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Summary

Offshore wind electricity generation will play a key role in the transition to a sustainable energy sector.
In 2020, the European Commission presented their Offshore Renewable Energy Strategy which
includes 300 GW of offshore wind capacity by 2050 (European Commission, 2020). In the past few
decades, turbine rated power has steadily increased from 0.5 MW turbines in the 1990’s to almost 10
MW in 2019 (Wind Europe, 2019). The water depth at wind farm development sites also increases.
For 2019, the average water depth of the EU’s offshore wind turbines (OWTs) was 33 meters, while it
was 25 meter in 2015 and 10 meter in 2000 (Wind Europe, 2020; Rodriguez et al., 2015). As a result,
the size and mass of bottom-founded OWT support structures rapidly increase too.

This research focusses on the steel mass development of OWT structural support components like the
tower, substructure and foundation considering a trend of higher power turbines and exploitation at
increasing water depth. Support structure components form the majority of an OWT’s mass and are
commonly made of low-alloyed steel (Lourens, 2019b; Hoving, 2017; Igwemezie et al., 2019). A
drawback of this material is the high energy intensity associated with steelmaking. Traditional
steelmaking is also highly greenhouse gas (GHG) emission intensive, as fossil fuels are consumed to
convert iron-ore to metalliciron, which is the bulk element in steel (Yang, 2019). The question emerges
how the increase in support structure size affects the steel use of future structures and the relation
between a wind turbine’s steel use and associated GHG emissions and its electricity production. After
all, the overlying goal of the energy transition as envisioned by the European Union is to reduce the
emissions associated with electricity generation.

The research follows an initial design approach, to estimate initial dimensions of monopile and jacket
support structures for 5 reference offshore wind turbines. For simplicity, initial dimensions are based
on design rules-of-thumb hence no ultimate, serviceable or fatigue limit states are considered.
Reference turbines of 5, 8, 10, 15 and 20 MW rated power are included in the model, as these can be
expected to be commercially available up to 2050. A Water depth range of 20-80 meters is taken into
account. Considering available development zones and environmental conditions, the study focusses
on the North Sea region.

For monopiles, the location of the natural frequency is used as a design driver to determine the tower
and monopile diameter and plate thickness. For 130 combinations of water depth, turbine rated
power and soil conditions, initial monopile and tower dimensions were obtained of which 35
combinations showed to be within manufacturing and crane lifting constraints. For 5, 8 and 10 MW
turbines, dimensions of viable monopile designs were found for water depths up to 60, 50 and 40
meter respectively. No combinations supporting 15 and 20 MW turbines were found within design
constraints. Model results show that monopile support structure mass increases linearly with respect
to water depth.

For jacket structures, member slenderness and constant bay geometry are used as design drivers to
determine member length, diameter and plate thickness. In total, 126 out of 170 design combinations
resulted in jacket support structure dimensions within design constraints. For 5, 8, 10 and 15 MW
turbines, dimensions of jacket structures were found for water depths up to 70 meter, while this was
60 meter for the 20 MW turbine. Model results show that jacket support structure mass follows a
second-order polynomial increase for increasing water depth. Overall, jacket structures show to be
less steel intensive than monopile support structures considering their upfront steel requirements.

During decommissioning, steel that is part of the foundation and embedded in soil cannot be
economically recovered and is therefore left at sea (Lourens, 2019b). For jackets, it is found that a
higher share of the support structure steel mass can be retrieved, namely 75-95%. For monopiles, this



is 50-60%. Steel is not a scarce material, but several alloying elements used in steel for offshore use,
like niobium and titanium, are on the EU’s list of critical raw materials. The model results are used to
estimate and compare support structure steel requirements and steel losses for a 500 MW wind farm
at 20, 40 and 60 meters depth. For a 500 MW wind farm at 40 meter depth, approximately 34.000 ton
steel loss can be avoided by using jackets rather than monopile support structures. Subsequently, 730
ton of niobium loss could be avoided which is almost 1% of annual global niobium production.

Considering the climate change potential of OWT support structures, GHG emissions that emerge
during steelmaking and recycling are taken into account. A GHG emission indicator of 1.22 tCO2-eq/t
steel is derived with the aim to reflect European steel production processes. GHG emissions that
emerge during transport, manufacturing and assembly or during the making of other materials than
steel are not assessed in this research. A GHG emission payback time indicator is developed to provide
insight into how the GHG emissions invested in support structure steelmaking compare to the GHG
emissions avoided through the generation of renewable electricity. It is found that, depending on the
combination of turbine rated power and water depth, for monopiles the emission payback time lies
in a range of 4-9 months. For jackets this is 2-10 months. The indicator showed to become less
insightful when average electricity GHG emissions approach zero. In this case the emission payback
time becomes near infinite and the indicator is no longer able to differentiate between low or high
GHG emission investments. In conjunction with the emission payback time, the energy payback time
is assessed. The energy payback time for the assessed OWT support structures varies between 3-6
months for monopile structures and 1-5 months for jacket support structures. Overall, GHG emissions
for 5 MW monopile founded OWTs’ electricity generation vary between 9.4-12.8 g CO2-eq/kWh at
water depths of 20-60 meter. For 5 MW jacket founded OWTs, this range is 8.1-10.2 g CO2/kWh

In order to reduce the emission intensity of the offshore wind industry, this research recommends
commissioners and designers to favour jacket over monopile support structures due to (i) reduced
steel intensity for initial support structure manufacturing, and (ii) a higher recovery potential of
support structure steel and its rare alloying elements at end-of-life. For 5 MW OWTs it is found that
the application of jacket structures reduces an OWT’s total climate change potential with 15-20%
compared to monopile structures.

This research expands the knowledge of support structure mass development for future OWTs by
using estimates of initial dimensions considering trends in turbine rated power and water depth
exploitation to derive general formulas that help estimate a support structure’s initial and recoverable
steel quantity. Also, it provides insight into to the contribution of bottom-founded support structures
to the climate change potential of OWTs and shows that the combination of turbine rated power,
water depth and support structure typology significantly influence the steel and GHG emission
intensity of an offshore wind turbine.
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1. Introduction

In order to avoid global temperatures rising to irreversible levels, annual greenhouse gas (GHG)
emissions have to be reduced. The energy sector is responsible for a large share of annual GHG
emissions, as fossil fuels are oxidized to convert their embedded chemical energy into the electricity
and heat society demands. For the European Union (EU), the energy sector was responsible for 49%
of total emissions in the year 2014 (Ritchie & Roser, 2019). In order to reduce GHG emissions, the
European Commission required the member states to formulate national renewable energy action
plans (NREAPs) in 2010 and national energy and climate plans (NECPs) in 2019. From these plans, it
becomes clear that alternative energy generating technologies, like wind and solar power, will form
the basis of the EU’s renewable electricity production in the future (International Energy Agency,
2019). In 2019, cumulative EU28 onshore wind turbine capacity reached 169 GW (Sénnichsen, 2020)
and cumulative offshore wind turbine (OWT) capacity reached 22 GW (Wind Europe, 2020). In 2018,
scenarios developed in support of the EU’s long-term strategy included 240-450 GW of offshore wind
capacity by 2050, significantly increasing European offshore wind capacity (European Commission,
2018). In 2020, this long-term strategy was redefined in the Offshore Renewable Energy Strategy to
include 300 GW offshore wind capacity by 2050 (European Commission, 2020). Similarly, the offshore
wind industry aims to develop up to 150 and 180 GW of offshore wind in the North Sea region by 2040
and 2050 respectively (NSWPH, 2019). Stated policy targets for the EU member states suggest the aim
to increase the total capacity of offshore wind power to 65-85 GW by 2030 and up to 130 GW by 2040
(International Energy Agency, 2019). These prognoses all indicate a rapid expansion of the European
offshore wind sector.

A shift in material use between fossil and renewable energy sources

In contrast to current fossil fuel based energy systems, renewable energy conversion systems — like
OWTs —do not consume resources during operation but require a material investment upfront. Where
traditional energy sources convert chemical energy from carbon-rich fuels into mechanical energy
through an engine, for OWTs kinetic energy from the wind is converted to mechanical energy by the
wind turbine’s rotor. The kinetic energy is then converted to electrical energy by generator
equipment, which is located in the nacelle of the OWT. The maximum power output of an OWT is
largely dependent on the rotor swept area, where bigger rotors can convert more energy and
subsequently have a higher rated power. This, however, does not mean that no materials are
consumed by renewable energy sources. In order for the rotor and nacelle equipment to properly
operate, supporting structures are required to keep the nacelle-rotor assembly (NRA) in place and to
guarantee overall structural stability. Bigger rotors require bigger support structures, which in turn
require more material.

Structural components required to construct OWTs and secondary infrastructure are manufactured
onshore and transported to the construction site offshore, to be assembled on site. After
approximately 20 years of operation, the OWTs are decommissioned and partly disassembled. The
OWT’s components are then transported back to shore. Some main components are the rotor, nacelle,
tower, substructure and the foundation. Where the rotor and nacelle form the basis of the energy
conversion system, the focus of this research is on the structural support components like the tower,
substructure and foundation. These components form the majority of the OWT’s mass and are
commonly made of low-alloyed steel. Steel is a common construction material, characterised by high
strength and workability and is well recyclable (Yang, 2019). However, a drawback of this material is
the high energy intensity associated with steelmaking. In the conversion of iron ore to steel, high
temperatures are required to convert iron ore to metallic iron, which forms the bulk element of low-



alloyed steel. Currently, these high temperatures are obtained through the burning of fuels. In
summary, traditional fossil-based electricity generation equipment directly converts fuels into
electricity during operation, whereas renewable electricity generators require a more sizeable upfront
investment of energy — and associated GHG emissions — spend in material making but then no longer
consume fuels in operation. Therefore, a shift appears in the size, location and moment of time
considering the emergence of GHG emissions in electricity generation. The goal of the upcoming
energy transition, is to reduce the net GHG emissions related to electricity generation to as low as
reasonably possible.

Steel requirements of future OWTs and associated GHG emissions

Topham et al. (2019) show in their paper that the ratio between rated power and construction
material requirements increases with higher rated-power OWTs, making larger turbines more
material intensive. For example, they found that a single 4 MW OWT requires more construction steel
than two 2 MW OWTs would. While it is common to assume that technological upscaling leads to
increased material efficiency, the opposite seems to be the case for the steel requirements of OWT
structures. This is an important phenomenon, as recent trends show a steady increase in both average
and maximum OWT rated power over time, suggesting that OWT’s become more steel intensive.
Another facet highly relevant for offshore wind energy is the water depth of the exploitation area.
Logically, for bottom-fixed structures, deeper water requires a larger size support structure which
subsequently increases support structure steel requirements. However, the magnitude of these two
effects, being the increase in rated power and water depth on OWT support structure steel demand,
is not yet known but considered important due to the GHG emission intensity of current steel making
processes.

The influence of steel requirements and its production process on the GHG emissions associated with
offshore wind power becomes clear through a lifecycle analysis (LCA) study by Bonou, Laurent & Olsen
(2016). Bonou et al. (2016) found that for OWTs of 4 and 6 MW, approximately 40% of total
contribution to climate change (CC) was related to the embedded emissions of monopile and tower
steel structures alone. Even though turbines of this size can already be considered quite large, future
turbines are expected to be even larger, potentially up to four or five times this rated power.
Furthermore, these larger structures are expected to be built further offshore and in deeper waters.
The question emerges how this affects the steel use of these future structures and the relation
between a wind turbine’s steel use and associated GHG emissions. After all, the overlying goal of the
energy transition as envisioned by the European Union is to reduce the emissions associated with
electricity generation.

Knowledge gap
The knowledge gap that this research addresses can be found in the following four aspects:

Effect of upscaling of turbine rated power on material demand of OWT support structures
Effect of increasing water depth on material demand of OWT support structures

Effect of increasing support structure size and steel demand on associated GHG emissions
Effect of increasing support structure size on the emission and energy payback time.

i e

With respect to the first effect, literature like the papers from Topham et al. (2019) and Shammugam
et al. (2019) are found that provide analysis considering installed capacity and number of installed
foundations. Topham et al. (2019) show a correlation between monopile length, weight and turbine
rated power based on readily installed turbine data and provide a linear regression to describe the
trend. A similar linear assumption was made by Shammugam et al. (2019) in their assessment of future



material requirements for the German offshore wind industry. However, when one compares steel
requirements for a V164-8MW OWT tower at different hub heights, the tower mass seems to increase
exponentially rather than the linear trend provided in the paper. This raises the question if a linear
regression describes the development of support structure mass with respect to turbine rated power
and water depth sufficiently.

With respect to the second effect, no literature is found that describes the effect of applying
alternative support structure typologies on steel demand and associated emissions. This is important,
as itis not clear if the currently prevailing monopile support structure typology is capable of supporting
turbines of future magnitude and/or increased water depth. Various alternative support structure
typologies exist and are applied in practice, like lattice type structures and floating foundations. In this
research, focus lies on bottom-fixed support structures, specifically on monopiles and jackets of which
a schematic representation is shown in Figure 1. Floating foundations are out of the scope of this work.
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Figure 1: Schematic representation of a monopile supported OWT (left) and a jacket supported OWT (right).

As monopiles form the dominant support structure typology, only a limited number of jacket support
structures is currently installed. The structures that are available for assessment are built for low to
medium rated capacity turbines (<8 MW) and shallow water areas. Higher rated power OWTs (>8 MW)
supported on jacket substructures have as of yet not been realised. A research approach that analyses
readily installed structures to estimate steel requirements of to-be-built OWT support structures, a
top-down approach, is therefore less effective. In this research an alternative approach is applied,
namely a bottom-up approach. Instead of using data of existing structures, initial support structure
dimensions are estimated by applying design rules-of-thumb for turbine sizes in a range of 5-20 MW,
situated in water depths of 20-80 meters. To ensure that the applied design method reflects offshore
structures in a sufficient degree, technical drawings of existing structures were assessed prior to the
creation of a dimensioning model. An advantage of applying a bottom-up approach is that it allows to
compare the two support structure typologies in similar operating and environmental conditions.

With respect to the third and fourth effect, no literature directly addressing these effects is found.
Therefore, an estimate of embedded GHG emissions in support structure steel is included based on
the dimensioning model results obtained in the study of the first two effects.
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Aim of the research and the research question

This research touches upon the topics of technological change, dematerialisation and decarbonisation
and aims to provide insight in the future requirements and related impact to the emerging technology
associated with the offshore wind industry. The primary aim of this research is to provide insight in
the development of steel requirements associated with bottom-founded support structures of
offshore wind turbines of various sizes at various water depths. A secondary aim is to fill the
knowledge gap regarding growing OWT support structure dimensions and their associated
environmental impact in terms of climate change potential. Furthermore, this thesis research aims to
add on the work of other authors like Topham et al. (2019) and Shammugam et al. (2019) by expanding
the project scope to include jacket support structures and the geographical boundaries to the North
Sea region. Novelty can be found in the application of a bottom-up approach instead of the top-down
approach presented by reviewed literature. This leads to the following research question:

How do support structure steel demand and associated environmental impact evolve for offshore
wind turbines in the North Sea until 2050, following trends of exploitation at increasing water depth
and turbine rated power?

And the following research sub-questions:

sQi. How does the material demand for main bottom-fixed support structure technologies like
monopiles and jackets change with increasing water depth and rated power?

5Q2. What is the impact related to steel requirements of the assessed OWT support structures
and what is the emission payback time?

In support of the research sub-questions, insight into available support structure typologies and the
range of OWT rated power that can be expected to emerge within the temporal scope of the
research is required. Therefore, the following two supporting questions are formulated.

1. Which bottom-fixed support structure technologies are available for offshore wind turbines at
various water depths until 20507
2. How has the rated power of wind turbines evolved over time and what is expected until 20507

Structure of the report

The report is divided over five sections and several supporting addendums. In the first chapter, the
introduction, a problem statement is formulated followed by the aim and main research question of
this research. In the second chapter, the methods applied to the answer the research question and
sub questions are elaborated. A model is created based on design rules and standards, that allows for
preliminary dimensioning of monopile and jacket support structures in North Sea environmental
conditions. Findings from literature analysis and the model results are covered in Chapter 3. A
discussion and the interpretation of obtained results is provided in Chapter 4, followed by the
limitations of this research and several suggestions for future research. Finally, in Chapter 5 the
research questions are answered and the key points of this research are summarized.



