating
the thrust that turns the generator inside the nacelle. They are made to be as light as
possible, often from glass fibres, aluminium, or wood-epoxy composites [6]. The blades
need to be able to handle the full aerodynamic load of the winds hitting the offshore wind
turbine. The rotor blades also need to be able to regulate their rotation speed as wind
speed change. There are two ways of accomplishing this, either by stall-controlled blades
or pitch-controlled blades. Stall-controlled blades have typically been used in smaller
low power turbines, and do not require control systems in the nacelle [7]. Pitch controlled
blades however, require either hydraulic or electric systems for changing the angle of attack
of the blades as the wind speed changes [6].

2.2 The Nacelle

The nacelle houses the power train and control systems for the turbine. The power train
consists of axels for transmitting the rotation of the rotor, often a step up gearbox, and
finally the electrical generator. Not all turbines have gearboxes, these are called direct-
drive wind turbines. However, most turbines today feature a step-up generator in the
nacelle [6].

Coupling Generator Control/

cooling | Switch
J J cabinet |-

9 Rotor shaft Oil cooler

Figure 3: The contents of a typical WT'G nacelle. Figure taken from [6].

The nacelle also house the control systems for the turbine. This includes the motors for
any pitch controlled blades, as well as the motors for yawing the turbine up to the wind.

As the nacelles and control systems increase in complexity, so do the weight of the nacelle.
This will not only increase the required capacity for cranes lifting the nacelle, but will also
lead to the tower needing more reinforcement, further increasing weight. This will limit
have implications on the operation vessels for offshore wind, and also for transportation
vessels.

2.3 The Tower

The tower of the turbine is made of steel sheets, rolled into sections of tubing, that are
finally welded together into the complete tower [7]. The tower is the largest and heaviest
part of the turbine; the towers of the 8MW turbines used in Hornsea Project 2 has a




mass of up to 480 Te , and a height of 120 metres [8]. This presents a challenge for
decommissioning and installation of the towers, as the vessel will need both crane load
capacity and reach to be able to handle the tower.

The inside the tower is typically part of the access system to the turbine, and is hollow to
allow maintenance crew access to the nacelle and blades.

2.4 The Foundations

From a marine operations perspective, the choice of foundations have the largest impact on
the decommissioning procedures and methods of an offshore wind turbine. A description
of various types of offshore foundations is presented in this section.

Two main groups of offshore wind foundations exist: floating foundations and fixed founda-
tions. Today, almost all offshore wind is on fixed foundations [2]. Today, fixed foundations
is the most common type used for offshore wind farms today, more than 80% of offshore
wind turbines have a monopile foundation [9]. The decommissioning procedure of different
foundations vary greatly, this is discussed in further detail in Section 6.

Floating wind turbines have not yet been used in large scale commercial wind farms,
only pilot projects have been completed so far [10]. However, it is expected that floating
offshore wind power will be necessary in order to utilise wind energy resources in areas
where fixed foundations are not feasible, such as deep waters further from shore [4, 11].
At the current level of technology, fixed turbines are not feasible at depths greater than 60
metres [10]. Floating foundations are more complex than fixed foundations, as they have
to restrict roll, heave, and yaw motions imparted on it by the motions of the sea, and the
wind. This greatly increases the complexity of the foundation, including its weight and
size [10].

2.4.1 Bottom-fixed Platforms

There are three main types of fixed-foundations for offshore wind turbines (OWT). Most
of them are monopile foundations, followed by gravity based, and jacket foundations.
Sometimes the foundations are divided into five main categories however, in this paper
the other two types will be considered variations of the three presented below.

1. Monopile foundations:

Monopile foundations consist of a steel tube, on which the turbine connects at the
top. The pile is driven into the ground, either by a piling hammer, or by creating
negative pressure with a pump. The monopile is structure (1) in Figure 4.A similar
type of foundation is a tripile structure. This type is also piled into the sea bed, but
is constructed with three piles. See Figure 4, no. (5) for an example of a tripile.
Monopiles can be used in depths up to 20 m, while tripiles can be used in deeper
transitional waters, up to 60 m [10].

2. Gravity-Based foundations:
Gravity-based foundations (GBF) are heavily ballasted structures that rest on the
seafloor, typically made from concrete or steel. The foundation is kept on the ground
simply from the weight of the foundation. These kinds of foundation require large
amounts of ballast, and their fabrication require large sites suitable for casting the




structure. Gravity-based foundations are used in shallow waters, up to 20 m [10].
A gravity-based foundation can be seen in Figure 4, no. (2). Currently, only 5% of
substructures are GBFs, making them the least common type of fixed foundations
for offshore wind turbines [9].

3. Jacket structures:

Jacket structures consist of a frame consisting of three or more legs, with steel beam
crossmembers providing rigidity. The structure is usually secured by attaching to
piles in the seafloor. Jackets are suitable for depths up to 60 m [10]. See Figure 4
no. (4) for an example of a jacket structure. The tripod is a structure combining
elements of the jacket structure and a monopile, see Figure 4, no. (3). About 10% of
substructures for offshore wind turbines are jackets [9], however, they are also often
used as the foundations for substations. Jackets are required for substations because
of their size and weight.

(1) (2) (3) (4) (5)

Figure 4: Five different kinds of bottom fixed foundations. The monopiles (1) and jacket
foundations (4) are the most common types. Figure taken from Floating Offshore Wind
Farms by Castro-Santos and Diaz-Casas[10].

2.4.2 Floating Platforms

The platforms of floating wind turbines can also be divided into three main categories:
these are spar buoys, semi submersibles, and tension leg platforms. As of 2016, only
two floating wind turbine field were in operation [2]: Equinor’s Hywind Tampen, using
their Hywind spar buoy concept [12], and the WindFloat Atlantic project, using a semi-
submersible platform [13].

1. Spar buoys (no. 2 in Figure 5):

Spar platforms are ballast stabilized cylinders, with a low centre of gravity [10]. The
fabrication of spar buoys is uncomplicated, and it provides good stability. However,
because of the large draft required to sufficiently lower the centre of gravity and to
ensure positive buoyancy, transportation and assembly can be complicated. Because
of this, spars are typically only suitable for deeper waters. As an example, Equinor’s
Hywind spar concept has a draft of 78 m [4], obviously making it unsuitable for
shallower waters. Because spars are ballast stabilized, they are also heavy. Equinor
uses more than 6000 Te of ”solid ballast” in their spar [12].

2. Semi-Submersible Platforms (no. 1 in Figure 5):
Unlike spar platforms, semi-submersible platforms gain their stability by distributing
buoyancy in order to have sufficient righting moment. This means the platform can




have a smaller draft than a comparable spar platform. However, the platforms are
often large and heavy [10].

3. Tension leg platforms (TLP) (no. 3 in Figure 5):
Tension leg platforms can be characterized by the fact that they are positively buoy-
ant (including the weight of the tower and turbine). The platform is ”held down” by
the mooring lines. This also ensures stability. A disadvantage is that the platform
is vulnerable if an anchor line, or anchor, suffers a failure. This could potentially
result in a loss of stability.

Figure 5: Three types of floating wind turbine foundations. Note the tension caused
by the buoyancy of the TLP (3). Figure taken from Floating Offshore Wind Farms by
Castro-Santos and Diaz-Casas[10].

2.4.3 The Transition Piece

The transition piece is used for monopile foundations. It is the interface between the
turbine tower and the foundation. Since the process of installing a monopile requires a
hammering action, having the interface be part of the foundation would mean it would
get in the way of the installation hammer. For other types of foundations, the ”transition
piece” is already a part of the structure.




Figure 6: The installation of a transition piece on a monopile.

Source: From [14]

3 The Offshore Wind Farm

An offshore wind farm is collection of electrically interconnected wind turbines [15] . The
wind farms systems include components for transmitting power to shore, and internally
between turbines and substations in the offshore wind farm. The different power trans-
mission components are presented below.

3.1 Substations

The offshore substation transforms the voltage of the electricity produced by the wind
farm to a higher voltage to minimize transfer losses through the export cable to the power
grid [16]. Substations are large and heavy, the substations for the Hornsea 2 project weigh
up to 8000 tonnes and measure 80m x 65m x 35 m [8]. This makes them more similar to
topsides of platforms used in oil and gas, than to offshore wind turbines [5]. Consequently,
their foundations are also larger and heavier.

3.2 Power Transmission Cables

The cables on an offshore wind farm are divided into two subgroups: inter array cables,
and export cables.

e Inter array cables:
Inter array cables connect the WTGs to the substation. Several WTGs often share
the same cable connection to the substation, in order to minimize the amount of
cabling necessary. They are typically buried 1-2 metres below the mud line [16].

e Export cables:
Export cables run the converted electricity from the substation, and connects with
the power grid. High voltage cables, capable of transmitting more than 100 kV
are used. For this assessment, it was assumed that export cables have a weight of
100 kg/m, which will be used to determine capacity of vessels involved with cable
removal, see Section 9.2.4 [16].




4 Emissions from offshore wind

Although the conversion of wind to electricity does not produce greenhouse gases, the
construction, maintenance, installation, and as is the focus of this thesis, the decommis-
sioning of the wind turbines are all processes that are sources of emissions. In this section,
a short overview of where emissions from offshore wind come from will be presented.

Emissions from offshore wind is generally considered to be larger than for equivalent
onshore wind, and some LCAs show that offshore wind power can have more than twice
the global warming potential (GWP) compared to its onshore counterpart [17]. In Europe,
that means 23% of wind power related emissions came from offshore wind, while only 12%
of wind power is produced offshore [3].

The global warming potential is not the only type of environmental impact caused by an
offshore wind installation. Waste production, disturbance of marine and land ecosystems,
acidification, land and resource use are all impacted by offshore wind. These types of
environmental impacts will not be part of the assessment done in this thesis, however. As
mentioned in Section 1, the global warming potential, or the greenhouse gases emissions
will be the focus of this thesis.

4.1 Manufacture

A fully functional offshore wind installation consists of two main components: the found-
ation, and the wind turbine generator (WTG). in some LCAs, the manufacture of these
components accounts for more than half of total life cycle emissions [18, 19]. In these as-
sessments, this included material extraction, processing and final manufacture. The most
GWP intensive part of this stage is the extraction and processing of raw materials.

The offshore wind industry is developing quickly, and it is expected that techniques and
technologies for offshore wind power will be improved, making the manufacture of offshore
wind turbines more streamlined and efficient [20]. However, the effect this has on reduction
of GWP may be limited, as some estimate only 5% of total GWP-contribution comes from
the final fabrication of materials into WTG and foundation components [21].