2. Methods

This research combines qualitative and quantitative approaches to gain insight in the answer to the
main research question as formulated in the introduction. The main steps followed throughout the
research process are visualised in the research flow diagram shown in Figure 2 and are elaborated in
this chapter. The first step is to perform a literature review in order to gain understanding of the past,
current and future status of offshore wind within the North Sea region. Academic literature is
reviewed, as are policy and industry reports. The second step is to create a model to estimate initial
dimensions and structure mass for two bottom-founded support structures in various operating
conditions, namely monopiles and jackets. The information gathered in the first step is used to
determine model input parameters and boundary conditions. The model results are then used to
provide insight into the development of steel requirements for OWTs that can expected to be built up
to 2050. The third step of the research is to convert the estimated steel requirements into associated
GHG emissions or, in other words, to estimate the climate change potential of OWT support structures
that can be expected to emerge in the North Sea region towards 2050.
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Figure 2: Visualization of the research steps, methods and results and their relation to the main and sub-questions.

2.1 Definitions

First, definitions of frequently mentioned OWT components are explained and clarified in the
following parts. After that, the definitions of construction steel, GHG emissions and the emission
payback time of support structures are elaborated.



2.1.1 Definitions of OWT components

A wind turbine is designed to convert kinetic energy present in
wind to electrical energy used by machines and devices. Very
generally, a OWT can be divided into two parts: the nacelle-
rotor assembly (NRA) — also known as the hub — and the
supporting structure that keeps the NRA in place. An example
of this can be seen in Figure 3. The support structure allows the A
wind turbine to be operational and is built to withstand
environmental and operational loads. It generally consists of 3
parts: the tower, substructure and foundation. In the Tower
following, a description of each of these components is

presented. ,EEELM
.......... Interface level

The NRA sopport | —
The NRA consists of the nacelle and the three-bladed rotor.  structure
The nacelle houses the drive train of the OWT. The drive train
contains the generator and gearbox which converts the torque
and rotation of the blades into electricity. OWT designs with a
gearbox are currently most dominant, but designs without
gearboxes do exist and are called ‘direct-drive’ systems. NRA
configurations with gearboxes are of lighter weight, but often Trmmizsie
require more maintenance due the many moveable parts and
associated risk of mechanical failure and operational
downtime. Direct-drive systems are heavier than their gearbox
counter parts, but require less maintenance and experience Figure 3: Overview of general OWT components.

less downtime (Zaaijer, 2019). This image is obtained from Lourens (2019b).

------ ssshkessm=s  Hub height

Sub-
structure

The tower

The tower connects the NRA, at hub height, to the substructure at the interface level at the bottom
part of the tower. The height of the interface level is determined as that height at which no sea water
will reach, accounting for tidal difference, storm surge and extreme waves. The tower is commonly
constructed from tubular cold rolled steel sections and characterized by large diameters up to 10
meters. The bottom diameter of the tower is similar to the top diameter of the substructure to allow
for a streamlined design. At the tower bottom, a platform can constructed to allow for boat landings,
tower access and staircases towards the hub.

Transition piece

Commonly, a transition piece (TP) is used for the connection between the tower and substructure. It
has a load transferring function between the submerged section of the structure and the tower and
can provide space to fit boat landings and/or a platform. A transition piece has the advantage of
providing a method for inclination correction to ensure correct verticality of the tower during
installation. Also, it provides a space to host electrical equipment. When a land based tower model is
applied offshore, tower dimensions are copied and any difference in length is covered by a transition
piece, see Appendix B in Gaertner et al. (2020).

The traditional connection technique between tower and TP is grouting, which is a form of concrete
connection and acts as a glue to connect the two components together. Other, upcoming, techniques
are steel bolts and slip joints. Furthermore, a new concept in support structure design is the transition-
piece-less design (Lourens, 2019b). The tower is then directly connected to the substructure.



The substructure

The substructure connects the tower toe, or transition piece, to the foundation at seabed and is
characterized by being largely submerged. The top of the substructure lies within the splash zone,
where the effect of waves and the sea surface are most noticeable. Corrosion protection is especially
important here, due to the structure’s exposure to the combination of both salt water and oxygen.
Multiple substructure topologies are available, where a distinction can be made between bottom
founded and floating substructures. Examples of bottom founded structures are gravity base,
monopiles, tripods and jacket/lattice towers. Examples of floating structures are ballast stabilized,
mooring line stabilized and buoyancy stabilized devices. In section 3.1 more in-depth information is
provided about various substructures.

The foundation

The foundation fixates and transfers loads on the substructure, tower and NRA to the ocean floor. The
foundation used for OWT is commonly one large, or multiple smaller, steel pile(s) embedded in the
soil. Other designs have been proposed such as suction buckets and suction caissons, but these are so
far mostly in a conceptional stage of development (Watson et al.,, 2019). Several foundation
installation techniques are available like hammering - using hydraulic impact hammers, vibrating -
using vibratory devices, and drilling. Of these, the first two are most applied in practice (Lourens,
2019b).

The interaction between soil and structure is complex, especially for large structures. There is much
uncertainty regarding soil behaviour, as soil conditions are known to vary greatly even in soils only a
short distance apart. Further more, load transfer to the soil is non-linear, which requires complex
models aiming to describe soil-pile behaviour (Lourens, 2019b). Research towards soil interaction is
actively ongoing.

Another element typically found in offshore foundations is scour protection. As water particles move
around submerged structures, increased particle velocity makes that small particle sediment, like
sand, is removed around the foundation creating a hole. This has to be avoided as it negatively
influences safety and stability of submerged structures. A common scour protection method is the
deposition of rocks around the base of the support structure.

2.1.2 Definition of construction steel

The support structure of an OWT is predominantly made out of construction steel (Lourens, 2019b;
Hoving, 2017; Igwemezie et al., 2019). Construction steel is an alloy of elemental iron and several
alloying and/or tramp elements with specific properties selected for offshore use. Commonly, OWT
support structures are manufactured from carbon steel with a low (<1%) carbon content. For offshore
wind, type S355G8+M, S355G10+M, S420G2+M and S460G2+M construction steels are typically
applied (Ilgwemezie et al., 2019). A description and more in-depth information about the material
composition of commonly used steel alloys in offshore environments can be found in appendix A3
Steel composition and element criticality. A description of the integrated steelmaking and recycling
process can be found in appendix A4 Steelmaking and the steel recycling.

2.1.3 Definition of greenhouse gas emissions

In traditional production of any type of steel, emissions are produced and emitted to the atmosphere.
One of the emissions that is produced in large quantities is carbon dioxide (CO2), a green house gas
(GHG). However, many more GHGs exist of which some are released in steel making processes. CO2,
methane and nitrous oxide emissions are common gases that emerge during the burning of fossil fuels
(EPA, 2020). Some GHGs are more potent than others, meaning that the emittance of one type of gas,
like for example methane or nitrous oxide, influences global warming more than another would.
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To express global warming potential (GWP), the potency of greenhouse gases are expressed relative
to that of the reference greenhouse gas CO2, which has a potency of 1. Methane has a higher potency
than carbon dioxide, but emerges in much smaller quantities, namely <35g CH4/t steel. The potency
of Nitrous oxide is even higher, but emerges in even smaller quantities than CH4 (EPA, 2020; Lubetsky,
Steiner & Faerden et al., 2006). Therefore, the total GWP of a product or process is commonly
expressed in terms of CO2 equivalent GWP — or CO2-eq — to take the potency of various emerging
GHGs into account and express the GWP as a single entity. The emission factor applied in the
calculations of this research is elaborated in section 2.5.

2.1.4 Definition of emission payback time of support structures

As mentioned in the introduction, the goal of the energy transition is to reduce GHG emissions related
to energy production. However, this does not mean that there are no GHG emissions associated with
renewable energy sources. Traditionally, chemical energy embedded in fossil fuels is used to produce
the heat and electricity society and industry use. As a result of the burning of these fossil fuels, GHG
emissions are emitted. In contrast, renewable energy sources emit little to none GHG emissions during
operation, as they convert energy present in for example solar radiation or wind. In order to construct
renewable energy converters, like solar panels or wind turbines, materials are required and during the
production and refining of these materials energy is consumed.

In his paper, Schleiser (2000) introduces the concept of energy payback time, which is defined as a
turbine’s required operational time to generate a similar amount of energy as that was spend to create
the wind turbine. A similar approach is taken for the support structures assessed in this research. The
energy required for material production is, at this point in time, still largely obtained from fossil fuel
sources like coal and natural gas (Yang, 2019). Therefore, the emissions invested into the creation of
the OWT are compared to the emission saved during the OWT’s operational time and the ‘emission
payback time of support structures’ is introduced. This is defined as ‘the amount of time required for
an OWT to be operational in order to equal the emissions associated with the making and refining of
its embedded steel’. A reduction in steelmaking GHG emissions leads to a reduction in emission
payback time. Similarly, decarbonization of the average electricity production leads to an increased
emission payback time.

2.2 Scope of the research and system boundaries

In terms of system boundaries, the research context, scope and boundary conditions are specified as
follows. The research context is that of material requirements for the energy transition as envisioned
by the European Union. The energy transition involves many renewable energy solutions, like wind,
solar and hydro power production, but this research is focused on offshore wind power production.
Next, the geographical boundary is set to the North Sea region. The North Sea region covers maritime
areas of six countries, being the United Kingdom, Germany, Denmark, Belgium, the Netherlands and
Norway. The temporal boundary is up to the year 2050, following the scope of common policy reports.

Technical scope

Considering the technological scope, the research is focused on bottom founded OWTs. Floating
support structures are shortly discussed but not further included in models created for this research.
Floating support structures are expected to gain significant market share through their effect on
development zone expansion and potential to reduce LCOE. However, the majority of OWT
development areas within the North Sea region are situated in areas with water depths less than 100
meter. At these depths, bottom founded support structures are found to be more suitable (Perez-
Collazo, Greaves & Iglesias, 2015).



Considering OWT components, the embedded steel in support structures of OWTs is analysed, but the
rotor and nacelle are left out of scope. This report focuses on the steel demand of support structures
and not the materials required for the NRA or power equipment. This is because the steel contribution
of these components is relatively small compared to that of the support structures, while it is the
dominant construction material for support structures (Topham et al., 2019; Bonou et al., 2016). Other
support structure materials, like concrete, are not assessed. Secondary OWT infrastructure like
offshore substations are not included in the scope of this research.

Modelling scope

The scope of modelling detail is limited to the level of initial design. Design rules-of-thumb are applied
to estimate component and member dimensions. This is further elaborated later in this chapter.
Calculation of forces, stresses and limit states are essential and require sufficient detail to guarantee
the structural integrity of the support structure during its design life. However, for the sake of
simplicity, in this work only an estimation of the initial dimensions is obtained.

Lifecycle stages and associated GHG emissions
Various lifecycle stages of an OWT are assessed. As proposed by Schleiser (2000), these various
lifecycle stages of an OWT structure are:

1. Resource extraction 4. Component manufacturing 7. Turbine operation
2. Resource transportation 5. Component transportation 8. Decommissioning
3. Materials processing 6. Turbine construction 9. Turbine product disposal

Bonou et al. (2016) find that approximately 70% of total climate change contributions are related to
materials production — e.g. steps 1-3 of above lifecycle stages — and little over half of that is
contributed by the tower, substructure and foundation steel. GHG emissions associated with
manufacturing, installation and dismantling of the support structures are limited and not taken into
account in this research. Their combined effect contributes approximately 22% of the total climate
change potential (Schleiser, 2000; Bonou et al., 2016). With respect to GHG emissions emerging
throughout the OWT’s lifecycle stages, the research includes emissions associated with steelmaking
and recycling, which correspond to steps 3 and 9 of the material’s lifecycle stages.

2.3 Qualitative approach: literature review

Literature review was performed to gain insight in historical development, the current status and
future of the EU’s offshore wind power sector. Literature is analyzed regarding development of
turbine size and rated capacity, available and emerging technologies and their expected advancement
within the temporal scope. Furthermore, additional information considering the levelized cost of
energy, industry investments, important actors and readily installed capacity was found and is
included in appendix A2 Background information wind industry. EU member state’s policy targets are
consulted to gain insight in future trends like the expected cumulative capacity and available
development zones for offshore wind parks. A more elaborate overview of the literature review
process is included in appendix Al Literature review process.

The literature review forms the basis of the required insight to find answers to the additional questions
formulated in support of the first and second research sub-questions. These are:

1. Which bottom-fixed support structure technologies will be available for offshore wind turbines at
various water depths in the North Sea until 20507

2. How have water depth and rated power of wind turbines in the North Sea evolved over time and
what is expected until 20507



2.4 Quantitative approach: support structure mass estimation model

Quantitative modelling can be done in two ways. The first is a top-down approach, which entails the
analysis of existing structures and then uses extrapolation to estimate the dimensions of OWT support
structures supporting larger turbines in deeper waters. The second is a bottom-up approach, where
design rules and standards are applied to estimate initial dimensions of individual support structure
components and sequentially the full support structure. Availability of suitable data — in terms of
comparability for monopile structures and in terms of quantity with respect to jacket structures —
limited the suitability of a data analysis approach. Hence, the bottom-up approach is considered to
model the effect of increased turbine rated power and exploitation of deeper waters on the steel
demand of OWT support structures. A mass estimation model based on initial design rules and
guidelines is created for two main support structure typologies, namely monopiles and jackets. From
literature assessment with respect to available support structures until 2050 and available areas for
offshore wind park development, these two bottom founded typologies are considered most likely to
be implemented for large scale development of OWTs.

The guantitative model forms the basis of the required insight to answer the research sub-questions,
which are:

5Q1. How does the material demand for main support structure technologies change with
increasing water depth and rated power?

5Q2. What is the environmental impact in terms of climate change potential related to the steel
requirements of assessed OWT support structures and what is their environmental payback
time?

In the following, the five steps taken to create the model and define model parameters are discussed.
These are sequentially: the range of OWT rated power to be assessed, assessment of North Sea
environmental conditions, an estimation of initial support structure dimensions and associated steel
mass, an estimation of retrievable support structure steel at end-of-life and an estimation of the
emissions associated with steel making. Lastly, the model certainty and sensitivity are presented. A
more elaborate description of the modelling approach is included in appendix A5 Technical design and
modelling details.

Step 1: Selection of OWTs to be assessed

Five reference turbines of varying rated capacity are selected, in a range of 5-20 MW, that can be
expected to emerge within the temporal scope. Reference turbines are created by researchers and
developers, to provide insight into characteristics of future OWTs. The reference turbines under
assessment and their respected sources are shown in Table 1.

Table 1: Hub height and nacelle-rotor-assembly mass for the reference turbine models under assessment.

Turbine model Hub height [m] Mngra [t] Source
NREL-5MW-ref 90 350 Jonkman et al. (2009)
LW-8MW-ref 110 480 Desmond et al. (2016)
DTU-10MW-ref 119 677 Bak et al. (2013)
IEA-15MW-ref 150 1017 Gaertner et al. (2020)
IEA-20MW-ref 168 1730 Jensen et al. (2017)
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Figure 4: Selection of regions on detailed OWT development zones, including 1:100 year maximum wave height. Number
indications shown black text indicate the extreme wave height in between contours.

Development zone base map is obtained from the 4Coffshore website, available at:

https.//www.4coffshore.com/offshorewind/.
1:100 RPV extreme wave height are obtained from the Meteorological Service of New Zealand ocean viewer and shown as

contours (MetOceanView, available at: https://app.metoceanview.com/hindcast/).
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Figure 5: Wind roses for Region 1, 2 and 3 showing frequency of occurrence [%] and wind speed [km/h] in the year 2020.

The figure shows wind speed and direction measured at 10 m height and for 5 minute intervals. This figure is retrieved and
adjusted from the Meteorological Service of New Zealand (2020) website. Frequency of occurrence is indicated by the size of
a segment, where each dashed ring represents approximately 5% occurrence. Wind direction is indicated by compass
directions. Wind speed is indicated by colour.