4.1.1 The Materials

The WTG consists of the tower, nacelle, and turbine blades. The tower is almost always
constructed from steel sheets, rolled into sections of tubing that are finally welded together
into a turbine tower [7]. The mass of the tower is dependent on the turbine’s size, rating,
required weather resistance or other factors. A typical WTG will have a tower mass of
200-500 Te. In addition, nacelle and turbine blades are made from a variety of materials,
including various polymers, composites, and for the nacelle, various electronic components,
and lubrication oils. A search in the Ecoinvent [22] database reveals the following GWPs
for a selection of typical WT'G construction materials.




Table 1: GWP of WTQG construction materials.

Material GWP kgCOq-eq/kg
Reinforced steel 3.8
PVC 2.26
Lubricating oil 1.45
Aluminium 20

As mentioned before, a typical WTG weighs several hundred tonnes. Given the data in
Table 1, a WTG will have a GWP of several times its own mass in COs-equivalents, only
from the production of the materials used in the wind turbine.

4.2 Transportation and Vessel Operations

During the installation phase, emissions stem from the power production for installation
and transportation vessels. Transportation of goods is one of the main contributors to
global warming worldwide [1], and for the installation of an offshore wind farm several
tonnes of equipment, tools, and components have to be transported on shore to the port,
and at sea by boat.

An estimation by Reimers et al. [18] found that about 20% of total emissions from offshore
wind turbines were related to vessel use and maritime operations. This included all parts
of the life cycle: installation, operation, and decommissioning. The pollution from vessels
come from production of energy in marine engines, typically diesel electric generators in
the vessels used in offshore wind. The combustion of diesel oil produces greenhouse gases,
the most important of which is COq, or carbon dioxide.

5 Regulations

Currently, there are few regulations concerning offshore wind decommissioning, and there
is a lack of guidelines for recommended practices [23]. Most regulations regarding the
removal and decommissioning of offshore structures today is based on the OSPAR and
and UNCLOS conventions [24]. These documents establish the general guidelines for all
decommissioning activities at sea. The UNCLOS convention states that ” Any installa-
tions or structures which are abandoned or disused shall be removed to ensure safety of
navigation, taking into account any generally accepted international standards established
in this regard by the competent international organization. Such removal shall also have
due regard to fishing, the protection of the marine environment and the rights and duties
of other States. [25], establishing that once removed, subsea structures should not inhibit
economic activities or the disturb marine environment.

The IMO guidelines on removal of of offshore installations and structures further specifies
guidelines for removal of offshore installations [26]:

e 3.2: 7 All abandoned or disused installations or structures emplaced on the sea-bed
on or after 1 January 1998, standing in less than 100 m of water and weighing less
than 4,000 tonnes in air, excluding the deck and superstructure, should be entirely
removed.”




e 3.3: "Removal should be performed in such a way as to cause no significant adverse
effects upon navigation or the marine environment.”

e 3.5 "Notwithstanding the requirements of paragraphs 3.1 and 3.2, where entire re-
moval is not technically feasible or would involve extreme cost, or an unacceptable
risk to personnel or the marine environment, the coastal State may determine that
it need not be entirely removed.”

Since most installations and structures related to an offshore wind farm has a weight of less
than 4000 tonnes, and often are often installed in depths of less than 100 metres, article
3.2 of the IMO regulation implies that all offshore wind structures should be entirely
removed. However, in practice the exceptions from article 3.5 are applied. Partial removal
of installations and structures is almost exclusively the method chosen by operators [27,
28].

6 Decommissioning Operations

The decommissioning or disassembly of individual wind turbines in an offshore wind farm
is for the most part the reverse of the installation process [15, 29]. Because of this sim-
ilarity, many assumptions and data are based on installation statistics, which is much
more available compared to statistics on decommissioning, as only a handful of offshore
wind farms have reached the end of their life cycle [23]. In this section, an overview of
decommissioning methods will be presented.

6.1 Removal of Foundations

Different foundations vary greatly in the way they are removed. Their differences in size,
function and mass all impact how the different foundations are removed from the seabed.

e Floating Platforms

In the same way floating wind turbines are assembled [12], decommissioning of float-
ing wind turbines will involve towing the fully assembled wind turbine and foundation
back to a yard for disassembly. This is the method described in the decommissioning
programme for Equinor’s Hywind Tampen pilot project [30]. However, Equinor has
explored alternative methods for installation of offshore wind, some of which include
assembly of the floating wind turbine offshore [31]. It is possible that disassembly of
the tower at shore would then also be possible.

e Gravity-Based Foundations

Gravity based foundations are rarely used for offshore wind purposes. In 2020, no
offshore wind installation were installed with GBFs [9]. Consequently, little research
has been done into different decommissioning methods for GBFs. When the Vindeby
offshore wind farm was decommissioned, the chosen method involved breaking the
foundations up using excavation equipment [32]. However, this is unlikely to be
the chosen method for newer wind farms in deeper waters further offshore. The
decommissioning programme for the Gwynt y Mor offshore wind farm proposes lifting
the GBF's off the seabed in one piece using a heavy lift vessel (HLV) [33]. The GBFs
will be transported back to shore using specialized barges.
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e Monopiles

There are two main methods of removing monopile foundations: either by complete
removal, or by partial removal, cutting the pile below the sea floor.

Completely removing the piles is not commonly used in offshore wind decommis-
sioning, but may be a better option in order to minimize environmental impacts
[28]. Several methods for the complete removal monopiles exist, such as by vibra-
tion hammer, dredging, pressurized air removal, or buoyancy. These technologies
are largely untested, and have not been used widely offshore [28].

The partial removal of monopiles is how all offshore wind farms have been decommis-
sioned so far. This involves by dredging the sea floor 1-2 metres below the mudline
around the monopile, and then cutting it [28, 8, 34]. The piles are typically cut
by from the outside with a pressure jet cutter or with a diamond wire [28]. Using
explosives is also an option, but it is not typical [35]. Figure 7 shows the cutting
and partial removal of a monopile.
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Figure 7: The cutting and partial removal of a monopile.

In the assessment conducted in this thesis, only partial removal by cutting will be
considered.

Before the monopile can be removed however, the transition piece is typically re-
moved first. The transition piece can often be simply unbolted, and lifted on to a
suitable transportation vessel [8].

The monopile removal is typically conducted by a jack up vessel. The piles and
transition piece is most often transported back on a transportation barge [15].

e Jacket Foundation

The removal of jacket foundations is similar to removal of monopiles. The piles at
the corners of the jacket need to be removed before the jacket can be lifted off the
sea floor. These piles can be removed either partially or completely, however, in
many decommissioning plans, the piles are only partially removed [8, 36, 34, 37].
After the piles are cut, a heavy lift vehicle is used to lift the jacket structure onto a
transportation vehicle.

6.2 Disassembly of the Turbine

The disassembly of the turbine is the reverse of the installation. There are numerous
ways of installing a turbine, and consequently an equal number of ways to disassemble a
turbine. In Figure 8, different options for wind turbine installations are shown.
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Figure 8: Different options for wind turbine installation. The columns are the numbers of
lifts required for chosen methods (rows). Taken from [16]

The figure above shows different options for the assembly of the tower, rotor blades and
the nacelle. For instance, option number 1, 3, and 4, shows how the tower can be installed
in two parts, and the figure also shows how blades can be transported and installed with
the nacelle, or separately.

In a report by the Bureau of Ocean Energy Management, Regulation and Enforcement
(BOEMRE), later reorganized into the Bureau of Ocean Energy Management [16], the
effect of the different installation methods on installation time were explored. They found
that methods 3-6 took longer time than methods 1 and 2. However, the report concluded
that this was an unlikely result, and commented that the sample size was too small to
draw a meaningful conclusion. This study was conducted to establish the feasibility of
offshore wind farms in American waters. In the assessment conducted in this thesis, the
effects of different turbine installation options will not be considered.

Typically, a jack up vessel is used for dismantling the turbine, and to transport components
back to shore [15, 16].

6.3 Cables

Cables can either be removed completely, or partially. Partial removal of cables includes
only removing parts of the cables that are exposed. Cables are not covered by the OSPAR
regulations, and can be left in situ if they do not disturb other users of the sea [38].

Cable removal is done by a vessel similar to the vessel used for installing the cables, a
cable laying vessel (CLV) or a cable repair vessel.
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6.4 Substations

The substation top pieces are often large heavy constructions that require HLV to remove
[16]. This operation is similar to the removal of topsides of oil platforms [5]. The substation
is lifted off the foundation in one piece, and then transported back to shore for further
disassembly on a specialized barge. The foundations of a substation are Decommissioned
in a similar fashion to the WTG foundations, although they may be slightly larger in size
(34, 37].

7 Life Cycle Analysis

Even though the environmental impact analysis conducted in this thesis will not consider
the entire life cycle of an offshore wind farm, the methodology and phases defined in the
[SO14040 and ISO 14044 standards will be used as a basis for the assessment conducted
in this thesis. The advantage of this is that this enable the comparisons of the results of
this assessments with other full life cycle LCAs.

7.1 Use of LCA

As mentioned earlier, producing sustainable and low carbon solutions is becoming in-
creasingly important in order to meet the goal of increasing energy production, while at
the same time reducing the impact on the environment. Traditionally these demands have
been the requirement of governments, requiring industry to purchase quotas for CO2 emis-
sions. One example is the EU’s emissions trading system (EU ETS), where current prices
are over 80€ per tonne CO4 [39]. However, lately private institutions such as equity funds,
investment bankers, and loaners have set their own requirements for a project’s sustain-
ability, in order to receive funding [40]. Consumers are also becoming increasingly aware
of climate challenges. Thus, for a project pitch to be successful, the project owners should
provide a estimate of their projects climate footprint.

Bonou et al. [21] provide examples for how LCAs can be used in decision making internally
within Siemens. Choice of materials, supply chain management, and optimizing logistics
are the key areas of focus, where LCAs can be used as a decision-making aid.

7.2 ISO 14040 & 14044

The international Organization for Standardization (ISO) have produced the ISO 14040
and ISO 14044 standards as a guide for conducting an LCA [41] [42]. The ISO 14040
presents the guiding principles for the LCA process, while the ISO 14044 standard specifies
further requirements for the individual phases of the LCA. The goal of the standards is to
harmonize the contents of different LCAs, so their findings and results can be compared.
The goal of the standards is not to force all LCAs to follow a specific methodology.