For Region 1, the dominant wind directions are West and South-West. The 50% exceeding wind speed is 30 km/h, the 90%
exceeding wind speed is 50 km/h. For region 2, the dominant wind directions are North-West, West and South-West. The
50% exceeding wind speed is 30 km/h, the 90% exceeding wind speed is 51 km/h. For Region 3, the dominant wind
directions are West and South. The 50% exceeding wind speed is 33 km/h, the 90% exceeding wind speed is 54 km/h.
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Step 2: Assessment of North Sea environmental conditions

Available development areas are assessed and divided into regions to account for variating
environmental conditions. A trade-off between the number of required computations and variation
in environmental conditions like water depth and wave height conditions was reason to define three
specified regions, see Figure 4. Especially wave height conditions show a large variety within the North
Sea. For example, in Region 1 the 1:100 year extreme wave height is found in a range of 6-10 meter,
whereas in Region 3 this is 10-16 meter. Wave conditions are described through assessment of
JOWNSWAP spectra for the three selected regions.

Wind conditions are similar in the three regions. Measured at a height of 10 meter above sea level,
the 50% annually exceeded wind speed is 30-33 km/h for all three regions, see Figure 5
(Meteorological Service of New Zealand Ltd, 2020). The 90% annually superseded wind speed is 50-54
km/h. It should be noted that the wind speed is commonly higher at bigger altitudes. The wind speed
can be extrapolated to higher altitudes using a power law profile. Neutral stability of the atmospheric
boundary layer is assumed. The wind speed at 90 meter hub height, which corresponds with the NREL-
5MW reference turbine, is approximately 35% higher than the wind speed at 10 meter height. At 170
meter hub height, for the IW-20MW reference turbine, the wind speed is approximately 50% higher
than the values shown in Figure 5. For the reference turbines of 8, 10 and 15 MW rated power, the
increase in wind speed is in a range of 40-45%.

Water depth conditions for each region are found through analysis of North Sea bathymetry maps and
are combined with available development areas in Figure 13 on page 26. Considering soil conditions,
a distinction is made between soft-medium sandy soil and medium-dense sandy soil layers.

Data sources

Relevant environmental data is obtained from multiple sources. Available wind park development
zones are obtained from the 4Coffshore website. Publicly available ocean viewer tools provided by
the National Oceanic and Atmospheric Administration and Meteorological Service of New Zealand
(2020) are used to determine the bathymetry, wind and wave conditions in the North Sea region and
complemented with the findings of a paper by Beels, Henriques & de Rouck et al. (2007). Information
regarding ocean currents is obtained from a paper by Vos (2015). A report by the Alfred Wegener
Institute (2009) provided insight into the sedimentation and soil conditions of the North Sea.

Step 3: Estimation of support structure dimensions and steel mass requirements

In order to estimate the overall size and dimensions of an OWT’s support structure components,
design rules as described by the DNVGL-ST-0126 standard are applied. General dimensions of tower
and substructure are obtained and used to determine the dimensions of individual structural
members for monopile and jacket substructures (DNV-GL, 2016). Monopile founded OWTs consist of
a tower and monopile. Jacket founded OWTs consist of a tower, TP, jacket and foundation. A
summarised description of the modelling process for these two substructure typologies is presented
below.

Monopile support structures

A step-by-step initial design approach suggested by Arany, Bhattacharya & Macdonald et al. (2017)
and a lecture of the TU Delft course ‘Offshore Wind Farm Design’ (Lourens, 2019b) are used to
determine initial dimensions of monopile support structures. In this work, the location of a monopile
and tower’s natural frequency is used as the design driver. In order to avoid the occurrence of
resonance between rotor and wave induced vibrations and to account for the dynamic nature of
forces acting up OWT structures, a target design frequency is determined for 130 combinations of
water depth, turbine rated capacity and soil conditions. Then, through an iterative process, monopile
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dimensions are obtained using Rayleigh’s method to estimate a monopile’s eigenfrequency. The
OWT’s monopile and tower dimensions are iteratively adjusted until their natural frequency aligns
with a design target frequency. The formula applied to find a monopile’s eigenfrequency is:

T Elequivalent

D fratural = 5 *
8 (mtop + mequivalent * L) * L3

, where foawral is the monopile’s eigenfrequency, E is the modulus of elasticity in Nm™, lequivatent is the
moment of inertia for the combined tower and monopile combined in m* m, is the mass of the RNA
in kg, Mequivalent is the mass per unit length in kg/m and L is the combined tower and monopile length
inm.

Monopile dimensions cannot be increased indefinitely due to manufacturing limitations. Current
maxima for monopile cumulative mass, length and diameter are 2250 ton, 120 meter and 11 meter
respectively (Sif Group, 2018). Larger tower and monopile diameters are not yet possible to
manufacture but this might be the case in the future. Same holds for the lifting capacity for cranes on
board of installation ships. During a presentation by Van Oord — a company specialised in OWT
installation — a maximum expected lifting capacity of 1600 and 2500 ton are mentioned for ships
available now and by 2030 (Van de Brug, 2019). Therefore, the iterative dimensioning process is
stopped when maximum mass, cumulative length and/or diameter of respectively 2500 ton, 130
meter and/or 12 meter were encountered.

Jacket support structures

A step-by-step initial design approach as suggested by Hoving (2017) is applied to determine initial
support structure dimensions for 180 combinations of water depth, turbine size and soil conditions.
The dimensions of any component follow from dimensions of components higher up. For example,
the width at the tower top depends on the dimensions of an OWTs nacelle. In turn, TP dimensions
depend on the bottom diameter of the tower, jacket dimensions depend on the bottom width of the
TP and foundation dimensions depend on the dimensions of the jacket legs.

For jacket support structures, tower dimensions are set to be equal to those determined for the
monopile support structures. To account for a streamlined design, the dimensions of the TP top are
set to be equal to the diameter of the tower bottom. Transition piece dimensions are then estimated
based on a paper of Lee, Gonzalez & Lee et al. (2016), using the following formula.

3 * Dtower,bottom + 2% Djacket leg

V2

, Where brp is the bottom width of the TP in m, Diower,bottom is the diameter of the tower bottom in m
and Djacket leg is the diameter of a jacket leg in m.

(2) brp =

Next, jacket bay dimensions are determined following initial member size estimates as suggested in
lectures of the TU Delft’s Bottom Founded Offshore Structures course (Hoving, 2017). The width at
the top of the jacket is chosen to be equal to the bottom width of the TP. Jacket bay dimensions are
applied with constant geometric ratios between bays, see Figure 6. Applied formulas for jacket bay
geometric ratios are as follows.

=2

(3) dimjz, =m=xdim;, (4) m= (b—N> , (5 tan(@) =

i
b, b; — h; tan (a)
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, where dim; is the height or width of the it jacket bay in meter, dim.1 is the height or width of the
next adjacent jacket bay in meter and m is a unitless bay ratio. In equation (4), b0 is the width at the
top of the first bay in meter, by is the width at the bottom of the last bay in meter and N is the number
of bays. In equation (5), 6 is the angle between a horizontal and diagonal member in degrees, b; and
hi are the width and height in meter of the i" bay respectively and a is the batter angle in degrees.
The overall jacket height (hiwtar) in meter is found as equation (6) through the following substitution.

N
(htotal = Zhi =h; + mhy + -+ m" 1h, ]

= B
(6) =y N = hy = heorar * T

_ i-1 _
htotar = M1 Z m =hy
i=1

m-—1

m-—1

Member dimensions are estimated based on slenderness constraints, as these form the dominant
failure mechanism to be avoided and are therefore selected as the design driver in the dimensioning
of the jacket support structures (Hoving, 2017). For a given member length (L) in meter, the diameter
can be determined through equation (7) and (8).

@) 2 K = L ®) I D

= ) r, = —_—= —

Ty g A 232

, Where for equation (7) A is a unitless slenderness coefficient, L is the member length in meter, K is
the effective buckling coefficient and rg is the radius of gyration in meter. Applied buckling coefficients
can be found in appendix A5 Technical design and modelling details. The radius of gyration can be
found with equation (8), where | is the moment of inertia in m#, A is the cross-sectional area in m? and
D is the member diameter in meter.

ISl

Figure 6: Schematic of OWT jacket showing relevant geometric variables. Bays, the trapezoidal sections,
are chosen geometrically equal to ease manufacturing. This image is obtained from Hoving (2017).
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Lastly, foundation pile dimensions are estimated based on suggestions by Arany et al. (2017) as
equation (9).

L 8.0 x (_Ep“e * pile>0'2
) Lroundation = minimum = np
70

, Where Egie is the Young’s modulus of the steel at 210 GPa, I is the moment of inertia and ny, is the
coefficient of subgrade reaction. The diameter of the foundation piles is set to be 15 cm larger than
the diameter of the jacket leg piles to allow a grouted connection.

Reference literature — like a series of detailed jacket designs by the Danish Technical University (DTU
Wind, 2013) and related academic papers by Sandal, Verbart & Stolpe (2018), Natarajan, Stolpe &
Wandji (2019) and Jalbi, Nikitas & Bhattacharya et al. (2019) — are assessed in order to gain additional
understanding of design dimensions and considerations.

Step 4: Estimation of recoverable steel mass at end-of-life

At end-of-life, at the decommissioning stage, it is common that OWTs and their support structures are
deconstructed and transported back to shore (Topham et al., 2019; Smith, Garrett & Gibberd, 2015).
The NRA, tower and transition pieces are recovered, as are the submerged parts of the substructure.
In-soil embedded parts of the foundation are generally left at sea and, for safety, cut-off 2 meters
below the seabed such that the remaining stumps do not become exposed over time. The support
structure steel retrievable at end-of-life is found as the total support structure mass subtracted by
the, unrecoverable, foundation mass.

(10) Mretrievable = Z(Mcomponents) - Mfoundation

, Where Metrievable IS the support structure mass in tons that can be retrieved during decommissioning,
M component is the mass of an individual support structure component in tons and Msoundation IS the mass
of the soil-embedded foundation in tons that cannot be retrieved during decommissioning. The end-
of-life recycling rate (EOL-RR) is applied as defined by Yang (2019).

(11) EOL — RR(%) = %collection * %separation * %recovery

Here, the collection rate (%coliection) relates to the number of turbines returned from sea, the separation
rate (%separation) €Xpresses the ratio of a retrievable support structure mass to its total mass. The
recovery rate (%:recovery) relates to the losses that occur in the metallurgical recycling process, of which
more information can be found in appendix A3 Steel composition and element criticality and appendix
A4 Steel making and recycling.

Considering manufacturing constraints, individual members of the jackets and foundation piles have
much smaller dimensions than is the case for monopile support structures. Therefore, no maximum
member dimension constraints are applied. With respect to other design constraints, for jackets a
maximum crane lifting capacity of 2500 tons is applied, similar to that of monopile structures.

Step 5: Estimation of emissions associated with steel making and recycling

An estimate of emissions associated with steel making and recycling is calculated following Guidelines
for National Greenhouse Gas Inventories (Lubetsky, Steiner & Faerden et al., 2006). They provide a
1.5 [tCO2-eq/tFeMn-steel] factor for FeMn alloy steel as a global indicator for CO2 emissions. A more
suitable value for this indicator is determined, which better reflects the EU’s steel production and
recycling systems and is found as 1.22 [tCO2-eq/tFeMn-steel]. In the IPCC indicator selection three
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groups of GHG emissions are elaborated, namely CO2, CH4 and nitrous oxide emissions. For FeMn-
steel production, CH4 and nitrous oxide emissions are described to be insignificant and therefore not
further included in the estimation. More information w.r.t. the calculation of the emission factor can
be found in appendix A6 GHG emission indicator EU steel production.

2.6 Estimated turbine energy yield

In order to compare the emission investment with avoided emissions through OWT renewable
electricity production, the energy yield of each reference turbine is assessed. The annual energy yield
is the electricity produced by an OWT in a reference year. The cumulative energy yield of an OWT over
its lifetime depends on many factors. The most influential factors are a turbine’s rated power and their
respective power curve, the local wind resource, downtime due to maintenance and defects, inter and
intra wake losses between turbines and wind farms and the serviceable lifetime (Jarquin Laguna,
2019). For this research, a simple energy yield estimate based on transmission efficiency (n), turbine
rated power (P, in Watt) and capacity factor (CF) for each reference turbine is added and calculated
using the following formula:

(12) Annual OWT energy yield = Piyrpineratea * CF * Z nx*t

In this equation, t is the number of seconds in a year. To estimate the total energy produced by an
OWT, a wind farm lifetime of 20 years is applied.

2.6.1 OWT capacity factor

The capacity factor depends largely on local wind speed, power curve and hub height of an OWT and
is therefore susceptible to significant variation. Through an online free-to-use tool — available at:
renewables.ninja — capacity factors for various turbines and locations in the North Sea were assessed.
Varying available turbine models up to 10MW, hub height and location presented upper and lower
bound capacity factors in the range of 0.50-0.65 [-]. Recently, General Electric has announced that
their 12MW Haliade-X turbine operates at a capacity factor of 62% and is currently leading in that
aspect (General Electric, 2020). Taking this into account, the aforementioned range is assumed to
adequately represent North Sea conditions for the purpose of illustrating the estimated energy yield.

2.6.2 Transmission losses

Energy losses occur through voltage conversion between inter-array cabling and the export cable, the
export cable and the main electricity grid, in some cases through alternating and direct current
conversion and cable resistance losses (Ummels, 2019a). Converter and cable optimization make for
a whole area of research in itself. Hence taking all of these factors into account in detail goes beyond
the scope of this estimation. For this estimation, cumulative voltage conversion and cable losses are
assumed to negate 5% of annual output power. Inter and intra wind farm wake losses are not included
in the energy yield estimation, as these are dependant on the local wind resource and overall wind
farm layout, which fall outside the scope of this research.

2.7 Sensitivity of model parameters

With respect to the model accuracy, design dimensions and masses for several design combinations
were compared with reference literature. For monopiles, results provided by the model showed to be
similar to reference literature and the mass error for tower and monopile segments was found under
10%. For jackets, the model shows to overestimate total support structure mass requirements up to
50% compared to reference values. Individual component mass, like that of a TP or foundation pile,
shows larger variation in some cases up to 100% mass difference, and is mostly due to variation in
overall design conditions. Upon further analysis it is found that the mass allocated to the jackets is
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similar to that provided by Pontow et al. (2017), but that the mass allocated to transition pieces is
overestimated significantly by 100-150%. A more accurate mass estimate can be obtained if the
transition piece is modelled to be less massive, or alternatively the TP mass provided can be reduced
by 50%. This would increase the overall model accuracy to an estimated error of approximately 30%
for jacket support structures. Jacket support structure mass values presented in this research are
based on the unadjusted mass values.

Considering the dimensioning, the interface height proved to be most influential. For monopile
support structure typologies, diameter over thickness ratios for tower and monopile, the soil strength
and the value of the target natural frequencies influenced final monopile support structure masses
most. For jacket support structure typologies, the batter angle, upper bay width and foundation pile
length showed to be most influential. For the material making GHG emission estimate, Lubetsky et al.
(2006) elaborate that the value of the emission indicator has an approximate error of 10%.

Besides modelling uncertainty, there is uncertainty in model input parameters like the wave height
and soil bearing capacity. For these, it should be understood that in this research values are applied
that characterise environmental conditions of three North Sea regions and not for any specific location
in particular. With respect to the estimated energy vyield, it should be noted that the estimation is
based on a simple calculation and not on actual measurements. The values provided are considered
sufficiently accurate to reflect an average energy output over the lifetime of an OWT in the North Sea
region.
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3. Results

In this chapter, results of the literature review process and mass estimation model are presented. First
present and future support structure typologies are discussed and elaborated that followed from
existing literature. Second, the development of the OWT rated power within the temporal scope is
discussed. Next, the development of the water depth in development areas within the North Sea is
presented. These parameters are then used as input parameters for the dimensioning and mass
estimation model, followed by the obtained results.

3.1 OWT support and substructure typologies

For offshore wind turbine support structures, a general division can be made between bottom
founded and floating structures, of which the former is the focus of this research. An OWT support
structure can be divided into multiple components, as described in the definitions in the Methods
section. Various typologies for bottom founded substructures are elaborated that followed from
literature review. A visual overview of these is presented in Figure 7. Additionally, a general overview
of floating substructure typologies is included and visualised in Figure 8.