The ISO standards divide the LCA process into four stages:

e Goal and scope definition

e Inventory analysis
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e Impact assessment

o Interpretation
The stages facilitate an iterative process, where the result from one stage influence the
previous stages. The reasoning being that knowledge of the system being considered

increases while doing the LCA, leading to better assumptions and overview of what factors
and processes are important to include within the system boundary.

The stages and iterative process of an LCA are shown in Figure 9.
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Figure 9: The stages of an LCA, according to ISO14040 [41]

7.3 Phases of an LCA
7.3.1 Goal and Scope Definition

The first stage of an LCA is the goal and scope definition. The ISO standard emphasizes
that the scope of an LCA depends on the goal of the LCA. Some LCAs, such as Bonou’s
analysis of gearing systems [21], may only focus on specific components of a product,
while others put emphasis on a larger perspective for analysis. Kannen [43] has published
a paper on the need for an "integrated assessment” of new large scale offshore wind. In
his paper, this includes analyses of both environmental and economic factors. According
to the standard, economic analyses are not part of an LCA, however, it does encourage
applying other life cycle studies, such as life cycle costs (LCC). The LCA itself only
considers aspects of natural environment, human health, and resource use.

Because of the iterative nature of an LCA, the scope may be refined further during the
duration of the study [42]. ISO 14044 notes four aspects of the study that must be
“unambiguously” stated when defining the goal of a study. The standard defines the
function of the product as the defining property of the system being studied.
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The intended application

The reasons for carrying out the study

The intended audience

Whether the results are intended to be used comparatively

Definition of the goal and scope also include defining the functional unit. The functional
unit is intended to provide a reference for the inputs and outputs of the product being
studied. For an OW'T, a sensible functional unit may be the energy produced e.g. MWh.
The inputs and outputs of the life cycle inventory analysis (LCI) and life cycle impact
assessment (LCIA) should then all be related to this unit. The functional unit decides what
metric is being studied in the LCA, and is essential to the goal and scope definition phase.
The system boundary is also decided during this phase. The system boundary defines what
unit processes should be included in the LCA. The unit processes are smallest processes
considered in the life cycle inventory analysis (LCI). More on the LCI in Section 7.3.2.
The processes and input and output flows included within the system boundary is part of
the system environment, see Figure 10. The flows are divided into product and elementary
flows. The product flows are produced by this system, or other systems. The elementary
flows include resource use and emissions.

System environment System boundary

Raw material
Other acquisition

systems
Product » Elementary

E‘_I flows
flow Production I

Elementary Energy Use
flows supply
1 Y
Recycling/ Product o Other
yeling [ flow systems
Reuse
Waste

treatment

Figure 10: The system environment, as defined in ISO14040. The elementary flows include
raw material inputs, and emissions. The figure also shows product flows to and from other
Systems.

Any assumptions made must also be made clear when defining the scope of the study, as
well as requirements for the data quality. The purpose of the goal and scope phase is to
ensure transparency, and to make any biases clear.

7.3.2 Life Cycle Inventory Analysis

The life cycle inventory analysis (LCI) is the second phase. The initial plan for the LCI
is provided by the goal and scope definition from the first phase. The primary goal of the
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LCI is to collect data and establish calculation procedures for the impact categories in the
next phase [41]. See Figure 11 for an overview of the stages in an LCI.

Data is collected for every unit process under consideration. The data can be energy
inputs, raw material inputs, emissions, and waste. The calculation step involves relating
data to the unit process, and to the functional unit. Validation of the data collected
should also be conducted during this stage. Validation of the data should confirm that
the quality of the data is sufficient for the intended depth and breadth, as established in
the goal and scope definition [42].
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Figure 11: A simplified overview of the LCI process. Notice the arrows indicating the flow
of the iterative process. Figure taken from the ISO 14044 standard [42].

The results from the LCI is the data collected and the calculations validating the results
and relating them to the functional unit. This importantly includes the elementary flows:
environmental emissions and resource use.

7.3.3 Life Cycle Impact Assessment

The life cycle impact assessment (LCIA) is the penultimate phase of a complete LCA
analysis. The results from the LCI is used to evaluate the environmental impact from the
processes considered. The LCI data is associated with environmental impact categories
and category indicators [41]. An example of an impact category can be climate change,
while the category indicator can be kilogrammes of COg-equivalents. ISO 14044 [42]
specifies requirements for choosing impact categories and category indicators.
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7.3.4 Interpretation

The final stage of the LCA is the interpretation of the results from the previous stages.
The ISO standards [41, 42] emphasize that uncertainties from the results, particularly
from the LCI, and applications of the LCA should be the focus of the interpretation.

7.4 LCA Methods

When the environmental impacts from the LCI are assessed in the LCIA, the calculation
and the selection of the impact categories and category indicators depend on the goal of
the study. As such, different methods for assessing the environmental impacts have been
developed. ISO 14044 [42] further specifies that these methods should be ”internationally
accepted” and based on ”international agreement”. Multiple intergovernmental organisa-
tions have developed their own models for evaluating environmental impacts. LCAs on
offshore wind have used several different methods. Weinzettel et al. [19] used a method
developed the university in Leiden, the CML baseline method. Reimers et al. [18] used a
specification developed by the Intergovernmental Panel on Climate Change (IPCC), while
Bonou et al. [21]used the ReCiPe method developed by NTNU in collaboration with other
universities and research institutes [44].

The ReCiPe and CML methods are both continuations of the specifications established
by the IPCC, meaning they meet the recommendations from the standards. [44, 45].

7.5 LCA Databases

Collection of data for the LCI can be very labour intensive. Therefore, several databases
have been collected. One example is the Ecolnvent database, which is used by several
authors in the literature [18, 19, 21]. The Ecolnvent database is maintained by the Ecoln-
vent foundation [22]. Other databases are available, such as the EU & DK Input Output
database which is mainly developed for products commonly imported in to the EU, and
the CEDA database developed by the Vital-Metrics group [46].

7.6 LCA Software: SimaPro

SimaPro is a software made for conducting life cycle assessments. It is developed and
maintained by PRé sustainability [47], who also developed the ReCiPe methodology. The
SimaPro software is developed to follow the phases and requirements established by the
[SO14044 & 14040 standards. See Figure 12 to see the LCA phases as presented in
SimaPro.
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Figure 12: Screenshot of the main menu in SimaPro. Note how the headers concur with
the phases from the ISO14040 standard.

SimaPro includes tools for automatically importing environmental data from various data-
bases, as well as calculation methods. The software allows for defining custom processes,
and combining them with pre-existing data from the databases.

8 Establishment of the Goal, Scope & Boundaries

In this section, the goal, scope, and boundaries of the environmental impact assessment
will be established, as described in Section 7.

8.1 Goal and Scope Definition

The goal of this study is to analyse and compare the environmental impact from the
decommissioning of varying offshore wind farms. To achieve this goal, several offshore
wind farm decommissioning cases will be established, including a base case representing
a typical or average wind farm. These wind farm cases will primarily be based on newer,
modern offshore wind farms built in the last decade, and will be decommissioned using
modern techniques. In each case, individual parameters of the wind farms will be adjusted,
which will allow for effective comparisons. Data on different decommissioning methods
will also be collected.

The different parameters of an offshore wind farm that will be analysed in this assessment
are the following;:

e Distance from shore
e Number of turbines to be disassembled

Size of the turbines

The type of foundations to be removed

The vessels involved in the decommissioning operations

The amount of export cables to be removed.

The substations to be removed, and their foundations
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8.2 The Functional Unit

The purpose of the functional unit is, as mentioned in Section 7, to act as a reference
in order to normalise results assessments. It also provides a reference between input and
output for the system. The functional unit must, in this case, be able to accurately
represent outputs from a wide variety of offshore wind farms, despite differences in the
scale and methods of the decommissioning activities. A suitable functional unit for an
electricity producing offshore wind farm will therefore be one mega-watt hour [MWh]| of
rated power production over the life span of the offshore wind farm, not adjusted for
transmission losses, wind conditions, or other factors. This will ensure comparisons are
possible despite differences between the wind farm cases that were established in Section 9.

8.3 System Boundary

The system boundaries are shown in Figure 13

Figure 13: The system boundary: Use of ROV-vessels to prepare decom. operations, the
disassembly of WTGs, the removal of foundations, recovery of cables, and transportation
back to shore.

Source: Images taken from [48, 49, 50, 51, 52]

The system includes the energy use by vessels related to the decommissioning operations,
such as the disassembly of turbines, preparation of the seabed before the removal of found-
ations, the demolishing or removal of the foundations, the removal of substations, and the
transportation of all materials and components back to shore. All activities associated with
the operations are also included, such as a reasonable time waiting on weather (WoW),
and preparing for operations to commence.

The system does not include the use of capital infrastructure is not included, nor is expec-
ted or regular maintenance on equipment as a result of its use in the operations. Waste
management and recycling of materials used for the wind farm is not within the scope of
this assessment either.

8.4 Allocation Procedures

For the assessment in this thesis, it would have been possible to allocate the energy used
by vessels when traveling between worksites. However, this will not be done in this thesis,
as it would have made comparing results more difficult.
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8.4.1 LCIA Methodology and Types of Impact
8.5 Impact Categories

In order to fulfil the goals and intended purposes of the assessment as stated above, suitable
impact categories should be chosen. There is no standard impact category defined in the
ISO standard, so the impact category should be chosen based on what comparative analysis
should be performed on the assessment.

For this assessment, the global warming potential was chosen as the impact category.
GWP is a way of representing the environmental impact of released greenhouse gases in
a way that normalises different greenhouse gases contribution to global warming. The
normalisation is based on one kilogramme of COs2 gas released in to the atmosphere, or kg
CO2-eq. Table 2 shows the CO3z-eq. of common greenhouse gases. The GWPs in the table
are taken from IPCC’s list of global warming potentials for 100 years [53]. This method
will be used to calculate the GWP in this thesis.

Table 2: The global warming potential of common greenhouse gases.

Gas Chemical Formula | Global warming Potential factor
Carbon Dioxide COy 1
Methane CHy4 28
Nitrous Oxide N->O 265
CFC-11 CCl3F 4660

As mentioned in the introduction, much effort is being put on reducing the carbon footprint
of energy production. Therefore, choosing global warming potential as an impact category
was a natural choice. The study of GWP of offshore wind farms have also been done in
the past by several authors [18, 19, 21], and the selection of this impact category will will
allow for comparisons with their results.

8.6 Data Requirements

The data collected for use in this analysis should be as up-to-date as possible, preferably
including assumptions regarding conditions in the near future. As offshore wind farm
decommissioning is a new field of study, real world data is hard to obtain, and generally
the quality of data available is generally low. In this thesis, a substantial amount of data
is based on statistics from installation of offshore wind farms. However, as mentioned in
Section 6, decommissioning share many characteristics of installation, making the use of
installation statistics also suitable for the scope of this assessment.

The emissions data used in this assessment was collected using NTNU’s access to the
Ecoinvent 3 database [22], through the SIMApro software.

9 Inventory Collection

The inventory analysis involves collecting data, and performing calculations on the data
in order to quantify the inputs and outputs of the product system. Inputs can include
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energy, raw materials, other products, while outputs can include waste, emissions to water
and air, and any bi-products.

The data was collected from mainly two types of sources:

e Statistics on Installation:
As there are few offshore wind farms that have been decommissioned, and the ones
that have been decommissioned were small scale pilot programmes, statistics on in-
stallation of wind farms have been used as a supplement to predict the duration and
scope of the decommissioning operations. As mentioned in Section 6, the decommis-
sioning process is often very similar to the installation procedures.

e Future Plans for Decommissioning;:
Operators that are granted licenses for offshore wind development in the UK are
required to present plans for the decommissioning of the site [24]. These plans
often describe what methods are expected to be used for the decommissioning, and
sometimes also the expected duration of the decommissioning. They also specify
what types of vessels that are necessary to perform the decommissioning.

The inventory analysis has been used to develop a basecase wind farm, as well as several
other wind farm cases, in order to facilitate comparisons.

9.1 Vessel Data

A short analysis of decommissioning programmes show what vessels are needed to complete
the disassembly of an offshore wind farm. The results are presented below, in Table 3.
There are differences in the level of detail between the plans, and not all plans describe
all phases of the decommissioning. The consequence is that what vessels are expected to
be necessary for the decommissioning is not always specified.

Table 3: Plans for monopiles in decommissioning plans

Vessel required for each part of the decommissioning

Wind Farm WTG | Foundations Cables Substations

Sheringham Shoal [54] SPIV | SPIVs, ROV-vessel and Barge+AHTS | No planned cable removal | HLV and AHTS

Doggerbank A & B [34] | SPIV | SPIV and barge/ AHTS Not specified HLV and AHTS

Doggerbank C [37] SPIV | SPIV and barge/AHTS Not specified HLV and AHTS

Gwynt y Mor [33] SPIV | SPIV or HLV and barge + AHTS CLV SPIV or HLV and barge + AHTS
Hornsea Project 2 [8] SPIV | SPIV and ROV-vessel CLV HLV and barge+AHTS

Dudgeon [36] SPIV | SPIV No planned cable removal | Not specified

Jack up vessels, and preferably self propelled installation vessels (SPIV) are the most
common vessel found in the decommissioning plans, sometimes used for all components of
the wind farm, apart from any cable removal. Most of the plans specify that the SPIVs
used when the wind farm has reached its end of life are expected to be high capacity
vessels. Therefore such vessels were focused on in this assessment.

Some of the plans also include using ROV survey vessels before removing the foundations,
however, it was assumed in this assessment that all farms will require this.

The emissions from the vessels’ energy use was modelled using Ecoinvent’s diesel-electric
generating set [22]. The vessels energy use was found using available consumption data
from the Seaweb database [55], as well as an assumed specific consumption of 180g/kWh
for a typical marine diesel engine [56].
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The different vessels will be discussed in greater detail in the following sections.

9.1.1 Jack Ups

As mentioned in Section 6, jack up vessels are typically used in the installation and decom-
missioning of offshore wind. Almost always for the turbines, but often for the foundations
and piles if their weight and size allows it. Typical installation jack up vessels are shown
below, in Table 4.

Table 4: Installation vessels, their capacities and their energy demand when traveling at
service speed.

Vessel Type Energy demand | Capacity
[MW]
Bold Tern [57] SPIV 8.1% 9000t - 3600m2
Brave Tern [58] SPIV 8.5% 9500t - 3200m2
MPT Adventure [59] | SPIV 6.6* DW = 6000t
Innovation [60] SPIV 12.8* 8000t - 3400m?
Sea Installer [61] SPIV 8.5% 6000t - 3350m2
Sea Challenger [62] | SPIV 8.5% 6000t - 3350m2
MPI Resolution [63] | SPIV 4.3 5000¢ - 3200m?
Average - 8.2 -

*estimated based on available consumption data from MPI Resolution [55]

The vessels presented above are all larger jack up SPIVs, which are most commonly used
in offshore wind today [15]. They have deck load capacities between 6000 and 9000 tonnes,
and a free deck area of 3000-3500m?. According to Bold Tern’s specification sheet [57],
vessel has capacity to transport and install 3, 12 MW turbines, 4, 10 MW turbines, or
8, 3-4 MW turbines. Since all the in the list above have similar weight capacities and
deck areas similar to the Bold Tern, it was assumed in this thesis that any jack up SPIVs
involved will have capacities identical to the Bold Tern.

The turbine storage capacity of the installation vessels was expected to have a significant
impact on the results, as it will dictate the time the vessel can be at sea. When the vessel
is fully loaded with turbines or foundations, it will have to return to port, increasing
both the time it takes to disassemble the wind farm, and the energy needed for travel
back-and-forth to the wind farm.

The vessel MPI Resolution has publicly available consumption data for fuel, at 18.5 tonnes
of fuel per day at cruising speed [55]. This was used as a basis for calculating energy
demand for the other installation vessels in the table above. The fuel consumption was
extrapolated based on the installed MCR of the other vessels in the table above, and an
average value was found. See appendix H for the full calculations.

Some jack up vessels are not equipped with their own propulsion systems, but will still
have to produce power using diesel generators to operate cranes, jack up systems, and
habitation modules, similar to the SPIVs presented in the section above. Examples of
such vessels are the Ezcalibur and the Wind Server. Such vessels will not be considered
in this assessment. However, if such vessels were to be included, it was assumed they
would not change the result in any meaningful way, as they would still require tugs and
powerplants with similar energy needs as a SPIV.
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9.1.2 Barges and Tugs

As shown in Table 3, several wind farm operators plan on using transport barges to
transport foundations. This may be because the operator expects a jack up vessel will not
have the capacity to store the foundations on board, as monopile often weighs more than
the turbine. Free deck space can also be an issue, as the monopile foundation also consist
of an transition piece that has to be removed and stored separately. Another reason may
be a desire to reduce backloading trips for the jack up vessel.

In addition, tugs and anchor handlers may be required for other parts of the decommis-
sioning, such as for towing heavy lift platforms for the substations, and as is the case for
floating wind turbines, for the tow back of the wind turbine back to the yard, as well as
for the removal and transportation of the anchor lines for the floating platform. When
tugs are needed for operations, it was assumed that they are required to remain at sea for
the same duration as the vessels they are assisting.

The transport barges will require a tug to transport the foundations back to port. it was
assumed that anchor handling tug supply vessels (AHTS) will be used as tugs. In the
table below, a number of such vessels are presented. Some, such as the Normand Sapphire
have been involved in offshore wind installation.

Table 5: AHTSs and energy demand when traveling.

Vessel Type | Energy demand [MW] | Capacity
Normand Sapphire | AHTS 4.5 282
Far Sabre AHTS 5.86 187
Sea Tiger AHTS 8.10 180
Bear AHTS 11040 7.41
Gerard Jordan AHTS 6.71 163
Atlantic Brigand AHTS 7.87 150
Average - 7.39 -

The energy consumption data of the AHTS’ are based on available data from the Seaweb
database [55]. Their energy demands are similar to SPIVs with similar MCRs, as expected.
However, these vessels will probably spend more time in a DP condition, as they do not
have the jacking capabilities of jack up vessels.

Alternatively, the modelling of transportation by barge could have been done using Eco-
invent’s built in model for barge transportation. However, this model is based on a tonne-
kilometre calculation, which could not have taken into account the time the transportation
barge is waiting for the SPIVs or other vessels to compete their operations.

9.1.3 ROVs Operation Vessels / OSVs

Vessels carrying Work ROVs are needed for some parts of the decommissioning process,
particularly in connection with cutting cables and digging away scour protection before
removing foundations. Most SPIVs presented in the sections above do not appear to
be carrying their own work ROVs [57, 59], so vessels with ROV handling and launching
capabilities will be needed. Such vessels can be AHTSs, or more typically, offshore support
vessels (OSV).
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Table 6: OSVs and energy demand when traveling.

Vessel Type | Energy demand [MW]
Normand Sapphire | AHTS 4.5
Dina Star (0N 4.9
Edda Flora RSV 6.7
Normand Ocean (O 5.0
Onyx oSV 7.87
Maersk Nomad (O 7.9
Island Performer (ONAY 7.9
Ariadne (O 7.9
Normand Jarl (O 7.3
Deep Cygnus (ONAY 7.2
Normand Mermaid | OSV 6.9
Edda Fauna oSV 6.9
Average - 6.3

Source: Data from Seaweb [55]

The average energy consumption of these vessels are slightly lower than than for the AHTS’
and SPIVs. In addition, they are not used as frequently as other vessels. Their impact is
therefore expected to be smaller than for other vessel types.

9.1.4 Cable Laying/Repair Vessels

Although many operators plan to let cables remain in situ after decommissioning, see
Section 9.2.4, this is not possible if some parts of the cable are exposed. These parts of
the cable will need removal by a cable laying or repair vessel (CLVs).

CLVs can mostly be split into two different groups: large cable laying vessels, used for
laying the hundreds of kilometres of high voltage export cables, and smaller cable repair
vessels. In this thesis, it was assumed that these smaller vessels are used to remove smaller
sections of cable. The energy demands of both large and small CLVs will be shown in
appendix H.

9.1.5 Heavy Lift Vessels

For GBFs, jackets, and the substations, heavy lift vessels (HLV) are necessary. In the
Seaweb database, little consumption data for these types of vessels were available. For
this reason, it was assumed that these vessels would operate with engine loads relative to
MCR similar to the data used for the other vessels.

Two types of heavy lift vessels were included in this assessment. Self propelled vessels,
and heavy lift platforms (HLP). The self propelled HLVs were modelled on the Seaway
Strashnov [64], and the heavy lift platforms, used for removal of substation top pieces,
was modelled on the Thialf [65].
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9.1.6 Vessel energy demand

In the tables above, only the energy demand when traveling is given. This is the data that
was available from the Seaweb database [55]. For the energy demand when the vessels are
operating or idling, some assumptions had to be made.