3.1.1 Present bottom founded substructures

By far the most well known and used OWT substructure is the monopile. The monopile is a single large
cylindrical shaped structure connecting the tower to the ocean floor. The monopile performs both as
substructure and foundation and is fabricated by welding multiple segments of similar diameters and
wall thickness into one large tube. Monopile dimensions vary based on the requirements of individual
OWTs and their location. Currently the maximum monopile manufacturing length, diameter and
thickness are 120 and 11 meter and 250 mm respectively, indicated by Sif Group which is a leading
manufacturer of steel tubular sections in the EU (Sif, 2018). However, the maximum manufacturing
capabilities have shown to increase with time. Up to 2020, 4258 offshore monopiles have been
installed within the EU of which 153 were installed in 2019 (Wind Europe, 2019; Wind Europe, 2020).
Monopiles have been installed up to water depths of 37 meter, as is the case for the Gemini Wind
Farm in the Dutch part of the North Sea, but are claimed to be feasible in water depths up to 60 meter
(lgwemezie et al., 2019; Higgins & Foley, 2014; Daubney, 2013). Conceptual variations of the monopile
substructure typology include guyed designs - where the monopile is supported by submerged guys,
buoyant designs —where the monopile is outfitted with a submerged caisson and articulated buoyant
designs — where the monopile is outfitted with a submerged caisson and hinged foundation
connection (Watson et al., 2019).

The second most used bottom founded substructure is the jacket structure. A jacket structure is a
lattice type structure connecting a OWT tower - via a transition piece - to the ocean floor. Jacket
dimensions vary based on functional requirements, but can be extremely large. For example, one of
the largest jacket type structures ever constructed is the Bullwinkle fixed steel oil platform, with a
total height of 529 meter weighing 50,000 tons. Jackets used in OWT designs are known to be
constructed in water depths up to 55 meters, as the case for the Beatrice wind farm in the United
Kingdom, but are considered suitable for water depths up to 80 meters (Perez-Collazo, Greaves &
Iglesias, 2015). Jacket structures are commonly fixed to the seabed with steel foundation piles, but
alternative designs, like suction buckets, are known to exist which were used in the EOWDC wind farm
near Aberdeen in the United Kingdom (Wang, Zeng & Li et al., 2018; Wind Europe 2019). Up to and
including 2019, 468 jacket structures for OWTs are installed within the EU, of which 65 were installed
in 2019 (Wind Europe, 2019; Wind Europe, 2020). Variations of the jacket substructure designs are
mostly found in the number of legs — commonly 3, 4 or 6 - and the layout of the trusses — namely x-
braces or k-braces.
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Figure 7: Overview of existing bottom founded offshore wind turbine support structures.
Obtained from Igwemezie et al. (2018).

The next most common substructure typology is the gravity base design, of which 301 units are
installed in the EU up to 2020 (Wind Europe, 2020). This type of structure is suitable for shallow water
turbines, most commonly around 10 meter but up to 30 meter of water depth. This typology is not
applied often recently, as only a single installation took place in 2019 and before that it was last
applied at the Thornton Bank wind farm in Belgium in 2009 (Wind Europe, 2019; Wang et al., 2018).
As the name of the structure implies, the gravity base structure relies on a large base mass for stability.
An advantage of the gravity base structure is the fact that no hammering of pile driving is required
during installation. Known drawbacks are the mass requirements and associated installation and
capital cost.

Last to be considered are tripod and tri-pile structures, which are essentially variations of the monopile
structure using three foundation piles instead of one. Up to 2020, respectively 126 and 80 units are
installed in the EU (Wind Europe, 2020). Most recent installations were at the Global Tech 1 and
Trianel Windpark Borkum 1 wind farms in Germany in 2015, at water depths of 30 and 40 meter
respectively (Wang et al, 2018).

In summary, monopile and jacket typology structures are currently the most dominant support
structure typologies applied, forming 90% of the currently installed OWTs. Alternative typologies, like
gravity base, tripod and tri-pile structures are applied in lesser numbers.

3.1.2 Support structure development until 2050

Considering development of the offshore wind industry towards 2050, it is expected that offshore
wind will continue to grow and play a major role in the overall development of renewable energy. A
studies performed by Watson et al. (2019) shows an estimate of the technology readiness level (TRL)
for a range of wind power concept technologies, which range from airborne wind generation — e.g.
with the use of planes and kites - to multi-rotor systems and alternative support structure typologies
as covered in the previous paragraph. Most of these technological concepts are in conceptual or early
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stage of development and not considered likely to gain market share within the temporal scope of this
research. Examples of these are airborne wind generation at a TRL between 1 and 3 and multi-rotor
systems at a TRL of 2 to 6. Conceptual variations to the traditional monopile design, like guyed and
semi-buoyant designs, are considered to have a low TRL in the range of 1 to 3.

Jacket typology development

An alternative design variation to the jacket substructure is the full-lattice tower structure. In this
typology, the conical tower is excluded and the full support structure — from seabed to NRA — is
constructed as a lattice structure. This design variant could be interesting for very large OWTs to avoid
structural frequency response problems and would make the currently required tower-to-jacket
transition piece obsolete (Watson et al., 2019). Drawbacks of the lattice type structure are an
increased risk of weld failure, increased manufacturing time and cost and limitations considering
turbine accessibility. The latter argument could potentially in time become irrelevant, as the latest
turbine designs are outfitted with helicopter access points near the nacelle. A proposed variation to
this concept is the self-rising tower, which mostly differs in the manor of installation. The tower is
constructed by raising each tower subsection from the prior lower tower section, reducing the need
for large scale cranes. Examples of these concepts are the EU funded HyperTower and SHOWTIME
design concepts, albeit these designs are until now focused on the onshore wind turbine market
(Stavirdou, Koltsakis & Baniotopoulos, 2019; Shah Mohammadi et al., 2018). The lattice type
structures and self-rising variations are deemed to have TRL in the range of 8 to 9 and 2 to 5
respectively (Watson et al., 2019). It should be noted that the self-rising tower variant focuses on
onshore towers currently, but that the technology shows potential for offshore development as well,
hence the lower TRL.

Floating support structure typologies

Although out of the research scope, a relatively new and upcoming substructure typology is the
floating OWT structure. Three main concepts have so far been proposed, which are the tension-leg,
semi-submersible and spar buoy structures. Floating OWTs are considered most interesting for areas
with relatively steep continental shelves as it is expected that this typology will greatly expand the
deployment area for offshore wind (Watson et al., 2019). This is the case for, for example, the West
coast of the United States, Japan and Portugal. Current barriers to the full deployment of floating wind
are mostly related to proof of concepts and cost reduction. However, within the last three years ten
floating wind projects have been realized or are expected to be deployed this year worldwide
(lgwemezie et al, 2019).

The first successfully commissioned large scale (>5MW) floating OWT was the Hywind Scotland in
2017. This project uses the spar buoy design concept and consists of five 6MW SWT-6.0-154 turbines
supplied by Siemens. That same year the Fukushima Phase 1&2 (5MW) started operation in Japan also
using a spar type buoy, followed by the Windfloat Atlantic (25MW) project in Portugal consisting of
three 8.4 MW turbines mounted on semi-submersible platforms (JWPA, 2017; Energias de Portugal,
2018). Next year, the 30MW EolMed wind farm project in France is expected to start operation using
three V164-10.0MW turbines mounted on floating barges (4Coffshore, 2020). From these examples it
can be seen that development in offshore floating wind is going in a rapid pace and that the current
proof-of-concept phase might soon develop into full scale deployment.

21



2
(vmn.t) <' P'::':p) (ﬁln‘{lti:-g)
\

IDEOL
\

\

"‘;‘,'-"{0':'.".' DAY

Figure 8: Existing floating support structure typologies for offshore wind turbines. Obtained from Igwemezie et al. (2018).

3.2 OWT rated power

OWT rated capacity has been increasing throughout the years, allowing the offshore wind parks to
enlarge their power nameplate without proportionally increasing the number of turbines. Not only do
the rated power of individual turbines increase, the number of turbines constructed per wind park is
also increasing (Rodrigues et al, 2015).
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Figure 9: Average turbine rated capacity and number of turbines at wind farms under construction in 2019. This image is
obtained from Wind Europe (2019).

Starting off with turbine sizes in the order of magnitude of 500 kW in 1990, by the year 2000 multi-
MW turbines were being installed. In the first 10 years of the new millennium, annual and cumulative
installed capacity increased massively, from 50MW/y annual additions in 2000 to almost 900 MW/y
in 2010 and maximum turbine sizes doubling from 2 to 4 MW (EWEA, 2013). Average turbine size,
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however, stayed relatively constant at 4 MW between 2010 and 2015, but has been steadily increasing
with almost 1 MW per year between 2015 and 2019. Average rated turbine capacity in 2019 was 7.8
MW, see Figure 9, with the largest turbines under construction having rated capacities of 9.5 MW
(Wind Europe, 2019). General Electric has recently installed one unit of the Haliade-X 12 MW turbine
in Rotterdam in the Netherlands (General Electric, 2020). The turbine is expected to be commercially
available in 2021.

3.2.1 Development of turbine rated capacity until 2050

McKenna et al. (2016) state that there is little consensus about future development of large wind
turbines in the next 10 to 15 years, but that experts suggest a rated power in the range of 3-10 MW,
with a tower height of 120-200 meters and rotor diameters between 120-180 meters. At this point in
time, turbines at the higher end of that range are already the standard for newly constructed wind
farms. To keep the lead in competition and achieve high design efficiencies, the offshore wind industry
is making effort to upscale OWTs to the 10-12 MW range which are expected to be commercially
available by 2021 (Ilgwemezie et al., 2019). Due to the larger rotor radius of higher capacity wind
turbines, the rated capacity is reached at lower wind speeds (General Electric, 2020). Reaching rated
capacity at lower wind speed in turn increases the capacity factor of these larger turbines. The capacity
factor provides an indication for the time of operation within a given reference period. The capacity
factor is defined as actual power produced divided by the maximum power a wind turbine could have
produced at continuous full power operation, and is expressed as a percentage. For Europe, given the
high quality wind resource and leading technological development, average capacity factor are rising
rapidly. Where in 2018 the average capacity factor was 43%, in 2040 this is expected to be near 60%
(Wind Europe, 2019). The Haliade-X for example reports a capacity factor of 60-64%, which is 5 to 7
percent point higher than the current average (General Electric, 2020).

Looking further ahead, even bigger turbines are expected. A good indication of turbine sizes is often
given by the development of reference turbines. Reference turbines are created and used by
researchers and developing industries to provide insight in the next generation wind turbine models.
Detailed reference turbines have been created for 5 MW — created by the National Renewable Energy
Laboratory (NREL) and Danish Technical University (DTU) in 2009, 8 MW — proposed by Desmond et
al. in 2016, 10 MW and most recently 15 MW (Jonkman, Butterfield & Musial et al., 2009; Desmond,
Murphy & Blonk et al., 2016; Bak, Zahle & Bitsche et al., 2013; Gaertner, Rinker & Sethuraman et al.,
2020). Initial estimates are provided for a 20 MW reference turbine, but this has not been developed
to the same level of detail as the first four (Jensen, Chaviaropoulos & Naterjan et al., 2017; Pontow,
Kaufer & Shirzahdeh et al., 2017).

A report from the INNWIND.EU delivery package 5 series shows a road map discussing TRLs for 10-20
MW reference turbines (Dobbin, Mast & Echavarria et al., 2017). Here an estimate is made that the
next generation reference turbine at 20 MW rated capacity could see first commercial application
somewhere around 2030, with the nacelle components to be available a couple years before and
bottom founded structures available shortly after. Watson et al. (2019) give an indication that bottom
fixed wind turbines could to be scaled up to roughly 30 MW rated capacity, based on current rotor
technology and lattice type support structures. They do not, however, provide an estimate time for
commercial application or TRL for this size of NRA but just consider this to be a maximum. They do
indicate that NRAs of this magnitude will behave much more dynamically than their 10-20 MW
counterparts.
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Figure 10: Growth in maximum size and power of horizontal axis offshore wind turbines. This images is obtained from
Igwemezie et al. (2019).

3.3 OWT water depth development

So far, offshore wind turbines have been largely constructed in water depths up to 50 meters
(lswemezie, 2019). An example of this can be seen in a figure presented by Wind Europe, see Figure
12, that shows water depth and distance to shore for offshore wind farms under construction for the
EU28 in 2019 (Wind Europe, 2020). The average water depth of the EU’s offshore wind turbines was
33 meters in 2019, see Figure 12, which is a slight increase compared to the 30 meter average water
depth of 2018 and 25 meter depth in 2015 (Wind Europe, 2020; Rodriguez et al., 2015). However, in
comparison to the early offshore wind turbines constructed in the 1990’s at water depths of 4 to 10
meters, see Figure 11, the trend of exploiting deeper waters for wind energy becomes clear.

The water depth at which offshore wind turbines will be constructed is likely to be much larger than
is current practice, as floating OWTs are passed the proof-of-concept phase and widely experimented
with. An interesting question, however, is until what water depth bottom founded structures will be
considered. Hermans & Peeringa (2016, pg5) state that: “Not long ago, water depth more than 25
meters or 5+ MW class turbines were considered the tipping point towards jackets or other alternative
support structures. Nowadays, ‘XL monpiles’ of over 1000 tons are produced with diameters up to 8
meters for water depths up to 30-35 meters”. In their report, Hermans & Peeringa (2016) provide an
initial design for a monopile structure supporting a 10 MW turbine at 50 water depth. Other authors
mention that monopiles are reported to be dominant for water depths up to 30 meter, but kept under
consideration for water depths up to 60 meter depending on site conditions (Perez-Collazo et al.,
2015; Daubney, 2013). A similar conclusion applies to jacket structures, which are reported optimal
for 30-60 meter water depth, but their maximum deployment range suitable for OWTs is mentioned
up to 80 meter (Wang et al., 2018; Perez-Collazo, 2018). Higgins & Foley (2014) consider floating
designs for >60 meter water depth. Igwemezie et al. (2019) make a deep water distinction at >30
meter and group jackets and floating in the same category in this regard. However, the lowest
operational water depth found for floating OWTs in papers analysed during this research is 85 meter
depth for the Windfloat project.

Water depth ranges in the North Sea vary per area, see Figure 13. In the Southern Bight— at latitudes
51-54°N, e.g. the area in between France, Belgium, The Netherlands and the UK —water depth reaches
up to 50 meters. In the Central North Sea — latitudes 54-57°N, e.g. the area West of Denmark and East

24



of the UK — the depth commonly varies between 40 and 100 meters, with an exception to shallower
areas near the Dogger Bank and the Danish coast. In the Northern part of the North Sea — latitude
>57°N, e.g. North of Denmark, South and West of Norway — water depths up to 200 meters can be
found, with even deeper waters of 500-700 meter in the Norwegian Channel (Alfred Wegener
Institute, 2009, p23).
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Figure 11: Minimum (green), mean (red) and maximum (blue) water depth in meters plotted versus commission year, based
on yearly statistics of commissioned and under construction EU28 offshore wind parks consisting of >5 turbines. Image
obtained from Rodrigues et al. (2015).
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Figure 12: Average water depth and distance to shore of offshore wind farms under construction in 2019. Bubble size
indicates wind farm cumulative capacity. This image is obtained from Wind Europe (2019).
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Figure 13: Planned wind parks on North Sea bathymetry. Bathymetry base map obtained from NOAA (2020)
available at: https://maps.ngdc.noaa.gov/viewers/bathymetry/. Wind park development zones obtained from the
4Coffshore website available at: 4Coffshore.com/offshorewind.




3.4 Dimensioning model results

In the following, the dimensioning model results are presented for both monopile and jacket support
structures. In assessing the steel demand for the offshore support structures, it is important to
understand that the net steel demand is equal to the difference between upfront steel requirements
and the quantity of retrievable steel available after decommissioning. Steel that is recovered at an
OWT’s end-of-life can be recycled and remains available for later use. Steel that is not recovered can
be considered lost to the environment and is no longer available for later use. The distinction between
these two steel quantities is important, as they have a different effect on the amount of GHG
emissions associated with the support structure over its lifecycle.

First the most important environmental parameters are shortly discussed that were used in the
dimensioning process. Then, the mass estimates of monopile and jacket support structures are visually
presented and elaborated. After that, the retrievable support structure mass and the support
structure steel mass for a 500 MW wind farm are compared at three water depths. Finally, the
estimation of GHG emissions associated with support structure steel are discussed.