When the vessels are in DP mode, it was assumed that their energy demand was about
half of what it is when the same vessel is traveling. This is based on a study conducted by
Bg et al.[66], that found that vessels report using between 10-50% of engine power when
in DP mode. When the vessel is in port, or otherwise idling, it was assumed that the
energy demand was further halved, i.e. 1/4 of engine demand when traveling.

When vessels are operating in the vicinity of wind turbines, it was assumed they would be
in DP mode. However, this assumption was not made for jack up vessels. For jack ups,
the energy demand was assumed to be slightly less than 1/4 during operations.

This gives the following energy demand data for all vessels involved:

Table 7: Energy demand for every vessel, in different conditions.

Condition | SPIV | AHTS | Large CLV | Small CLV | HLV | HLP | OSV
Travel 8.2 7.4 9.3 5.2 18.9 0 6.3
WoWw 4.1 3.7 4.7 2.6 5.7 6.6 3.2
Operations 3 3.7 4.7 2.6 5.7 6.6 3.2
Idle 2.1 2.3 2.4 1.3 2.9 3.3 1.6

For the full calculations of energy demand, see appendix H.

9.2 Wind Farm Data

In order to perform an assessment that is both useful, and that accurately portrays reality,
data on several different wind farms was collected. The data was used to develop a
basecase, that should reflect an ”average” or typical windfarm, as well as establish several
other cases as a basis for comparisons.

9.2.1 Distance to shore/Travel Distance

Statistics developed by WindEurope [2] show that offshore wind farms are being moved
increasingly farther offshore, see Figure 14. As the wind farms are moved farther away from
shore, vessels performing the decommissioning will have to travel for longer, increasing
fuel and energy usage. It will also impact what choice of vessels are available to perform
the decommissioning, as they must be able to sustain long trips offshore, and carry the
necessary fuel for the voyage. Smaller crew transfer vessel for example, will not be suitable
for wind farms located more than 100km from its nearest port [67]. Figure 14 shows that
in 2019, the average distance to shore for a wind farm was 60 km, and nearly doubling
since 2017.
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FIGURE 10
Rolling average distance to shore of online offshore wind farms
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Figure 14: The average distance from shore to wind farms by year.

Source: From [2]

To establish the distance a decommissioning vessel would have to travel in order to reach
a suitable port to conduct operations from, another 100 km was added to the distance
between the wind farm and shore. As can be seen in Figure 15, following this assumption
would cover about half of the west coast of England. The real-world distance to a suitable
port depends on many factors, including availability, economics, and other project specific
requirements. Since the purpose of the assessment is to evaluate how different wind farm
parameters impact the GWP of decommissioning, the primary requirement for choosing
travel distances between ports was to ensure results were consistent and comparable.

Figure 15: A radius of 200km with its centre 100 km away from the eastern coast of the

united kingdom. The coastline inside the area of the circle has a length of more than 300
km.

Source: mapdevelopers.com

In the table below, a selection of planned and under construction offshore wind farms and
their length to shore is shown. Most of them are located well over 100 km to shore, and
some of them are located almost 200 km from shore. Based on these planned offshore
developments, the distance to shore in the basecase will be set at 100km, which should
somewhat reflect a normal shore distance. Additionally, and analysis effects of moving
the wind farm further offshore, to 200 km, was also conducted, to find the effects moving
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substantially further offshore had on the results.

Table 8: Distances top the coast for a selection of offshore wind farms.

Offshore wind farm | Year operational | Length from shore [km]
Doggerbank A [34] 2026 131
Doggerbank B [34] 2026 131
Doggerbank C [37] 2026 196

Hornsea 1 [68] 2020 120
Hornsea 2 [§] 2022 89
Sofia [69] 2026 163

9.2.2 Turbine Size

Turbine size is generally expected to grow, both in rated power production, and in physical
dimensions. This has implications for the vessel performing disassembly, which will be
discussed in Section 9.1. For the wind farm, the only difference will be the power output
per wind turbine.

Turbine Capacity (MW)
Qe MWk M~ 000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
— Average turbine capacity

Source: WindEurope

(a) The average rated power of installed OWTs per year in Europe.
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Figure 16

Source: From [9]
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Figure 16 shows that the capacity of installed offshore wind turbines has risen quite dra-
matically, doubling since 2015. For the assessment done in this assessment, the basecase
will have average turbine sizes of 8MW. However, since turbine sizes are expected to in-
crease, A wind farm case with 12 MW turbines was also included in the assessment.Turbines
of this size are currently being installed in some offshore wind farms [34]. Additionally,
a comparison with 4 MW turbines will also be conducted, as this is comparable to other
LCAs [17, 19, 21].

9.2.3 Wind Farm Output/Size

Wind Farm Size (MW)
Y

2010 2011 2012 2013 2014 2015 2018 2017 2018 2018 2020
— Awverage wind farm size (MW)

Source: WindEurope

Figure 17: The average power production of offshore wind farms in Europe. From [9]

Figure 17 shows the average power production from offshore wind farms in Europe for the
last decade. The average size is 788MW [9], so for the wind farm cases in this assessment,
a total power capacity of 800 MW was chosen. The power output will be the same for all
wind farms analysed in this assessment, which yields the following number of turbines:

Table 9: Number of turbines vs turbine rated power.

Turbine rating | 4 MW | 8 MW | 12 MW
No. of turbines 200 100 67

The last wind farm will have a power output of 804 MW, however, this will be accounted
for in the results, by the functional unit.

9.2.4 Cables

As mentioned in Section 3, turbines in wind farms are connected with each other and the
substation via the inter array cables, and connected to the rest of the power grid through
the export cables.

The length of cables that need to be removed for a decommissioning is assumed to be much
smaller than the length of cables that are installed. While regulations generally require
the seabed to be restored to its original condition,as mentioned in Section 5, the removal
of cables are often considered by many decommissioning to be an unnecessary toll on the
seabed [34, 37, 36, 8]. The decommissioning plans describe letting the cables be buried in
situ, unless some sections of the cables are exposed [8, 34, 37, 33]. For this assessment, it
was assumed that 10% of the export cables are exposed, and will need to be removed by a
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small CLV. As for the inter array cables, it was assumed that they will not need removal,
or that the ROV decommissioning preparation vessel will bury any exposed cables.

Additionally, a scenario where all export cables are removed was also included in the
assessment, as some wind farm operators plan to remove all of the export cables [70].

The amount of export cable for the wind farm will be assumed to be tied to the given
distance to shore. In the table below, The relation between the wind farm’s distance from
shore and the total length of export cable is shown. The average is around 4, which will
be used to determine the length of export cables in this assessment. This gave a cable
length of 400 km for windfarms 100 km from shore.

Table 10: The ratio between cable length and distance to shore

Wind Farm Length of cable [km] | No. of cables | Ratio
Sheringham Shoal 21.6 2 2.2
Doggerbank A&B 190 4 5.8
Doggerbank C 263 2 2.7
Gwynt y mor 82.5% 4 5.5
Hornsea 2 423 N/A 4.8
Dudgeon 42 2 2.6
Average - - 3.9

It was assumed that, on average, the vessels will operate at a speed of 2 kt when they
are removing cable sections. They will then move at a reduced machinery load, similar to
that of a DP-condition. Suitable vessels for cable retrieval can be any vessel with ROV
capabilities, and capacity for storing the removed cable on board. This can include OSVs,
some AHTSs, CLVs, and specialized cable repair vessels. However, if more than 10% of
the export cables (40-80km) need to be removed, a larger specialized CLV may be the
only vessel suitable. A vessel such as Nexans Aurora is able to carry 10 000 Te of cable
[71], or roughly equal to 200 km [16].

In the table below, the expected durations of the cable removal operation for each scenario
are presented.

Table 11: Duration of cable removing operations, by length of cable to be removed

Length removed 40 km 80 km 400 km
Time spent on removal [hours] 10.8 21.6 108
Type of vessel needed Small CLV | Small | Large CLV

9.2.5 Foundations

Monopiles are the prevalent type of foundations today. A rundown by WindEurope finds
that out of 14 offshore wind farms being installed in Europe in 2020, only 4 use another
type of foundations: Two with jacket foundations, and two floating wind farm projects.
For the basecase, monopiles will be used for the foundations.

Monopile Foundations:

A review of some decommissioning plans for planned and current wind farms show that

29



all none of them include a plan for the complete removal of foundations. Instead, they
expect cutting the piles below the seabed is the most practical solution [54, 34, 37, 33, 8,

36].
Table 12: Plans for removal of monopiles in decommissioning plans.

‘Wind Farm No. of Foundations | Foundation Type | Foundation removal Estimated time
Sherringham Shoal | 88 Monopile Cut below seabed N/A

Doggerbank A & B | 190 Monopile Cut below seabed 2.8 days
Doggerbank C 87 Monopile Cut below seabed N/A

Gwynty Mor 160 Monopile or GBF Cut below seabed (mono), Complete removal (GBF) | N/A

Hornsea Project 2 165 Monopile Cut below seabed N/A

Dudgeon 67 Monopile Cut below seabed N/A

From the decommissioning plans it is clear that a complete removal of monopile found-
ations is unlikely to be the preferred option. It will therefore not be considered in this
thesis. In the case of the GBF's, complete removal may be the only possibility, because the
typical depth of offshore wind installations make leaving any part of them on the seafloor
an unfeasible solution, as discussed in Section 5.

Some foundations may require scour protection. For this analysis, the assumption is that
it will not need removal and transportation away from the wind farm. This is in line with
the decommissioning plans from Table 12. Some studies also suggest that leaving scour
protection behind may be beneficial for marine habitats as well [23].

Table 13: Installation times for monopile foundations. From [16]

Wind Farm No. of Founda- | Foundation Foundation
tions Type Time
Horns Rev 1 80 Monopile 3 days
Horns Rev 2 91 Monopile 1.8 days
North Hoyle 30 Monopile 5.5 days
Scroby Sands 30 Monopile 3.5 days
Kentish Flats 30 Monopile 2 days
Lynn & inner | 54 Monopile 4.4 days
Dowsing
Barrow 30 Monopile 7 days
"OWEZ” 36 Monopile 3.3 days
Burbo Bank 25 Monopile 2.2 days
Princess Amalia 60 Monopile 3 days

The table above shows that monopile foundations take an average of around 3 days to
install. A review of some decommissioning plans also reveal that expected removal times
for foundations in even larger wind farms are similar to the installation times presented
in the report: around 3 days per foundation for monopiles [34]. It was therefore assumed
that to remove a monopile foundation would take 3 days on average.