3.4.1 North sea environment analysis

Several environmental aspects are important for the design of OWT support structures. Therefore, an
environmental analysis for the North Sea region is carried out in order to formulate input parameters
for the dimensioning model. In this analysis, information is gathered with respect to water depth,
wave characteristics, currents and soil composition. Of these aspects, water depth and wave
characteristics are discussed below. With respect to water currents, astronomical tides are taken into
account for the various development regions. Two soil types are included in the model, being soft-
medium and medium-dense sandy soils, as these are most dominantly present in the North Sea region.
An elaborate overview of applied methods and environmental parameters is included in appendix A5
Technical design and modelling details.

Water depth in OWT development zones

The water depth is an important parameter for the dimensioning of OWT substructures, as it largely
determines the minimal required height of a support structure. The website 4Coffshore (4Coffshore,
2020) keeps track of available development zones for offshore wind parks. On the previous page, an
illustration is shown indicating aggregated available wind park development zones — as available in
November 2020 — projected on the North Sea bathymetry. The bathymetry base map is obtained from
the National Oceanic and Atmospheric Administration (2020) website and shows a digital elevation
model (DEM) with colour shaded relief. From this illustration it can be seen that in the Southern Bight
many zones are made available for offshore wind parks in shallow areas with water depth up to 50
meter. In the Central North Sea, near the Danish coast and the Dogger Bank, some development areas
are also available in shallow water regions but overall the water is deeper, reaching up to 50 meter in
German territorial waters and even up to 70 meter in Danish waters. In the Northern North Sea, most
developing zones are located near the UK accompanied by two Norwegian development zones, being
the squares furthest out the coast of Denmark. The UK zones in this part of the North Sea vary between
50 and 120 meter water depth, with some areas reaching water depths up to 200 meter. The
Norwegian development zones both have water depths between 60 and 80 meters.

Wave characteristics in the North Sea

Wave characteristics are important to assess, as they affect the minimal required height of the support
structure. Furthermore, waves interact with, and hence apply forces onto, the support structure
influencing the required member thickness for members located in the splash zone. The splash zone
is the range of height in which waves interact with the support structure.
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Another important phenomenon is the possibility of structural resonance. As waves and wind interact
with the support structure, they can induce vibrations. From a structural integrity perspective, it is
important to make sure that the eigenfrequency of the support structure does not overlap with the
wind and wave excitation frequencies, as resonance can then occur. Resonance can lead to
amplification of forces acting on the support structure and can potentially lead to structural failure.
To account for this, the spectral energy density of waves occurring in the North Sea is assessed by
fitting the JONSWAP curve to the significant wave periods. Then, a target eigenfrequency is
determined outside the frequency range of the rotor (1P-range) and passing rotor blades (3P-range)
and minimized for waves for each combination of water depth and wave period. As the rotor speed
can vary, the 1P and 3P frequencies are visualised as a range, see the purple boxes in Figure 14. The
target natural frequency is chosen to be in between the 1P and 3P ranges with a 10% margin from the
1P range upper boundary.

Frequency diagram for a monopile substructure supportinga 10MW
OWT in Region 2 at 20-40 meters depth
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Figure 14: Frequency diagram for DTU-10MW at 20-40m water depth in Region 2. On the vertical axis, normalised energy
variance density in m2/Hz. Rotor frequency range (1P-range) and blade passing frequency range (3P-range) are shown
respectively as the left and right purple boxes. Target eigenfrequency for the monopile substructure is shown as the vertical
black line.

Generally, a lower target eigenfrequency — or natural frequency — leads to more slender monopile
designs, reducing the steel requirements for this type of support structure. Therefore, the location of
the natural frequency is used as the design driver for the dimensioning of the monopile support
structures. In practice, other design criteria like the Ultimate Limit State and Fatigue Limit state should
also be checked. However, considering that goal of this research, these are not considered in this
work.

Monopiles are characterised by large pile diameters, resulting in a large area obstructing passing
waves. In contrast, due to the more ‘open’ nature of jacket structures and smaller member
dimensions, waves are less obstructed and transfer much less of their energy to the substructure. In
general, jacket structures are much more rigid than monopile structures, which makes that
eigenfrequencies for jacket substructures are generally higher than for their monopile counterparts
and outside of the wave induced resonance range. Therefore, in the dimensioning model, the
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frequency assessment is used in monopile substructure dimensioning, but not for jacket
substructures. As an example, a visual representation of the wind and wave frequency range and the
target eigenfrequency for a monopile substructure is shown in Figure 14.

3.4.2 Results considering up-front monopile support structure steel demand

Considering monopiles, dimensions were obtained for 130 combinations of water depth, soil
conditions and turbine rated capacity. However, due to exceeding one or more manufacturing
constraints only 35 combinations resulted in viable designs. The monopile design constraints are a
maximum monopile length at 130 meter, maximum diameter of 12 meter and maximum monopile
mass of 2500 tons. Of these, the maximum length and mass constraints were most often superseded,
see Figure 15. With respect to the rated power of OWTs, viable MP designs are obtained for 5, 8 and
10 MW rated power turbines. For 5 MW turbines, all combinations of water depth and soil conditions
proved viable. For 8 and 10 MW turbines, soil conditions proved a dominant factor influencing design
viability, favouring medium-dense soil conditions.

Nr. of viable designs per manufacturing constraint
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Figure 15: Number of viable MP design combinations and manufacturing constraints.

The development of monopile support structure mass with respect to water depth is shown in Figure
16 for 5, 8 and 10 MW turbines. For the designs obtained, a linear regression is fitted for each turbine
size. A general formula and fitted linear parameters for these turbine sizes are included in Table 2. No
viable combinations supporting 15 and 20 MW designs are found, as for each combination the
maximum monopile mass constraint is superseded.

Monopile and tower mass estimates for manufacturable designs are shown in Figure 17. Monopile
and tower support structure mass for viable designs are found to be in a range of 997-2966 ton for
NREL-5MW, LW-8MW and DTU-10MW reference turbines at water depth of 20 to 60 meter. From this
figure, it can be seen that consistently the majority of steel is embedded in the monopile (dark blue)
compared to the tower (light blue).
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Figure 16: Monopile support structure mass for 5, 8 and 10 MW OWTs versus water depth. For each turbine size, a linear
regression has been fitted to the modelled support structure masses. For each regression, the goodness of fit parameter R?

and the standard error are included.

Initially, a higher-power relation was expected for the development of support structure mass with
increasing water depth. However, a linear regression seems to fit with near equal accuracy and the
mass difference with respect to a linear relation proves to be relatively small (<10%) for this range of
water depth. The overall goodness of fit for the linearisation for the 5 and 8 MW turbine is
considered acceptable, at R? of 0.85 and 0.76 respectively. See Figure 16. The accuracy for the 10
MW turbine is lower, at R? of 0.43. This is a direct result from the low number of viable designs
obtained for this turbine size. Considering the accuracy of the obtained model results and the small
difference between the two estimation methods, the development of steel requirements over water
depth can indeed be assessed using a linear relation, supporting the approach of Topham et al.
(2019) and Shammugam et al. (2019).

Table 2: Linear parameters fitted to monopile support structure mass (M, in tons) development w.r.t. water depth (d, in

meter) for turbines of varying rated power.

P [MW] a b General formula Water depth range [m]
5 32.3 462 20-60
8 37.4 1028 Msupport structure (d) =axd+b 20-50
10 30.1 1742 20-40
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Figure 17: Overview of monopile and tower support structure mass in tons per turbine model, region and water depth. All

designs shown meet manufacturing constraints. More designs proved possible in dense soils, as soft soils required larger
monopile dimensions. Monopile mass shown in dark blue, tower mass shown in lighter blue. No monopile designs proved

viable for the IEA-15MW and IW-20MW turbines mostly due to the maximum mass constraint.
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3.4.3 Results considering up-front jacket support structure steel demand

Considering jackets, dimensions were obtained for 170 combinations of water depth, soil conditions
and turbine rated capacity. The design driver for the modelling of the jacket substructure is member
slenderness. Due to stability and deformation requirements, member diameters are determined
based on slenderness (Hoving, 2017). The slenderness of a structural member depends on its cross-
sectional dimensions, namely its diameter and thickness compared to its length.

With respect to design constraints for the modelling of the jacket structures, a maximum component
mass constraint of 2500 tons applies. This constraint, associated with marine vessel crane lifting
capacity, was violated for all jacket designs in water depths larger than 70 meters and for the 20 MW
turbine at depths larger than 60 meters. In total, 44 out of the 170 combinations showed to have a
jacket substructure mass greater than 2500 tons. Cumulative jacket support structure typology mass
for viable designs are found to be in a range of 630-6480 ton steel, considering the five assessed
reference turbines at water depths between 20 and 70 meters. A detailed breakdown of the estimated
component and cumulative jacket support structure mass for turbines situated in region 2 is shown in
Figure 19. Similar visualisations for the other assessed regions are included in appendix A5 Technical
design and modelling details.
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Figure 18 Cumulative jacket support structure steel mass (in tons) for a 10MW OWT at various water
depths (in meter)

In Figure 18 the development of support structure mass per water depth is shown for a 10 MW
reference turbine. Important to note from this figure, is the large influence of the water depth on the
total steel demand. Figure 21 shows a visual impression of this difference. It should be kept in mind
that both turbines are hosting the same tower at roughly 120 meters height, and that visually only
minimal difference can be observed between a turbine installed at 30 or 60 meters depth. However,
considering the quantity of construction material, this difference is much more significant. Where the
installation of a single 10 MW wind turbine at 30 meters depth would require approximately 1500
tons of construction steel, the same turbine would require almost 3500 tons of steel if it were to be
placed at 60 meters depth.
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Figure 19: Support structure mass for jacket structure typology on medium-dense

sandy soils in Region 2. On the horizontal axi

s, turbine model and water depth in

meter. On the vertical axis, steel mass per structural component in tons.
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For the cumulative jacket support structure mass a 2" power increase can be observed with respect
to water depth, see Figure 20 and Table 3. For each turbine size assessed, the general formula and
parameters fitted to the mass development with respect to water depth are shown. These parameters
can be used to find an initial estimate of jacket support structure mass for a combination of a turbine
rated power and water depth. When multiplied with the number of turbines present in a given wind
farm, an initial estimate of the wind farm’s overall OWT support structure steel requirements can be
obtained.

Combined support structure mass including tower, TP, jacket
and foundation versus water depth
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Figure 20: Combined tower, TP, jacket and foundation mass for 5, 8, 10, 15 and 20 MW OWTs versus water depth. For each
turbine size, a polynomial regression has been fitted to the modelled support structure masses. For each regression, the
goodness of fit parameter R? and the standard error are included.
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Table 3: Polynomial parameters fitted to jacket support structure mass (M, in tons) development w.r.t. water depth (d, in
meter) for turbines of varying rated power.

Turbine rated General formula Water depth
power [MW] a b c range [m]
5 1.01 -17.3 582 20-70
8 1.02 -15.8 817 20-70
10 1.04 -13.8 949 Msupport structure (d) = @ * d*+bxd+c 20-70
15 1.10 -11.7 1596 20-70
20 1.20 -11.7 2622 20-60

With respect to the turbine rated capacity, a similar higher-power trend of increasing support
structure mass can be observed, see Figure 23. For example, doubling the rated power from 5 to 10
MW for an OWT at 50 meter water depth increases the support structure steel mass from
approximately 2100 to 2700 tons. Doubling this again to 20 MW rated capacity, increases the
cumulative support structure mass from 2700 to 4850 tons. An illustration of this can be seen in Figure
22. The difference between these two times ‘doubling’ the rated power illustrates the significance of
an OWT's rated power on its steel demand. This effect, however, is less significant than that observed
with respect to water depth. In other words, within the presented range of water depth and rated
power, a doubling of the water depth is more impactful for construction material requirements than
a doubling of the rated power.

M = 1500t M = 3500t

60 m

Figure 21: Illustration emphasizing the influence of water depth on cumulative support structure mass. For
two similar 10 MW offshore wind turbines, one at 30 meters depth and one at 60 meters depth, the
required steel mass increases from approximately 1500 tons to approximately 3500 tons.
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Jacket support structure steel mass at 50 m
water depth w.r.t. turbine rated power
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Figure 23: Cumulative jacket support structure steel mass (in tons) for a 5, 10, 15 and 20 MW
OWT at 50 meter water depth.
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Figure 22: lllustration emphasizing the effect of increased turbine rated capacity on the cumulative
support structure steel demand. For equal water depths, support structure mass increases from 2100
to 2700 and 4800 tons for 5, 10 and 20 MW rated capacity turbines respectively.
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The model results contradict earlier findings by Topham et al. (2019), who found that a single 4 MW
turbine requires more construction steel than two 2 MW turbines. The findings of this research
suggest that within the range of water depth assessed, for both monopile and jacket support
structures two turbines of a given rated power require more construction material than a single
turbine at double that power. The opposing outcomes can be due to a variety of reasons, such as the
difference in modelling approach, but further study is recommended.

3.4.4 Retrievable steel mass at decommissioning stage

The net steel use of an OWT’s support structure over its lifetime is determined by the initial steel
requirements and the quantity of steel that can be recovered at end-of-life. Important to understand
is that an OWT’s foundation piles are driven and fixed into the seabed during installation to guarantee
the OWT’s stability. So far, it has not been economically feasible to withdraw these foundations when
an OWT is decommissioned (Lourens, 2019b). On the other hand, leaving the complete substructure
out at sea is not favourable either, as this would bring safety concerns for amongst other things marine
transport. Current practice dictates that at the decommissioning stage, the NRA, tower and
substructure are retrieved from sea, while the foundation is (mostly) left behind. The foundation
needs to be removed up to 2 meter below the mudline, such that the remaining stumps do not
become exposed over time (Topham et al., 2019; Smith, Garrett & Gibberd, 2015).

Ratio of retrievable support structure mass w.r.t. initial steel
requirements for monopile and jacket structures
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Figure 24: Influence of water depth on relative retrievable support structure mass.

The recoverable steel quantity is calculated for all combinations of turbine rated power, water depth
and soil conditions. With respect to water depth it can be seen that the amount of recoverable steel
increases linearly for monopile substructures and quadratically for jacket substructures, see the
foundation mass in Figure 17 and Figure 19.

Interestingly, the relative retrievable mass — the ratio between recoverable and initial steel demand —
increases with water depth for monopile structures, see Figure 24. In other words, this implies that
for monopile substructures every ton of steel added above the seabed requires less than a ton of
foundation steel below the seabed. For jacket structures, the opposite seems to be the case. Every
ton of steel added above the seabed, requires more than a ton of foundation steel below the seabed.
In Figure 24 this can be seen as that the retrievable mass ratio declines with increasing water depth.
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This effect can be a result of the modelling method applied and it would be interesting to see if
alternative modelling methods lead to the same outcome. With respect to this research, this observed
effect has little influence, as the quantity of initial and recoverable steel are the focus of this research.
For monopiles, the ratio of retrievable support structure steel mass varies in a range of approximately
50-60%, depending on the water depth. The rated turbine capacity does not influence the retrievable
mass ratio. For jackets, this ratio varies in a range of approximately 70-95% depending on both water
depth and turbine rated capacity.

3.4.5 Estimated steel requirements of a 500 MW wind farm

Besides the development of support structure mass per turbine model and water depth the obtained
results allow to compare the steel needs of a wind farm at a specific water depth. A wind farm of 500
MW is used as the basis for this comparative scenario, at 20, 40 and 60 meters water depth. Here, the
variable parameter is the cumulative steel quantity for the full wind farm. The results are presented
in Figure 25 on the next page.

The comparison shows the trade-off between a wind farm consisting of a high number of low-power
turbines and a wind farm consisting of a lower number of high-power turbines. For example, a
hundred 5 MW turbines compared to twenty-five 20 MW turbines which both combine to 500 MW
total installed capacity. Furthermore, it illustrates the large relative difference between monopile and
jacket substructures in terms of upfront and recoverable steel quantities. In all cases, monopiles
require more steel upfront and lose much more steel in the decommissioning phase. To illustrate this
point, the following example: the total steel requirement of a 500 MW wind farm at 20 meters depth
consisting of 10 MW turbines supported on jacket structures is smaller than the losses of steel
associated with the decommissioning of a similar wind farm consisting of 5 MW monopile-supported
turbines.