GBF and Jacket Foundations:

However, not all foundations are of the monopile variety. Jackets and GBFs are also
used for some turbines, as well as for the offshore substation. In the decomissioning plans,
the anchoring piles for the jackets are often cut in a similar fashion to the monopiles,
before lifting them using a HLV. The GBFs will have to be removed in its entirety. This
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presents a challange as vessels capable of lifting and transporting foundations weighing

sometimes more than 2500t will be needed [10].

Table 14: Installation times for GBFs. From [16]

Wind Farm No. of Founda- | Foundation Foundation
tions Type Time
Middelgrunden 20 GBF 3 days
Nysted 72 GBF 5.3 days
Lillgrund 48 GBF 8.8 days

According to the statistics from BOEMRE’s report, GBF's take significantly longer than
monopiles to install. This is expected, as GBF removal is a process that requires specialized
vessels that both travel and operate more slowly than SPIVS. Also, installation of GBF's
require more vessels to be used concurrently. Due to the lack of expected removal times
of GBF's and jackets in decommissioning plans, the removal time of jackets and GBFs was
assumed to be similar to the average time for GBFs from the BOEMRE report: 5.7 days.

On the basis of the installation times in the table above, and the expected removal time
from the Dudgeon decommissioning programme, the average time for the removal of each
type of foundation is as follows:

Table 15: The removal time for each foundation type.

Action Monopile GBF Jacket
WoW 12 h 12 h 12 h
Operations 60 h 1164 h | 1164 h
In port 24 h 24 h 24 h
Average time per foundation* 3 days 5.7 days | 5.6 days

*Includes travel time for backloading, which is why jackets and GBF's have slightly different times.

The capacity of the barges needed to remove the foundations is assumed to be 5 for
monopile foundations, 2 for GBFs, and 3 for jackets. This is based on the total weight of
all foundations, about 5000 tonnes. Since jackets are transported faster than GBF's, the
average time to decommission jackets is slightly lower than for GBFs.

For all foundations, a period of WoW of 12 hours is assumed, and each time is in port,
it was assumed it would remain in port for 24 hours before returning to the wind farm.
These times are shown in Table 15.

9.2.6 Using Specialized Vessels for GBF and Jacket removal

As well as the traditional methods for removal as described in BOEMRE’s report, and
Gwynt y Mér’s decommissioning programme [16, 33|, an assessment was done using a new
vessel on order for Seaways 7, the Seaway Alfa Lift [72]. Once completed, this vessel will
be able to both carry and install offshore wind foundations, potentially removing the need
for using both heavy lift vessels, and barges and tugs.

The Seaway Alfa Lift has a loading capacity of 8 1500 Te jackets, or roughly 5 GBFs. It
has a crane capable of lifting 3000 Te, more than the weight of wind turbine foundations.
This vessel will be used as a basis for carrying capacities for a comparison between using
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traditional methods for jacket and GBF removal, and using special purpose vessels. The
energy sue of such a vessel was considered the same as a typical self propelled HLV vessel,
sea Table 7.

Figure 18: An illustration of the Seaway Alfa Lift carrying jackets.

Source: Ulstein [73]

9.2.7 Substations

It was assumed that there are always two substations per wind farm, regardless of any
other factors. They will be installed on jacket foundations, and will require HLPs to
disassemble. This is based on descriptions from decommissioning plans [8, 54, 34, 37].
Both the jacket and top piece will be transported back to shore on a barge towed by an
AHTS, one at a time.

The time it takes to remove the foundations will be the same as for a typical jacket
foundation, see Table 15. However, for the top piece, there is little data and statistics
available. The BOEMRE report [16], found that installation of the top piece of the
substation has taken anywhere from a few months to four days. For this assessment, the
removal of the top piece was estimated to be completed in 100 hours, or a little over four
days.

9.2.8 Lifetime

The lifetime of the wind farm and all its components was assumed to be 25 years. This is
the expected lifetime cited in several decommissioning plans. It is also close to the lifetime
of the offshore wind farms that have been decommissioned previously [23]. In the table
below, the lifetime of a selection of offshore wind farms is shown.

32



Table 16: The lifetime of offshore wind farms.

Wind farm Life time [years|
hline Yttre Stengrund 15
Lely 20
Vindeby 26
Utgrunden 1 18
Blyth 13
Beatrice Demo 8
Sheringham Shoal 20*
Doggerbank A/B/C 25%*
Gwynt y mor 20-23*
Hornsea Project 2 25%
Dudgeon 25%

*Expected lifetime, has yet to be decommissioned.

The first five wind farms in the list are wind farms that have reached their end of life, and
been decommissioned after the stated amount of years. The data in general show that 25
years is a good assumption for the life time of an offshore wind farm.

The lifetime was used to establish the total power production for the offshore wind farms
that were considered in this thesis.

9.2.9 Dismantling of Turbines

Decommissioning plans and literature treat the dismantling of turbines as the reverse of
the installation procedure. Because of this, data and statistics on installation was used
to estimate the duration of turbine disassembly. As a large number of offshore wind
farms have been installed in the last decade or two, so statistics are available on typical
installation times for offshore wind turbines.

The data in the following table is a summary of statistics found in the report from
BOEMRE [16].
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Table 17: Installation Times per Component for Various Offshore Wind Farms

Wind Farm No. of turbines | Turbine size | Turbine time
[MW]
Middelgrunden 20 2 3.8 days
Nysted 72 2.3 1.3 days
Lillgrund 48 2.3 1.6 days
Horns Rev 1 80 2 3 days
Horns Rev 2 91 2.3 2 days
North Hoyle 30 2 6 days
Scroby Sands 30 2 3.8 days
Kentish Flats 30 3 4 days
Lynn & inner | 54 3.6 1.9 days
Dowsing
Barrow 30 3 5 days
"OWEZ” 36 3 2.9 days
Burbo Bank 25 3.6 1.8 days
Princess Amalia 60 2 9.5 days

In addition to the statistics presented in Table 17 above, some decommissioning pro-
grammes also specify the expected or likely times for the complete decommissioning of
the wind farm. They mostly show similar times as the table above, estimating typically 2
days per turbine.

Table 18: Descriptions of turbines in decommissioning plans

Wind Farm No. of turbines | Turbine size | Expected disas-
[(MW)] sembly time

Sheringham Shoal | 88 3.6 2.3 days

Doggerbank A & | 190 12 2 days

B

Doggerbank C 87 14 MW N/A

Gwynty Mor 160 3&5 N/A

Hornsea Project 2 | 165 8 N/A

Dudgeon 67 6 N/A

Based on these sources, it was assumed that the dismantling operation of a wind turbine
would take 30 hours. Additionally, it was assumed that, on average, the vessels will spend
12 hours WoW for each wind turbine. When the vessels are in port, it was assumed they
would idle for 24 hours. In the end, this resulted in an average time of 2.1 days per turbine,
once travel time is included as well. For different size turbines, the travel times are slightly
different, affecting the average time per turbine. The exact average times per turbine can
be found in the appendix.

9.3 Floating Wind Farm

An assessment was also done on the removal of a floating wind farm. The data was based
on the decommissioning programme of Equinor’s Hywind Tampen project [30].
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An AHTS will disconnect mooring lines between the anchors and the spar buoy, as well as
the dynamic parts of the electrical cable from the turbine. It was assumed the vessel will
spend 10 hours doing this. The vessel will return to port once it has reached its capacity
for carrying cables or anchor chains. The capacity is based on Normand Sapphire’s anchor
locker [74, 75]. The calculations for the storage capacity can be seen in appendix J.

The vessel will then tow all wind turbines and their foundations back to port, at a speed
of 6 kt. The removal of cables and substations is the same as for the basecase.

9.4 The Scenarios

The table below presents all the different wind farm cases that were considered in this
assessment.

Table 19: noe

Basecase | Bascase+100km | GBF | Jacket Foundation | 200x4MW | 67x12MW | Floating
No. of turbines 100 100 100 100 200 67 100
Turbine rating [MW] 8 8 8 8 4 12 8
Farm output [MW] 800 800 800 800 800 804 800
Lifetime output [GWh] 175200 175200 175200 175200 175200 176076 175200
Foundations Monopile Monopile GBF Jacket Monopile Monopile Spar
Distance to shore [km] 100 200 100 100 100 100 100
Distance to port [km] 200 300 200 200 200 200 200
Export cable length [km] 400 800 400 400 400 400 400
10 Results

10.1 The Effect of Different Turbine Ratings

kg CO2-eq / MWh

4
=)
@

o

Basecase 200x4MW 67x12MW
0.159365647 0.296074616 0.115737752

Figure 19: The GWP of wind farms with different turbine power ratings, normalized by
MWh

Figure 19 shows the GWP of wind farms with different turbine power ratings. The results
have been normalized to show kg COs equivalents per MWh produced over the life time
of the wind farm, as discussed in Section 8.

The results from the base case scenario should represent GWP of the decommissioning
for a just installed or soon-to-be installed offshore wind farm. The most significant GWP
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contributions come from the jack up SPIVs and AHTSs, making up 50% and 43% of total
GWP contributions. The other involved vessels, contribute about 7% all together. In
Figure 20, the contribution of each vessel type is shown. This result is similar for the
other wind farm cases.

2 7% 0-3 00_ -'4'1%

\

ESPIV mAHTS mOSV wmCLV mHLP

Figure 20: The share of GWP contributions per vessel type

10.1.1 The Effect of Changing the Number of Turbines

Changing the rating of the turbines implicitly changes the number of installations, in
order to maintain the same total power production for the wind farm. Some parts of the
decommissioning operation are unaffected by the number of turbines, such as the activities
related to the dismantling of the substation and the export cables. However, the number
of turbines is directly tied to the use of jack ups for disassembly, and barges and AHTS
for transport of foundations and WTGs.

The share of the entire decommissioning process taken up by the ”constant” processes of
disassembling substations and export cables increases as the number of turbines decreases
and vice versa. This leads to a disproportionate change in GWP compared to the number
of WTGs in each farm. The table below shows the GWP per turbine and foundation
disassembly.

Table 20: The GWP per turbine disassembly for different wind farm sizes

Wind Farm 67x12MW | 100x8MW | 200x4MW
GWP [Te COz-eq] | 304.16 279.21 259.36

Table 20 shows that keeping all other factors the same, the GWP is lower for larger farms.

36



10.1.2 Returning foundations with SPIV

Another option, as mentioned in Section 9, is to backload the monopiles with the install-
ation vessel, instead of using a barge. The result is a decrease in use of AHT'S vessels, at
the cost of more jack up SPIV use. In practice, this means AHTSs will not be used until
the removal of the substations, which represents a large portion of the decommissioning
process.

Table 21: The GWP when transporting foundations back on the SPIV

Impact Category Value
GWP 0.11 kg CO2-eq

39(yo.4%  59%
. o |

6.8 %

ESPIV mAHTS mOSV mCLV mHLP

Figure 21: The share of GWP contributions per vessel type

Figure 21 shows that most of AHTS’ contributions are taken up by the SPIVs. Table 21
also shows a significant reduction in GWP all together, as two vessels no longer need to
operate concurrently.

However, this method also leads to a significant increase in use of the SPIV, almost by
10%. This can have some cost implications as day rates for AHTS’ and SPIVs are very
different. A basic cost assessment has been performed in this thesis, see Section 11.8.

Decommissioning plans however, suggest that such an approach may not be feasible for
jack up SPIVs currently in use. An offshore wind installation vessel typically carry turbine
towers vertically, bolted to the deck, see Figure 22. Such a configuration is not possible
with monopiles, and the length of the piles may be longer than the width of the vessel.
The vessel in the picture is around 40 metres wide, and the expected length of the removed
monopile from the Hornsea 2 project is around 50 metres [8]. This makes it an unlikely
method to be used for a majority of wind farms.
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Figure 22: A typical jack up SPIV with turbines mounted vertically to the deck.

Source: Renewables Now [76]

10.2 Effects of Moving Farther Offshore

Table 22: The results of the wind farm 200 km from shore

Impact Category Value
GWP 0.17 kg CO2-eq

Doubling the distance to shore leads to an increase of GWP of approximately 8%. Fig-
ure 23 shows that only 5% of the installation vessel’s time at sea is spent traveling back
and forth between the port and the wind farm. For the basecase the number is around 3%.
However, as the vessel is under greater engine load during travel, the increase in GWP is
slightly higher than just the increase in vessel use for AHTS and SPIVs. This implies that
in order to reduce GWP, reducing the amount of travel required will have a bigger impact
on the reduction of GHG emissions than effectivization of marine operations. Reduction of
travel can be accomplished by carefully optimizing the base of operations, or by increasing
the carrying capacities of vessels.
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(a) The share of time when the jack up (b) The share of time when the jack up
vessels are in different conditions, for vessels are in different conditions, for
the wind farm 200 km from shore. the base case wind farm

Figure 23: Notice how for the wind farm further out, time spent traveling has only in-
creased 2%, yet the GWP rose 8%.

Farther out at sea, the wind strength also increases allowing for greater average power
generation output. However, a review by Berlinski & Connors[11] estimates this effect to
account for an extra m/s of wind if the wind farm is moved an additional 400 nm out. For
this assessment, such considerations were not made, as all results were compared to the
theoretical maximum power generation from each wind farm.

Additionally, moving further out requires longer export cables. Since the assumption made
in Section 9.2.4 was that 10% of the cable would be removed, regardless of length, moving
the wind farm further offshore will also lead to more cable needing to be removed by a
cable vessel. However, because of the small contribution made by the cable vessels in the
first place, this effect is marginal. If more or all export wire needs to be removed, the
situation may be different, this will be further discussed in Section 10.4.

10.3 Different Foundations
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Figure 24: The GWP of different foundation solutions
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The results show that because of the extra required vessels, such as the lifting vessels
and extra barges and tugs, the GWP for jacket and gravity based foundations are much
higher than for the base case, in fact more than double. Figure 26 shows that vessel use
is much higher for the jacket and GBF foundations. This is expected, as the foundations
are heavier, therefore more trips by the AHTSs and barges are needed. Additionally, the
HLP will require AHTSs on its own for towing to the site, and between the wind turbines.

25000
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Figure 25: The distance AHTS and barge travel for jacket and GBF foundations.

The results are somewhat different for jackets and GBFs, mostly due to the different
weights and sizes of the foundations, allowing the barges to carry more jackets for every
trip. In the graph above, the differences in travel distance for the AHTSs is shown. The
barges carrying GBFs have to return to port 50 times to decommission the wind farm,
while the barges carrying jackets only have to return 34 times.
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Figure 26: The total vessel hours for each type of vessel, compared when decommissioning
different types of foundations.

Moreover, the removal of GBFs and jacket foundations take longer time. As discussed in
Section 9.2.5, the installation times suggest that decommissioning of GBF's and jackets
will two extra days compared with monopiles. This also contributes to the rise in vessel
use.

10.3.1 Use of Specialized OWT Foundation Vessels

As discussed in Section 9.2.6, new specialized vessels are being planned and ordered for
offshore wind use. Taking such newer vessels into consideration, such as the Seaway
Alfa Lift, the results are changed significantly. Since the vessel is able to both execute
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the required lifts and backloading of the foundations, fewer AHTSs and and bareges are
needed to perform the disassembly. This leads to a reduction in GWP, as seen in Figure 27.
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Figure 27: The GWP of different foundation lifting solutions. The GWP when using the
specialized HLV is shown in orange bars.

Using such vessels will allow for the installation and removal of offshore wind installation to
have a GWP be almost as low as for monopile installations, regardless of their foundation
type. This can lead to a reduction in the GWP of wind farms situated in deeper waters,
were GBF's and jackets may be required.

However, it should be pointed out that such vessels are not in operation yet. Some float-
on/float-off jacket transportation vessels exist, which allows the vessels to unload the
jackets at sea, but not precisely manipulate their position as they are not equipped with
a crane. These vessels will therefore be unsuitable for removal of jacket foundations

10.4 Cables

Removing all export cables would result in a 4 times increase in the share of GWP con-
tributed by the cable vessel. The total increase represents another 3g of COs-eq per MWh
production from the wind farm. This is both due to the extended period the cable vessel
is required to operate, but also because of the assumption made in Section 9.2.4, that
a larger CLV will be needed, similar to the Nexans Aurora. These vessels have larger
installed machineries, and will therefore have a larger GWP impact.
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Figure 28: GWP contribution by vessel type. Note how the contribution from the CLVs
have increased, compared with Figure 20.

Some studies find that unnecessarily removing the buried parts of the cables will cause
more damage to the seafloor, than leaving the cable buried in situ [27, 23, 77]. Together
with the increased GWP from superfluous vessel use, removing all the cables is not a a
recommended course of action.

However, some users of the sea, primarily fishers are worried about offshore wind in general
reducing the areas available for fishing. Fishers in the UK lodged complaints against
Hornsea project 2’s decommissioning programme [8], because the cables were planned to
be left buried in situ. Their primary worry was that fishing equipment would be damaged
by exposed cables. A complete removal of cables may be the only way to ensure that no
cables are ever exposed.
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10.5 Floating Offshore Wind Farms
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Figure 29: The GWP of the fixed basecase wind farm and a floating windfarm. GWP in
kg CO2-eq/MWh.

The results from the decommissioning operations of the floating wind turbine shows that
emissions related only to the marine operations for floating turbines are significantly lower
than for fixed turbines. This is expected, as the vessels remain at sea for far less time, as
no disassembly of the turbine is taking place offshore. The results show that an impact
assessment of floating wind needs to include the complete end-of-life (EoL) cycle, including
final disassembly at a yard, and recycling of the materials, in order to be comparable to
an assessment of fixed offshore wind.

11 Discussion

11.1 Evaluation of the Data and Assumptions

One of the largest challenges with the data collection was the lack of any meaningful
statistics and previous experiences with offshore wind decommissioning. As mentioned
previously, only very few offshore wind farms have previously been decommissioned, and
the ones that have been decommissioned have been small scale developments that are no
longer representative of current offshore wind farms.

The use of installation data as a substitute for decommissioning data has been previously
done by others [18, 19, 21], and is often cited as the expected procedure when end-of-life
is reached [15, 5]. However, while certain parallels can be drawn between some stages of
decommissioning and installation (eg. hammering the monopile - cutting the monopile),
more data is needed to accurately model the differences between the two stages of the
lifecycle.

The installation duration times provided by BOEMRESs report is quite old ( 2011), and
may also no longer reflect the current level of technology. However, the data in the report
fits well with the expected time for removal of WTGs and foundations that are presented
in some of the decommissioning plans. These plans have however been criticized for their
inaccuracies and are often somewhat lacking when describing precisely the decommission-
ing operations entail [24]. However, for the purposes of the assessment conducted in this
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thesis, the data from these decommissioning was often the best available.

The energy use of the vessels considered in this assessment was based on consumption
data when traveling at service speed from the Seaweb database [55]. There is no guaran-
tee for the accuracy of the consumption data provided, however, a cross check with the
vessels’ installed machinery MCR, shows that their energy demand falls within 50-60% of
their total installed MCR (including auxiliary generators). This is the expected value, as
marine machinery typically operates on 70% of installed capacity when under way [78].
Additionally, the conversion from fuel usage in tonnes to energy was based on a typical
marine diesel engine specific consumption, as provided by the engine supplier. This con-
sumption figure may be overly optimistic, and may only reflect the consumption when
running the engine during absolute optimal conditions.

In general, the results are considered to be robust. The global warming potential is of
similar size to other previous work, with some expected differences as methodology and
level of detail are different. The differences in results between different cases were as
expected, and of a similar magnitude.

11.2 Assessment of the Methodology

As stated in the ISO standard [42, 41], the methodological choices should be compatible
with the goals of the study. The choice of system boundaries, functional unit, and the
data used in the assessment could all have big impacts on the results. The goal of this
study was to make a comparison between different offshore wind farm, and the differences
between varying methods of decommissioning.

The functional unit was chosen as the one MWh of rated energy production, over the life
time of the wind farm. This is a choice that may not accurately reflect reality, however,
it makes comparisons between different sites easier. Wind conditions are different at
every site, and actual electricity production could vary significantly.Take for instance the
basecase of this thesis, and the comparison with the windfarm 200 km from shore. In
reality, one would expect the latter to produce more electricity, as wind speeds generally
increase further from shore [11]. The chosen functional unit was still able to provide results
that could be compared.

In this assessment, only the emissions from the marine operations were considered. Emis-
sions related to the final dismantling, recycling and over land transportation of the decom-
missioned wind turbines and foundations were not considered. This may be important in
the consideration of different turbine sizes, as the methods and amount of material to be
recycled may not be the same for different turbines and foundations.

11.3 On Floating Offshore Wind

For an assessment of the GWP of floating offshore wind, a larger part of the EoL stage
will have to be included in order to obtain results that are comparable with the decommis-
sioning of fixed offshore wind. The process is too different to make a viable comparison,
within the scope of this thesis.