As the wind farm is placed in deeper water, the favourable turbine rated capacity increases. At 20 m
depth, 10 MW turbines supported by jacket support structures require the lowest quantity of steel at
54,000 tons, closely followed by 8 MW turbines at 57,000 tons. For a 500 MW wind farm, this results
in an average steel intensity of approximately 110 ton steel per MW installed capacity. In this
configuration, the steel losses amount to approximately 8,000 tons. Next, at 40 m depth, 15 MW
turbines supported by jacket support structures require the lowest quantity of steel at 95,000 tons.
Steel losses amount to approximately 16,000 tons and the average steel use per MW installed capacity
is approximately 190 t steel/MW in this configuration. At 60 m depth, 15 and 20 MW turbines
supported by jacket support structures require similar steel quantities, namely 145,000 tons and
146,000 tons respectively. Steel losses differ for these turbine sizes, where the 20 MW turbines show
a slightly lower steel loss at 27,000 tons compared to the 15 MW turbines of which the steel losses
amount to 33,000 tons. Given this relatively small difference, both turbine sizes are considered
favourable at this water depth. The steel use per MW installed capacity for both turbines is
approximately 290 t steel/MW installed capacity.
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Mass of support structures for a 500 MW wind farm at 20 m depth
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Figure 25: Comparison of support structure mass requirements for wind turbines of varying capacity. A wind farm of 500
MW cumulative capacity is assessed at 20, 40 and 60 meters depth. Columns in green show configurations with minimum
steel requirements. Abbreviations: MP = monopile support structure, J = jacket support structure.
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3.5 GHG emissions for support structure steel and emission payback time

With initial and recoverable steel quantities known, an estimate is made of the GHG emissions
associated with OWT support structure steel. The GHG emissions related to steelmaking and recycling
practices, e.g. lifecycle stages 3 and 9, are determined by the introduction of an emission factor for
support structure steel, following the IPCC Guidelines for National Greenhouse Gas Inventories by
Lubetsky et al. (2006). Lubestky et al. (2006) mention that this indicator is 1.5 tCO2-eq/t steel, taking
into account average global production but that this indicator should be adapted towards the
applicable geographic location. This is due to the fact that a variety of steel production methods is
globally available and that these are associated with different GHG emissions. The GHG emission
factor applied per ton steel required is 1.22 tCO2-eq/t support structure steel, under the assumption
that OWT support structure steel production is well reflected by the EU’s steel mix and production
methods. The emission factor presented includes emissions of lifecycle stages 3 and 9, which form the
majority of emissions from a material perspective. More information w.r.t. the emission indicator can
be found in appendix A6 GHG emission indicator EU steel production.

3.5.1 GHG emissions per turbine and water depth

An overview of the steel production GHG emissions per turbine rated power and water depth is
depicted in the Table 4. It can be seen that the emissions for monopile support structures is
consistently higher than that for jacket support structures. For example, an 8 MW OWT supported on
a monopile support structure in 30 meters water depth would require a similar emission investment
as a 15 MW OWT supported on jacket support structures. See the green highlights in Table 4. With a
similar emission quantity, almost double the installed power capacity can be realised. Similarly, an 8
MW monopile-supported OWT at 20 meters depth would require approximately the same emission
investment as an 8 MW jacket-supported OWT at 40 meters depth. See the orange highlights in Table
4. Here too a wind farm could be constructed at double the water depth with similar emission
guantities invested by changing the support structure typology from monopiles to jacket structures.

Table 4: Upfront GHG emissions related to steel making for OWT support structures of various turbine-water depth

combinations. Values are obtained through multiplication of the upfront required steel mass and steel emission factor
elaborated above. Abbreviations: MP = monopile, J = jacket.

Upfront emissions associated to steelmaking for OWT support structures in ton CO2-eq

Turbine Typology Water depth [m]
20 30 40 50 60 70 80
NREL-5MW MP 1366 1716 2150 2543 2884 - -
LW-8MW MP 2129 2624 2815 3436 - - -
DTU-10MW MP 2539 3057 3569 - - - -
NREL-5MW J 778 1195 1809 2508 3339 4532 6205
LW-8MW J 1107 1565 2191 2948 3799 5052 6766
DTU-10MW J 1327 1806 2481 3257 4179 5447 7242
IEA-15MW J 2212 2712 3470 4395 5355 6777 8739
IW-20MW J 3477 4162 4905 5927 7095 8704 10674

After decommissioning, the retrievable support structure steel can be offered for recycling as scrap
metal. Recycling steel is approximately six times less emission intensive than the refining of steel from
iron ore (Yang, 2019). Therefore, offering the support structure steel scrap to recycling services can
potentially reduce the need for future steelmaking from iron ore, consequently saving approximately
0.9 tCO2-eq/t recovered steel scrap. The end-of-life stage could lead to GHG emission savings as
depicted in Table 5, which is why they are displayed as negative emissions. For monopiles, a potential
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emission reduction of 35-45% can be achieved compared to the upfront emissions released in steel
making. For jackets, this reduction is higher and in a range of 50-70%.

Table 5: Potential emission saving associated with OWT supports structure steel recycling after decommissioning in ton
CO2-eq per turbine. Emission quantities are negative, as they have the potential to reduce the support structure steel net
GHG emissions if the support structure steel is properly recycled.

Emissions associated to steel recycling for retrievable OWT support structure steel in ton CO2-eq
Turbine Typology Water depth [m]
20 30 40 50 60 70 80

NREL-5MW MP -505 -668 -870 -1090 -1295
LW-8MW MP -790 -1015 -1190 -1496
DTU-10MW MP -950 -1198 -1453
NREL-5MW J -473 -688 -1005 -1305 -1669 -2231 -3026
LW-8MW J -711 -956 -1282 -1625 -2004 -2612 -3436
DTU-10MW J -870 -1130 -1492 -1850 -2281 -2900 -3784
IEA-15MW J -1511 -1786 -2208 -2677 -3137 -3868 -4874
IW-20MW J -2427 -2836 -3248 -3787 -4399 -5267 -6280

3.5.2 Estimated annual energy yield per turbine model

Albeit that Table 4 and Table 5 provide insight into the net emission investment associated with the
two substructures typologies, it does not yet provide insight into the emissions compared to the
OWTSs’ electricity yield. The energy yield of each turbine needs to be determined, so that one is able
to compare the invested emissions with the electricity produced per turbine model. An estimated
energy yield for each turbine is included in Table 6. A lower and upper bound of the estimated annual
energy yield is given, as site specific conditions have a large influence on a turbine’s power production.
The energy yield as presented in Table 6 is derived as the multiplication of a turbine’s rated power,
capacity factor and transmission losses. A capacity factor range of 0.50-0.65 [-] is applied.

Table 6: Estimated annual electricity yield in GWh per turbine, based on a capacity factor range of 0.50-0.65 [-] and 5%
transmission losses.

Estimated annual energy yield
[GWh/(turbine*year)]

Turbine (lower and upper bound)
NREL-5MW 208 - 27.0
LW-8MW 33.3 - 433
DTU-10MW 416 - 541
IEA-15MW 624 - 81.1
IW-20MW 83.2 - 108.2

3.5.3 Emission payback time

The emissions invested into the creation of the OWT are compared to the emissions saved during the
OWT'’s operational time and the ‘emission payback time of support structures’ is determined. This is
defined as the amount of time required for an OWT to be operational in order to equal the emissions
associated with the making and refining of its embedded steel. In this comparison, the GHG emission
intensity of electricity generation is applied, which is 275 tCO2-eq/GWh for the year 2019 and
expected to reduce over time, see Figure 26 (European Environment Agency, 2020). An overview of
the emission payback time for support structures in included in Table 7. It can be seen that the
emission payback time is in the order of magnitude of months.
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European level — Greenhouse gas emission intensity of electricity generation
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Figure 26: European average Greenhouse gas emission intensity of electricity generation over time. In 2019, this was 275
gC02-eq/kWh and is expected reduce further towards 2030. Image obtained from European Environment Agency (2020).

Table 7: Approximate payback time of emissions associated for support structure steelmaking with respect to the 2019
average GHG emission intensity of Europe’s electricity generation at 275 g CO2-eq/kWh.

Approximate payback time of support structure steelmaking emissions per turbine-water depth
combination
[months]
Turbine Typology Water depth [m]

20 30 40 50 60 70 80
NREL-5MW MP 4 5 6 8 9 - -
LW-8MW MP 4 5 5 - - -
DTU-10MW MP 4 5 5 - = = =
NREL-5MW J 2 4 5 7 10 14 19
LW-8MW J 2 3 4 5 7 9 13
DTU-10MW J 2 3 4 5 6 8 11
IEA-15MW J 2 3 3 4 5 7 9
IW-20MW J 3 3 4 4 5 6 8

For monopile support structures, the payback time ranges between 4-9 months, depending on turbine
rated capacity and water depth. Logically, larger turbines situated in shallow water have a lower
payback time than small turbines situated in deeper waters. Compared to the total operational time
of the OWT, the obtained payback times are relatively low. This is positive with respect to the goal of
reducing emissions of electricity generation. With respect to water depth, the payback time increases
similarly to that of steel demand.

For jacket support structures, the payback time is generally somewhat lower. The payback time for
jackets ranges between 2-19 months considering the five assessed turbines at water depths of 20-80
meters. However, this includes unfavourable —and less likely — combinations of turbine size and water
depth. More optimal combinations result in emission payback times of 2-9 months, where higher
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rated power turbines show to be less affected by the changes in water depth than smaller turbines.
Increase in turbine rated power dampens the variation in emission payback time.

As the European electricity’s emission intensity reduces over time, the support structure steel
emission payback time increases. This can be as much as three times by 2030 compared 2019, if no
alternative non-fossil steel production methods become available in this period of time. In the case of
zero-emission electricity, as is the European Commission’s goal for 2050, the emission payback time
becomes infinite. This phenomenon is further discussed in section 4.1.4, in the discussion of this
research.

3.5.3.1 Energy payback time

Additionally, next to the payback time of invested emissions, one can also consider the payback time
of invested energy. For each combination of turbine and water depth, the energy required to produce
the steel mass embedded in its support structure is compared to the electrical energy generation of
the OWT. For this comparison, similar ratios of BF-BOF (59.8%) and EAF (40.1%) steelmaking processes
are taken into account as applied for the emission payback time. The energy intensity of BF-BOF and
EAF steelmaking are 22.4 GJ/t steel and 11 GJ/t steel respectively (Pardo, Moya & Vatopoulos, 2015).
Combined, the energy intensity of an average European ton of steel is found as 17.8 GJ/t steel. The
energy payback time for each turbine-water depth combination is shown in Table 8. For monopiles,
the energy payback time varies between 3-6 months. For jackets, the energy payback time varies
between 1-5 months for more optimal combinations of turbine rated power and water depth.

Table 8: Approximate energy payback time associated with OWT support structure steelmaking and electricity generation.

Approximate payback time of energy invested in support structure steelmaking
[months]
Turbine Typology Water depth [m]

20 30 40 50 60 70 80
NREL-5MW MP 3 3 4 5 6 = =
LW-8MW MP 3 3 4 4 - - -
DTU-10MW MP 3 3 4 - - - -
NREL-5MW J 2 2 4 5 7 9 13
LW-8MW J 1 2 3 4 5 6 9
DTU-10MW J 1 2 3 3 4 6 7
IEA-15MW J 1 2 2 3 4 5 6
IW-20MW J 2 2 2 3 4 4 5

When comparing the emission and energy payback time, see Table 7 and Table 8, it can be seen that
the time to repay the energy invested in steelmaking is less than the time to repay the invested GHG
emissions. This can be partly explained by the high carbon intensity of the energy that is invested in
the steelmaking process. More carbon intensive at least than the average European electricity
generation, by which the emission payback time is estimated. Therefore, to repay the invested carbon
emissions a wind turbine has to generate electricity for a longer period of time.

3.5.4 The contribution of a support structure to an OWT’s climate change potential

To assess the emission quantities in perspective of a fully operation wind turbine, the calculated mass
and emission values are compared to the findings of Bonou et al.’s (2016) LCA study. In this study, a
lifecycle assessment is performed for an offshore wind farm situated approximately 40 km out of the
coast at a water depth of 20 meter. The study assesses 4 and 6 MW OWTs supported on monopile
foundations, which compare well to the 5 MW monopile supported OWTs assessed in this research.
With respect to support structure mass, Bonou et al.’s study finds an average steel use of
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approximately 1200 ton steel per turbine. For similar conditions, the dimensioning model derived for
this research estimates a monopile support structure mass of 1120 ton steel per turbine and a jacket
support structure mass of 640 ton per turbine. Bonou et al. (2016) find the contribution of support
structure steel, at 3.2 g CO2-eq/kWh, to be approximately 33% of the OWT’s total contribution to
climate change. Similarly, the dimensioning model results would lead to support structure
contribution of 3.0 and 1.7 g CO2-eq/kWh for the monopile and jacket support structure respectively,
which are approximately 32% and 21% of the total climate change contribution. At 20 meter water
depth, the OWTs produce electricity at 9.4 and 8.1 g CO2-eq/kWh. The application of the jacket
support structure reduces the support structure’s contribution with approximately 1.3 g CO2-eq/kWh,
leading to a 15% reduction of the total climate change potential.

At a water depth of 40 meters, the total contribution increases to 11.2 and 8.9 g CO2-eq/kWh. The
contribution of the support structures then respectively increases up to 42% and 28% for monopile
and jacket structures. At 60 meters depth, the total contribution increases to 12.8 and 10.2 g CO2-
eq/kWh, where monopile and jacket support structure share increase to 50% and 37% of the total
climate change contribution. At both 40 and 60 meters depth, jacket structures result in a 20%
reduction of the full OWT’s climate change potential compared to monopile typologies.

Overall, the emissions for 5 MW monopile founded OWTSs' electricity generation vary between 9.4-
12.8 g CO2-eq/kWh at water depths of 20-60 meter. For 5 MW jacket founded OWTs, this range is 8.1-
10.2 g CO2/kWh. As a comparison, an average coal-fired power plants generates electricity at
approximately 1057 g CO2-eq/kWh and an average gas-fired power plant at 583 g CO2-eq/kWh
(Treyer & Bauer, 2016). The GHG emission intensity of European electricity is currently 275 g CO2/kWh
(European Environment Agency, 2020).

Table 9: Contribution of monopile and jacket support structure steelmaking to an OWTs climate change potential for a 5
MW OWT at 20, 40 and 60 meters water depth.

d=20m d=40m d=60m

MP J MP J MP J
OWT component: kg CO2-eq/kwh kg CO2-eq/kwh kg CO2-eq/kwh
Support structure 30 32% 1.7 21% | 4.7 42% 25 28% | 64 50% 3.8 37%
Grid cables 1.2 13% : 12 15% | 1.2 11% i 1.2 14% | 1.2 9% 1.2 12%
NRA equipment 19 20% @ 19 24% | 19 17% 19 22% | 19 15% 1.9 19%
Substation 0.5 5% 0.5 6% 0.5 4% 05 5% 0.5 4% 0.5 5%
Subtotal material making
contribution 66 70% i 53 66% | 84 75% 6.1 69% | 10.0 78% 7.4 72%
Contribution of
installation,
manufacturing,
transport and
decommissioning 28 30% 28 34% | 28 25% 28 31% | 2.8 22% 28 28%
Total contributionto CC | g , 8.1 11.2 8.9 12.8 10.2
potential
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4. Discussion and interpretation of results

The goal of the research was to provide insight in the development of steel requirements associated
with bottom-founded support structures of offshore wind turbines of various sizes at various water
depths. The second goal was to fill the knowledge gap regarding growing OWT support structure
dimensions and their associated environmental impact in terms of climate change potential. By
applying qualitive and quantitative research methods, a model is created to determine steel
requirements of monopile and jacket support structures for varying water depths and turbine sizes
based on initial dimension estimates. Modelling results are used to derive parameters to estimate
upfront and recoverable jacket support structure steel mass and associated steelmaking emissions.
Furthermore, a comparison is made showing the steel requirements of a 500 MW wind farm and the
effect of applying many lower rated power turbines versus a lesser number of high rated power
turbines. In this chapter, a discussion with respect to the obtained results is presented.

4.1 Discussion of modelling results

Considering the trend of mass development with respect to water depth and turbine rated power,
water depths shows to influence overall steel demand more significantly than turbine rated power.
Monopile modelling results, albeit being limited in number, suggest a linear increase of support
structure steel mass with respect to water depth. For jackets, modelling results suggest a second order
polynomial increase of jacket steel mass with respect to water depth. The general formula and turbine
specific parameters derived in section 3.4 can be used to determine an initial estimate of embedded
support structure mass in existing wind farms and help estimate the steel mass requirements of future
offshore wind farms that apply turbine sizes which are currently not yet in production. When
combined with Figure 24, an estimate of recyclable steel quantities available after decommissioning
can be obtained. An estimate of the GHG emissions that emerge in steelmaking are depicted in Table
4. Table 5 shows the GHG emissions that can be avoided if the OWT support structure steel is properly
recycled and the need for future BF-BOF steel is reduced.

4.1.1 Monopile modelling results compared to reference literature

It should be noted that some combinations of water depth and turbine rated power did not result in
viable monopile designs following the method applied in this research. This is for example the case for
monopile substructures for 10 MW turbines at 50 meters depth. In this research, the 10 MW turbine
was found to be viable in water depths up to 30 and 40 meter, depending on soil conditions. In
reference literature, attempts have been made to verify monopile designs for 10 MW rated power
turbines in water depth conditions of 50 meter. For example, Hermans & Peeringa (2016) show a basic
monopile and tower design in these environmental conditions but indicate that their design pushes
for the current maximum manufacturable capabilities. Furthermore, considering 15 MW OWTs, this
research finds no monopile designs within current manufacturing limits. Gaertner et al. (2020) do
include an initial monopile design for a 15 MW turbine at a water depth of 30 meter in their report. A
significant difference, however, can be found in environmental operating conditions, as Gaertner et
al. (2020) situate their OWT in an area with a much less energetic wave climate. This allows them to
reduce the support structure’s natural frequency to 0.13 Hz, where in the North Sea this would not be
possible. Taking this into account, it should be noted that the modelling approach and design
constraints applied might underestimate the viability of monopile designs for 8 and 10 MW turbines
in the water depth range between 30 and 50 meter. Within the scope of this research, the obtained
results provide a useful insight into the development of support structure steel demand, but should
not be interpreted as a study towards maximum viable monopile designs.
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Results provided by the model showed to be similar to reference literature and the mass error for
tower and monopile segments combined was found <10%. With respect to 20 MW turbines, no
monopile designs were found in analysed reference literature. Considering the goodness of fit for the
linear regressions, for 5 and 8 MW turbines an R? of 0.85 and 0.76 is found which means that the linear
regression fits the results reasonably well. For the 10 MW turbine R? is much lower and found as 0.43,
which is probably caused by the limited number of results and larger differences in mass values per
water depth. The standard error was found to be 179, 248 and 281 ton for the 5, 8 and 10 MW turbines
respectively which is approximately 10-15% of the mass of the monopile support structures assessed.

4.1.2 Jacket modelling results compared to reference literature

Considering validation of the jacket modelling results with reference literature, it is found that
significant variations occur. This can be largely attributed to the fact that environmental conditions
differ significantly for any given location and so also the mass of support structures. Therefore, the
dimensioning model was checked with parameters as suggested by Pontow et al. (2017) for two
jackets supporting a 10 and 20 MW OWT at 50 meters depth and by Sandal et al. (2018) for a jacket
supporting a 10 MW OWT at 50 meters depth. The combined jacket and TP masses provided by
Pontow et al. (2017) are 900-1100 tons and 1600-1700 tons for the 10 and 20 MW designs, whereas
the model presents 1660 tons and 2550 tons respectively. This suggests that the model overestimates
the mass of the jacket support structures, roughly 50% in both cases. From further analysis it is found
that the mass allocated to the jackets is similar to that provided by Pontow et al. (2017), but that the
mass allocated to the transition pieces is overestimated significantly at 100-150%. Similarly, Sandal et
al. (2018) provide a jacket and TP combined mass as 870 tons, which also indicates that the mass
estimation model derived in this research overestimates the cumulative jacket support structure
mass. This indicates that the transition piece design as suggested by Lee et al. (2017) are less suitable
for larger jacket structures. A more accurate jacket support structure mass estimate could be obtained
if the TP was modelled to be less massive. Alternatively the TP mass can be reduced by 50%. This
adjustment would decrease the model error towards an accuracy of approximately 30%. Support
structure mass estimates provided in this report are based on the unadjusted TP dimensions.

Considering the goodness of fit for the polynomial regression, an R? of 0.99 was found for the support
structure mass results of each reference turbine. This indicates that the polynomial regression fits the
results very well. The standard error was found to be in a range of 110-127 ton which is approximately
2-15% of the mass of the assessed jacket support structures, depending on the water depth at which
the support structure mass and standard error are compared.

4.1.3 Manufacturability and crane lifting constraints

With respect to manufacturing constraints, some combinations of turbine rated power, water depth
and soil conditions lead to large dimensions and turned out not to be manufacturable. For monopiles,
35 out of the 130 combinations of water depth, turbine size and soil conditions lead to manufacturable
designs. For jacket structures, 44 out of 170 combinations of water depth, turbine size and soil
conditions lead to designs surpassing manufacturing constraints. From the obtained results it was
found that jackets are able to support higher rated-power turbines to greater water depths.

Hermans & Peeringa (2016) describe an initial design for a 10 MW OWT supported on a monopile
substructure at 50 meters water depth, whereas the method applied in this research obtained viable
designs up to 30 meters depth. In the North Sea’s wave climate, which consists of relatively energetic
waves, monopiles are limited to more shallow water to avoid the occurrence of resonance between
environmental loads and the support structure. Hermans & Peeringa (2016) obtained their design for
an area with a less energetic wave climate. This allowed them to design a structure with lower natural
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frequency, reducing its overall dimensions and mass to be just within manufacturing constraints. The
modelling approach applied in this research provides more conservative monopile dimensions and
subsequent mass estimates, fitting to a more active wave climate as present in the North Sea.

Increased manufacturing capabilities could make designs possible that extend the water depth range
of the monopile typology. However, considering the high upfront steel requirements of this typology
in combination with the lower mass returns during decommissioning, this might not be preferable.
Instead, from a material demand and GHG emission perspective it is more favourable to push for
increased uptake of jacket support structures, especially considering the large number of turbines that
need to be installed to achieve the energy transition as envisioned by the European Commission
(2018).

Considering the crane lifting capacity constraint, a maximum value of 2500 tons is taken into account.
This is based on suggestions by Van de Brug (2019) and considers the installation vessels of Van Oord.
Van de Brug (2019) mentions that development of the crane lifting capacity of installation vessels
depends on demand. To illustrate this example, in 2002 crane lifting capacity was 230 tons, in 2014
this increased to 900 tons and by 2018 the crane lifting capacity reached 1600 tons. Vessels with 2500
ton crane lifting capacity can be expected to be operational by 2030. The crane lifting constraint
affects the number of viable monopile and jacket designs considered in this research. For monopiles,
the maximum lifting capacity was superseded most often, closely followed by the maximum diameter
constraint. Therefore, increasing the crane lifting capacity would not necessarily lead to an increase in
the number of viable monopile designs. For jackets, increasing the crane lifting capacity would allow
the construction of larger support structures and therefore increase the maximum depth at which
jacket designs could be considered. However, a more in-depth technical assessment focussed on
structural analysis would be required to confirm this statement as this research is solely based on
initial estimated dimensions.

4.1.4 Retrievable support structure mass for monopile and jacket structures

From the model results it becomes clear that jacket support structures have lower initial steel
requirements than monopile support structures. Furthermore, the ratio of retrievable steel mass at
end-of-life is significantly higher for jacket structures. Combined this indicates that for the jacket
support structure typology a lesser amount of steel is required to initially construct an OWT'’s support
structure and that relatively more steel can be recovered during decommissioning. Steel in itself is not
considered to be a critical material. However, some alloying elements that are present in steel for
offshore application, like vanadium, titanium, silicon and niobium are currently on the European list
of critical raw materials. Niobium is associated with the highest criticality within the EU, combining
the highest supply risk and economical dependency of these four critical materials (European
Commission, 2020c). Losses of these critical elements should therefore be avoided.

The concentration of niobium in support structure steel is approximately 0.022 wt% (Igwemezie et al.,
2019). For a 500 MW wind farm consisting of 8 MW turbines at a water depth of 40 meter, steel losses
for monopile and jacket support structures were found to be 62.000 ton and 28.000 ton respectively,
see Figure 25 in 3.4.5. The loss of niobium in this case amounts to 1350 ton for monopile structures
and 620 ton for jacket support structures. Considering that the global niobium production was 74.000
ton in 2019 (USGS, 2020), the importance of these losses becomes more apparent. Approximately 730
ton of niobium loss could be avoided by applying jacket structures over monopile structures, which is
almost 1% of annual global niobium production. At this water depth, 15 MW OWTs supported on
jacket structures showed to require the lowest amount of support structure steel. Steel loss in this
configuration would amount to approximately 16.000 ton. Associated niobium losses would be 350
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ton in this case, which is 75% less compared to a similar sized wind farm consisting of 8 MW monopile-
supported OWTs.

Considering the replaceability of niobium in the steel composition, niobium is specifically added to
steels for offshore application as it positively affects grain size formation and corrosion resistance. The
addition of niobium to a steel mix guarantees a sufficiently small grain size, especially for thick steel
plates. This smaller grain size is necessary for the level of crack and fatigue resistance required in this
type of structural application. A known substitute for niobium is titanium, but this is already present
in offshore steel and a critical raw material itself. For monopile support structures, very thick steel
plates are required which makes niobium hard to substitute. For jackets, the required plate thickness
is generally smaller which might reduce the need for alloying elements that facilitate small grain size
formation or allow for other steel types to be used. This can be interesting for future research. More
information about alloying elements and their effect on steel properties can be found in appendix A3
Steel composition and element criticality.

4.1.5 Discussion of the comparative scenario

A notable effect observed from the comparative scenario in 3.6, is that a configuration consisting of a
high number of medium capacity turbines in shallow water (€20 m) conditions results in the most
favourable steel requirements. In contrast, for deeper water conditions at 60 m water depth, a
configuration containing a lesser number of high capacity turbines results in the lowest steel
requirements. This suggests that an optimal configuration is affected by all three parameters, which
are water depth, number of turbines installed and turbine rated power. This opposes earlier findings
by Topham et al. (2019), who showed an increase of steel intensity per MW installed capacity for
higher rated power turbines under, assumingly, similar water depth conditions. The results presented
in Figure 25, however, suggest that this is not exclusively so. For the statement of Topham et al. (2019)
to hold true, the optimum configuration should favour the application of many 5 MW turbines over a
lesser number of higher power turbines. This is not the case, as for the three water depth conditions
assessed the favourable turbine rated power is consistently not the lowest rated power available. Even
more so, favourable turbine rated power increases as the water depth increases.

A practical implication of this finding considers currently installed wind farms that will soon reach end-
of-life and are to be replaced. In this situation, one can consider applying increased rated power
turbines with jacket support structures as this would minimize overall steel requirements and inherent
GHG emissions associated with the construction of the new wind farm. In some cases, steel that is
recovered during decommissioning of older turbines would already cover the steel need of a new wind
farm, significantly limiting the overall need for new iron and alloying elements required to produce
the offshore steel. In practice, the choice of turbine rated power depends on many considerations,
like for example the prevailing wind speed on site or the cost of individual turbines. Choosing a turbine
size close to the suggested configurations presented in Figure 25, however, can help to reduce the
steel intensity of any new wind farm.

The overall steel intensity per MW installed capacity increases rapidly for deeper water development
areas. Also, the variation in cumulative mass between the various turbine sizes increases for larger
water depths. For example, where at 20 meters depth the various jacket-supported turbines differ up
to approximately 20% in cumulative support structure mass, at 60 meters depth this difference
increases to almost 100%. This indicates that for increasing water depths, the choice of turbine rated
capacity and support structure typology rapidly gains importance. In the case that multiple developing
areas are available, choosing a site with more shallow water can significantly reduce the quantity of
steel required for the construction of the wind farm.
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It was found that no single turbine size is exclusively most beneficial for all water depths, but that the
configuration with minimal steel requirements is a combination of water depth, the number of
installed turbines and turbine rated power. Choosing a turbine rated power and support typology
similar to the suggestions in Figure 25 helps to reduce a wind farm’s steel intensity and inherent GHG
emission payback time.

4.1.6 Discussion of support structure GHG emissions

With respect to the emissions embedded in support structure steel, it is found that these are of
significantly lesser magnitude than the emissions avoided through an OWT’s electricity generation.
Emission payback time of the support structure steel was found to be in a range of months compared
to a design-lifetime of approximately 20 years. This means that all assessed OWTs placed in water
depths up to 70 meter generate electricity at lower GHG emissions than the current average kilowatt
of electricity produced within the EU. Due to the better performance of OWTs compared to traditional
fossil fuel based electricity, the absolute differences between monopile and jacket steel GHG
emissions may seem small. In contrast, the relative differences between monopiles and jackets are
quite significant, up to a 100% difference in favour of the jacket substructure typology.

For 5 MW monopile supported turbines situated at 20, 40 and 60 meter water depth, the share of
support structure steel emissions ranges between 32-50%. Similarly, for jackets this share ranges
between 21-37%. Overall, the application of jacket support structures reduces an OWT’s total climate
change potential with 15-20%. This shows the significance of a support structure’s contribution to the
overall climate change contribution of OWTs and stretches the importance of minimizing steel
requirements of these structures. It would be interesting to see how these contributions change for
the higher power turbines. For these turbines, no breakdown of climate change contribution per
component as presented by Bonou et al. (2016) was found in assessed literature. Given the large
assumptions required to create such a breakdown, this is not included in this report and suggested for
future research.

Given the relatively high share of EAFs in the EU’s steelmaking mix, the value derived for the GHG
emission indicator can appear to be low when compared with individual steelmaking companies or
other geographic regions than the EU. This should be taken into account if the modelling results of
this report are compared to GHG emission estimates for other regions. Within the region, the GHG
emission indicator value compares well to reference reports. For example, in a 2019 sustainability
report of a large steel manufacturer (U.S. Steel, 2019), a GHG emission indicator of 2.11 kg CO2-eq/t
steel is reported for BF-BOF processes. For this research, a value of 1.84 kg CO2-eq/t steel was derived
for this steelmaking process. The difference in emissions could be caused by the type and amount of
coal and cokes used, the iron content of the iron-ore and the amount of scrap fed to the melt.
Considering that the indicator used for this research is based on average statistics for EU steelmaking
plants, the difference of 15% is considered acceptable.

Considering the GHG emission indicator over time, its value could be reduced if alternative iron-ore
reduction technologies are implemented. A recent report by Roland Berger consultants (2020)
describes that significant financial investments are required to set-up large scale alternative primary
steel production methods, like for example hydrogen-based direct reduction, but that this is not
considered likely to happen before 2030. Therefore, the GHG emission indicator of 1.22 tCO2-eq/t
support structure steel can be considered constant up to 2030. Carbon capture and storage is
mentioned as an intermediate solution, as this can be reasonably easy integrated with existing
infrastructure. However, public acceptance, suitable storage locations and logistics slow the uptake of
this technical adaptation. The findings of Berger’s report are confirmed by steelmaking companies’
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sustainability reports. For example, U.S. Steel — a large steelmaking company responsible for
approximately 5% of the EU’s steel production — has recently committed to reduce the emission
intensity of their global footprint with 20% by 2030 (U.S. Steel, 2020). Of itself, this is a good
commitment. However, this is mainly achieved by increasing efficiency of current practices and by the
implementation of an additional EAF production facility. Considering alternatives for primary iron-ore
reduction, the report states that ‘there are currently no viable technological alternatives for the
reduction of iron ore’ (U.S. Steel, 2019, p39), that their engineers ‘are at the forefront of investigating
breakthroughs associated with circular carbon technologies and the use of hydrogen as a reductant’
and that as a company they ‘are prepared to invest and capitalize on the these developments’.
However, no concrete plans or targets with respect to primary iron-ore reduction after 2030 are given,
while this is the most emission intensive process. For U.S. Steel, the 2030 reduction of emission
intensity goal is achieved by upscaling secondary, scrap-based steel production and increased product
throughput.