44



11.4 The Most Influential Wind Farm Parameters

The use of jacket or gravity based foundations had a much larger effect of the GWP than
other parameters of the windfarm. This result was expected, as it was assumed that
these foundations would take longer to install than the more commonly used monopile
foundations. However, as mentioned in Section 11.2 and in Section 10.2, the effect of
different wind speeds were not taken into account. Moving wind farms farther offshore
into deeper waters will require the use of different foundations [10], but will also increase
wind speeds [11]. The increased power production may in some cases offset the larger
environmental footprint produced by GBF and jacket foundation types.

The foundations had a greater impact on GWP than changing the number and rating of
the wind turbines. A doubling was seen in the emissions when decommissioning monopile
foundations compared with GBFs, but the same was not seen when the number of wind
turbines was doubled. This ”economies of scale” effect implies that although the removal
of cables and substations take up a relatively small portion of the entire decommissioning
process, the number and types of vessels required for the operation make the impact of
these parts disproportionally large. This is especially true for the dismantling of substa-
tions, as it requires energy demanding HLPs in addition to a large number of support
vessels, such as AHTSs.

Moving the offshore wind farm farther away from the shore had a surprisingly low impact
on the overall GWP. During travels, ship machinery is under more load than during
operations, so a larger effect than the 7% increase in GWP was expected when doubling
the travel distance of all vessels involved.

11.5 Effects not Considered by This Assessment

In this thesis. only the global warming potential, or release of greenhouse gases in kg
COs-equivalent, was considered. However, the decommissioning operations can affect the
environment in other ways than through green house gas emissions.

11.5.1 Sound

Some parts of the decommissioning process can be noisy, and this noise may have an
effect on marine animals in the vicinity of the wind farms. This is particularly true when
operations involve cutting piles, such as for monopile and jacket foundations.

A study conducted by Hinzmann et al.[79] found that sound levels were as loud as 150
dB 50 metres away. These values were still low enough to be within established sound
emission limits for pile hammering. However, the sound from the cutting tool was different
from the single sound events from a pile hammer, in that the sound from the cutting tool
was continuous over the operation, which lasted approximately 30 hours.

This makes the sound pollution from the pile cutting different from the sound emitted by
seismic exploration, whose impact on marine life has been extensively studied. A large
study by Meekan et al.[80] however, found that fish showed no long term reactions to the
emissions from seismic exploration. Although the sound emitted from seismic exploration
is different from the sound caused by the cutting of piles, the sound from seismic charges
are much louder than those of cutting (up to 250 dB in the study), and can go on for a

45



time frame similar to that of a wind farm decommissioning.

11.5.2 Effect on the Seabed and Habitats

In this assessment, only partial removal of substructures were considered. These structures
can be of disturbance for marine life near the wind farm, but removing them may also
cause damage to the sea bed.

The effects of the disruption of marine life and habitats caused by the decommission-
ing activities, such as dredging, trenching of cables, and moving of scour protection was
not covered in this assessment. Part of the reason is that these habitats would have been
equally disturbed during the installation of the wind farm, and because the effects on mar-
ine life has already been assessed in publicly available environmental impact assessments
(EIA) published in conjunction with decommissioning programmes.

A study of these programmes conducted by Hall et al. [77] shows that in general, the stated
environmental impacts of offshore windfarms are not significantly different their onshore
counterpart, however there are potentially more impact categories for offshore wind farm
developments. However, their paper also criticized how the EIAs often assumed that
decommissioning was simply an ”undoing” of the installation. Hall et al., however, argued
that removing something from the marine environment, is different from adding something
to it.

This view is shared by Smyth et al.[27]. In their paper, they argue that leaving some
structures behind above the sea floor may be beneficial for marine life, as they may act
as artificial reefs. This has been attempted with some success in the gulf of Mexico
with oil and gas installations. However, offshore wind farms are generally situated in
much shallower water than what is found in the gulf of Mexico [2], and leaving structures
behind may disturb navigation and use of the area, particularly for fishers. The Norwegian
petroleum directorate requires that at least 55 metres remain between the top of the
structure and the sea surface [35]. This makes it unfeasible to leave any part of offshore
wind structures above the ocean floor.

11.6 Technology maturation

The level of technology assumed in this assessment has been the current or very near-
future. This may not be the best choice, because, as mentioned in the introduction,
most offshore wind installation are due for decommissioning in another 20-30 years. How-
ever, making assumptions of what solutions or methods are most common at that time
is unrealiable, and makes data collection even more difficult. However, it is expected
that decommissioning techniques will mature, both in efficiency and lead to reductions in
environmental impacts [28].

11.7 Comparisons to Previous Work

Several LCAs considering the entire lifecycle of offshore wind power have been conducted.
Most of these have not had a strong focus on decommissioning operations, or marine
operations in general.
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11.7.1 Weinzettel et al., 2008 [19]

Weinzettel et al. conducted a life cycle assessment of a floating offshore wind farm. Their
wind farm consisted of 40 5MW wind turbines, which is smaller than the wind farm sizes
considered in this thesis. They assumed a lifetime of 20 years, similar to the lifetime used
in this thesis.

For the end of life scenario, they assume the GWP of decommissioning activities is exactly
the same as the GWP from the assembly of the wind farm, however it is not clear exactly
what this encompasses. The results from the assessment shows emissions of 3.2 * 1073
kg coz-eq / MJ, or 11.52 kg COg-eq / MWh. However, they assumed power production
would be 53% of theoretical maximum. Adjusting for assumed power production, and the
expected lifetime, the GWP of Weinzettel et al’s concept comes to 6.1 kg COg-eq / MWh.

Weinzettel et al. does not separate end-of-life marine operations from recycling, they
conclude that the end-of-life scenario reduces GWP by 19% as a result of reuse of materials
from the wind turbines. However, comparing the total GWP, the emissions from the end-
of-life marine operations from the basecase scenario used in this assessment comes to
around 3% of the total GWP from Weinzettel et al.

11.7.2 Reimers et al., 2014 [18]

In the LCA of Reimers et al. they study an offshore wind farm consisting of 80 5MW
WTGs, and compare them to two smaller on shore wind farms. This wind farm is similar
in scope to the wind farms considered in this thesis. They also assume a 20 year life time.

Reimers et al. also expect emissions from decommissioning operations to be the same as for
the wind farm assembly. In this paper however, they go into greater detail on the marine
operations in the installation phase. They assume a jack up installation vessel is used for
a total of 5 days for the installation of both the turbine and foundations, similar to the
estimates used in this thesis for monopile and WTG removal and disassembly. However,
they do not include the need for a separate barge for transportation, or the use of ROV
support vessels prior to commencing removal. Additionally, they assume vessels operate
under full load during the entire process. This runs the risk of creating unrealistically high
estimations of the energy requirements for the vessels. Still, Reimers et al. assume the
use of much smaller vessels than the ones considered in this thesis, presumably due to the
age of the paper (2014).

The results from this paper estimates 0.40 kg CO2-eq / MWh for the EoL phase, adjusted
for lifetime and rated power production. However, this also includes transportation over
land, and the final break up of the WT'G components. This result is about twice as high
as the results from the base scenario in this thesis. The paper does not comment how
much of the GWP related to the EoL scenario comes from the marine operations alone.

11.7.3 Bonou et al., 2016 [21]

Bonou et al. compares several different on shore and offshore concepts, the largest of
which is an offshore wind turbine rated for 6MW. The life time was assumed as 25 years,
same as in this thesis.

The results was a GWP of 4.6 kg COg-eq / MWh, adjusted for assumed power output
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in the paper. Of this, 7% are related to disassembly operations, or 0.322 kg COq-eq /
MWh. However, the paper comments that the data quality for the dismantling phase is
poor, and that more statistics is needed to find the differences between installation and
decommissioning. This paper also assumes dismantling is the same as installation.

11.8 Economic Factors/Cost benefits

The cost of decommissioning has been estimated by some to be 3% of the total capital
cost of a wind farm project [29]. However, this will naturally depend on the type of wind
farm and an array of other different factors.

In general, the emissions found in this analysis, is closely related to vessel time, and the
number of vessels involved. The same is the case for the cost of vessels involved.

Typical charter rates for jack up SPIVs can be as high as 125 000 € / day [15, 81], and
the average charter rates for AHTSs in the north sea were in September 2020 about 20
000€ / day [82]. A comparison between the base scenario and the scenario where the
decommissioning SPIV returns with the foundations is shown in the table below:

Table 23: Cost estimations for barge return and SPIV return solutions for the foundations.

Scenario Barge return | SPIV return
Total SPIV use 302 days 359 days
Total AHTS use 350 days 0Oh

Cost 45 m€ 45 m€

The results in Table 23 shows that although installation vessels can be more expensive,
the major reduction in use of AHTSs makes the cost for both options practically identical.

The results show that using vessels efficiently is most often both the most environmentally
friendly, and costs less.

There are many uncertainties with this cost estimate, as charter rates can vary wildly,
and are generally not consistent over longer periods of time, such as the lifetime of an
offshore wind farm. In addition, the development of new methods and technologies may
further drive down costs in the future, such as vessel like the Seaway Alfa Lift, as discussed
in Section 10.3. However, some expect the large amount of wind farms that will require
decommissioning in the near future will massively increase demands, and consequently
also cost associated with vessel charter [23].
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12 Conclusion

The stated goal of this thesis, as explained in Section 8, was to compare how different EoLL
scenarios for offshore wind farms affect the environmental impact of marine operations
related to decommissioning. Several different wind farms and scenarios were developed,
in order to identify what factors had the biggest effect on the global warming potential.

For the basecase, of an entirely ”average” wind farm consisting of 100 8 MW WTGs,
the GWP was found to be 0.16 kg COz2-eq / MWh. This result is slightly lower than
other estimates for EoL found in literature. However, it was found that it was possible to
further reduce the GWP, using new techniques for transportation when dismantling the
foundations, or by increasing the size of the offshore wind turbines.

The biggest differences in GWP however, was found to be between wind farms using dif-
ferent foundations. The heavy and cumbersome GBF and jacket foundations are increase
the amount of both time and necessary vessels in order to complete the decommissioning
of the wind farm.

The results show that in order to reduce the environmental impact from offshore wind
decommissioning, wind farm operators should strive to make transportation more efficient,
reduce the number of vessels necessary to execute the decommissioning, and build larger
wind farms, both in number of turbines, and in each individual turbines rated power
production.
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B 200 km from shore
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C GBF wind farm
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GBF, new vessel
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D Jacket wind farm
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J Chain locker calculations
The chain locker capacity was calculated using the following formula, from [75]

Szl.l*d2*%*10_5
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Kunnskap for en bedre verden
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