Considering development after 2030, the Berger consultant’s report indicates that the European steel
industry is expected to present a strategy to achieve carbon neutrality by 2050 before the end of the
decade. Similar to U.S. Steel, Berger’s report refers to the introduction of hydrogen as a reductant. In
traditional BF-BOF steelmaking practices carbon is used as the reductant. In the future, carbon might
be exchanged with hydrogen which has two advantages. Firstly hydrogen can be produced from liquid
water via electrolysis, which uses electricity as its energy source. This electricity can be obtained from
renewable energy sources like offshore wind. Secondly, when applied as a reductant hydrogen is
converted back to water vapour in the steelmaking process. This severely reduces the GHG emission
intensity of the steel production process.

The implementation of hydrogen-based steelmaking will require the creation of a sufficiently large
hydrogen producing industry, hydrogen distribution infrastructure and the replacement of current
blast furnaces with hydrogen reduction furnaces. The rate-of-change required to achieve net-zero
steelmaking by 2050 will require a strong commitment by the steelmaking industry, hydrogen
production industry, policy makers and end-consumer. The feasibility of achieving these alternatives
by 2050 largely influences the value of the GHG emission indicator. For example, if by 2050 half of the
iron-ore would be processed using hydrogen rather than traditional cokes and coal, the emission
intensity of steelmaking would decrease from 1.22 tCO2-eq/t steel to approximately 0.71 tCO2-eq/t
steel. Similarly, if by 2050 all iron-ore would be processed using hydrogen, the emission intensity of
steelmaking would decrease to approximately 0.27 tCO2-eq/t steel. The emission intensity of
hydrogen reduced iron-ore in this example is 0.39 tCO2-eq/t steel and is derived using the following
assumptions:

1) Per ton of steel approximately 3.5 MWh electricity is consumed for the production of green
hydrogen and the efficiency of hydrogen production based on water electrolysis is within a
range of 60-80% (Kumar & Himabindu, 2019; Vogl, Ahman & Nilsson, 2018)

2) Green hydrogen is produced using renewable electricity sources at an emission intensity of 36
gC02-eq/MJ hydrogen (CertifHy, 2016).

3) The ratio between BF-BOF and EAF steel production remains 59.8% and 40.1% respectively.

4) Electricity used in EAF steel production is well reflected by the average EU electricity emission
intensity of 100 gCO2-eq/kWh by 2030 (European Environment Agency, 2020).

EAF steelmaking is a suitable technology for recycling steel, but is not suited for converting iron-ore.
EAF steelmaking relies on the availability of steel scrap. In EAF steelmaking, electricity is used to melt
steel scrap in which only limited chemical reactions occur, hence the emission intensity of EAF
steelmaking is much lower than that of BF-BOF steelmaking processes.
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4.1.7 Discussion of emission and energy payback time

Considering the emission payback time, it is found that as average emissions associated to electricity
generation decrease, the payback time increases. This increase is considered to become significant on
a short term. If average electricity emissions decrease as predicted by the European Environment
Agency (2020), environmental payback time can increase threefold by 2030. Current emission payback
time lies within a range of months, but this can increase to one or several years if the GHG emissions
of steelmaking do not decrease similar to that of average European electricity generation. A limitation
of the emission payback time indicator emerges when the GHG emissions of EU electricity become
zero, as the emission payback time would then become infinite. To avoid this, the emission intensity
of steelmaking processes should reduce in a similar rate as the emission intensity of electricity
generation. This signifies the importance for fast implementation of alternative low-emission
steelmaking processes. Especially considering the high steel intensity of the offshore wind energy
industry.

The energy payback time is found to be shorter than the emission payback time. This is due to the fact
that the energy invested in steelmaking is more emission intensive than an average kilowatt of
European electricity is. An advantage of the energy payback time is that, in contrast to the emission
payback time, the energy payback time does not change much as electricity generation is
decarbonized. The energy payback time, however, does not provide direct insight into the quantity of
GHG emissions associated with the production or consumption of the energy. Also, it does not take
into account in what form the energy is available, being chemically, electricity or heat. When assessed
alongside each other the indicators provide the most useful insight. As both the actual energy
requirements and the emission intensity of the energy used are then accounted for.

4.2 Limitations of the research

Considering the limitations of the research, it should be kept in mind that exclusively the OWT’s
support structures are assessed. Steel embedded in secondary infrastructure, like stairs and boat
landings, substations and their support structures, inter-array cables and export cables are not
included in the provided estimations. The overall contribution of these components to a wind farm’s
total steel requirements, however, are much smaller than the steel embedded in the OWT support
structures.

Next, this research contributes to overall insight into the development of offshore wind turbines with
higher rated power and increased water depth, but does not touch upon the development of critical
metals present in generator equipment. Insight into the resource needs of higher rated power turbine
NRAs and the effect of upscaling turbine rated power on their material demand can complement this
research.

Another important aspect to keep in mind is that the steel mass values derived in the modelling of this
research are based on design rules-of-thumb and not obtained from measurements. Individual cases
can deviate significantly from the obtained results depending on the environmental circumstances of
any specific project. The results do showcase the importance of a support structure’s typology on the
overall steel requirements of an offshore wind farm. As larger turbines and development zones
located in deeper water are exploited, data can be gathered to further improve or validate the model
and subsequent steel demand estimations.

Considering the OWTs annual energy production, the method applied in this research is used to
provide an estimate range of electricity production. Both the emission and energy payback time are
directly related to the annual energy production. A better annual energy production estimate can be
obtained if site specific wind conditions are combined with the power curve of each OWT. The method
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applied in this research fits the more general nature of the research aim, but should not be considered
to reflect wind farm conditions on a specific location. Furthermore, the estimation takes 5%
transmission losses into account, but does not consider inter and intra-array wake effects or repair
and maintenance downtime.

Next, the GHG emissions emerging throughout lifecycle stage 4-8 - being component manufacturing,
component transportation, turbine construction, turbine operation and decommissioning processes
— are not included in the modelling. The extraction and transport of iron-ore, cokes and coal — e.g.
lifecycle stage 1 and 2 — are also not included in the provided GHG emission estimates. Bonou et al.
(2016) show that for OWTs of 4-6 MW rated power, the GHG emissions emerging in these lifecycle
stages combine to approximately 22% of the total contribution to climate change compared to
approximately 70% spend on materials production. How these ratios will change for larger turbines
and support structures could not be determined from this research, but could be considered in future
studies.

With respect to the calculated GHG emissions, methane and nitrous gas emissions are excluded from
calculations following the guidelines presented by Lubetsky et al. (2006). These emissions, albeit of
lesser significance than the carbon-dioxide emissions emerging from steelmaking processes, might be
more relevant in the assessment of other environmental indicators than climate change potential. For
this research, the applied method is considered to sufficiently reflect the overall contribution of
support structure steelmaking in terms of their climate change potential.

The cost difference between jacket and monopile typologies has not been studied in this research.
Overall, jacket support structures align better with the European Commission’s goal of reducing GHG
emissions in power generating industries. Furthermore, lower steel losses inherently translate to
lower losses of critical raw materials that are used as alloying elements in steel for offshore
application. A cost-benefit analysis can help to determine the added value of reducing steel demand
and increasing steel recovery potential related to choosing jackets over monopile support structures
and compare this to any additional financial cost involved.

4.3 Future research suggestions

Future studies can be dedicated to how the steel mass requirements of floating turbines evolve
compared to that of bottom-fixed structures. Especially, to find out if there is a water depth at which
a tipping point occurs from which floating support structures become more material efficient than
bottom-fixed structures. Second, the support structure mass development formulas derived in this
research can be used to further study the use of critical raw materials in the offshore wind industry. A
mass flow analysis for niobium or titanium can be performed to gain more detailed understanding
into stock formation and critical raw material losses that emerge throughout the lifecycle of an OWT.
Next, a cost-benefit analysis can provide insight into the financial differences between monopile,
jacket and perhaps even floating support structures. Lastly, a study considering the resource needs of
higher rated power turbine NRAs and the effect of upscaling turbine rated power on their critical raw
material demand can complement this research.
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5. Conclusion

This research revolves around the development of support structure mass and associated GHG
emissions for bottom-fixed OWTs related to the trend of increasing turbine rated power and depth of
exploitation. To answer the main research question, two sub-questions were determined and two
additional questions were formulated in support of the first and second research sub-questions.
Combined these provide an answer to the main research question. In the following the sub-questions
will be answered. The main research question of this research was:

How do support structure steel demand and associated environmental impact evolve for offshore
wind turbines in the North Sea until 2050, following trends of exploitation at increasing water depth
and turbine rated power?

The first additional question considers support structure typologies available for wide-spread
implementation. The second additional question considers historical and future water depth of
exploitation and turbine rated power. The additional questions were formulated as follows:

1. Which bottom-fixed support structure technologies will be available for offshore wind turbines at
various water depths in the North Sea until 20507

2. How have water depth and rated power of wind turbines in the North Sea evolved over time and
what is expected until 20507

From literature analysis follows that for bottom-founded structures, monopile and jacket support
structures are currently most applied. This trend can be expected to continue in the following thirty
years. Monopiles are traditionally applied in water depths up to 35 meter, but are claimed to be
suitable up to 60 meters depth. Jackets are traditionally applied in water depth between 30-60 meter,
but considered economically viable up to 80 meters depth. Together, these two support structure
typologies make up for 90% of the installed number of turbines. The share of jacket structures can be
expected to increase as turbine rated power increases and deeper waters are exploited.

The average water depth has continuously increased up to this point in time, being 5-10 meters in the
1990’s and 33 meters in 2019. Available OWT development zones are found in three distinguishable
regions with varying water depth ranges. The first region, the Southern Bight, is characterised by a
water depth range of 20-50 meters. In the second region, the Central North Sea near the coast of
Denmark, water depth largely varies between 40-100 meters. The third region hosts the largest water
depths, with a minimum of 50 meters and up to 200 meters. Overall, the water depth in the North Sea
region can be said to vary between 20 and 200 meters. Development areas have so far been restricted
to areas with water depths up to 50 meters. However, given the plans to expand the North Sea wind
sector and high availability wind farm development areas in depths up to 100 meters, it can be
expected that the average and maximum depth of exploitation will continue to increase within this
range. Based on the availability of development sites it can be expected that the average water depth
of exploitation for bottom founded OWTs will develop to be in a range of 40-70 meters, as these are
the most commonly found water depths in region 1 and 2. The average turbine rated power has
increased over time, reaching 7.8 MW in 2019. Maximum turbine rated power also increases over
time, with the highest rated power turbine installed being 9.5 MW in 2019. Considering development
up to 2050, the maximum turbine rated power available for large scale implementation is expected to
increase to 20 MW rated power.

The first sub-question considers material requirements for support structures and reads as follows:

53



SQ1:How does the material demand for main support structure technologies change with increasing
water depth and rated power?

A support structure mass estimation model was created following design rules-of-thumb for both
monopile and jacket support structures. Ultimate, serviceable and fatigue limit state checks were not
included in the model, as the model is based on geometric estimations. Five reference turbines in a
range of 5-20 MW rated capacity were used in the model. Environmental parameters, like water
depth, wave height and soil conditions, were collected for three regions in the North Sea to account
for varying operating conditions. Wind conditions were found to be similar in the three regions.

Monopile support structure mass is found to increase following a linear relation between combined
monopile and tower mass and water depth. Applicable water depth range and parameters for the
linearization are shown below. A visual overview of the results can be found in Figure 16.

Water depth
P [MW] a b General formula range [m] R? / SE
5 32.3 462 M (d) 20-60 0.85[-] / 179 [t]
8 37.4 1028 support structure 20-50 0.76 [-] / 248 [t]
10 30.1 1742 =axd+b 20-40 0.43[-] / 281 [t]

In total, 35 feasible monopile designs are obtained for 5, 8 and 10 MW rated power turbines out of
the original 130 design combinations. For 5 MW turbines, all combinations of water depth and soil
conditions proved viable. For 8 and 10 MW turbines, soil conditions proved a dominant factor
influencing design viability, favouring medium-dense soil conditions. Monopile and tower support
structure mass for feasible designs are found to be in a range of 1120-2930 ton for NREL-5MW, LW-
8MW and DTU-10MW reference turbines at water depth of 20 to 60 meter. No viable combinations
supporting 15 and 20 MW designs are found using this dimensioning approach, as for each
combination of turbine size and water depth the maximum monopile mass constraint of 2500 ton is
superseded. Support structure mass that could be retrieved at end-of-life is found to be approximately
50-60% of the initial monopile and tower mass depending on water depth.

Jacket support structure mass is found to increase following a second order polynomial between
cumulative component mass and water depth. These components include the tower, transition piece,
jacket and foundation piles. Parameters for the polynomial regression are shown below. A visual
overview of the obtained results and regression can be found in Figure 20.

Turbine rated Water depth

power [MW] a b c General formula range [m] R? / SE
5 092 -204 735 20-70 0.99[-] / 110 [t]
8 094 -189 970 | ,, ) 20-70 0.99[-] / 115 [t]
10 096 -17.8 1118 Support structure 20-70 0.99[-] / 116 [t]
15 104 -178 1803 | —@*d”+bxd+c 20-70 0.99[] / 127 []
20 1.08 -11.6 2716 20-60 0.99[-] / 115 [t]

In total, 126 out of the original 170 design combinations resulted in jacket support structure designs
with dimensions within crane lifting constraints. The crane lifting constraint was violated for all jacket
designs in water depths larger than 70 meters. For the 20 MW turbine no design was found in water
depths larger than 60 meters. Cumulative jacket support structure typology mass for viable designs
are found to be in a range of 630-6480 ton steel. Support structure mass available for retrieval at end-
of-life is found to be in a range 75-95%, depending on turbine rated power and water depth.
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The lower steel intensity per electricity generating capacity and higher ratios of retrievable steel mass
for jacket structures can help reduce the loss of critical raw materials that are used for alloying
elements in offshore steel. Especially the loss of niobium is important to consider, as the EU heavily
relies on import for its supply. Niobium losses for a 500 MW wind farm are in the order of several
hundred tons, which is significant considering that global niobium production amounts to
approximately 74.000 tons per year.

The second sub-question considers the GHG emissions that emerge during the steelmaking process:

SQ2: What is the environmental impact in terms of climate change potential related to the steel
requirements of assessed OWT support structures and what is the environmental payback time?

An emission factor of 1.22 tCO2/t support structure steel is applied to convert the support structure
steel masses to emission quantities. The GHG emissions for monopile support structures vary between
1366-3569 ton CO2-eq per structure, depending on the combination of turbine rated power and water
depth. Taking recycling of the monopile support structure steel into account, a potential reduction in
climate change potential of 35-45% can be achieved. For jackets, the GHG emissions vary between
778-7095 ton CO2-eq per structure. Recycling of initial jacket structure steel at end-of-life can lead to
a 50-70% reduction in climate change potential.

The emission payback time for both monopile and jacket structures is found to be in a range of 2-14
months when compared to average electricity emission for the EU in 2019. All combination of water
depth and turbine rated power lead to emission payback times that are less than the turbine lifetime,
indicating that every assessed turbine is able to produce electricity at more favourable emissions than
the current average electricity produced in the EU. However, a reduction of the EU’s average
electricity emissions results in increased payback times. This can be as much as three times longer by
2030 compared 2019, if no alternative non-fossil steel production methods become available in this
period of time. A limitation of the emission payback time indicator emerges when average electricity
GHG emissions reduce to near zero. In this case, the emission payback time indicator becomes near
infinite and is no longer able to distinguish low-carbon investments from high-carbon investments.
This emphasizes the relation between steelmaking emission intensity and the emission intensity of
offshore wind electricity generation. Infinite emission payback times can be avoided if steelmaking
emissions reduce similarly to those of electricity generation. The energy payback time is not affected
by this phenomenon and proves to be a more stable indicator when electricity generation approaches
zero GHG emissions. The energy payback time indicator by itself, however, is less insightful in the
assessment of invested and avoided GHG emissions. When assessed in conjunction, the indicators
provide the most insight in the environmental payback time of offshore wind electricity generation.

The combination of water depth and turbine rated power with minimal emission payback time shifts
towards higher rated power turbines as water depth increases. At 20 meters depth, most favourable
combination is a wind farm consisting of 10 MW jacket supported OWTs. This results in an average
steel intensity of approximately 110 ton steel per MW installed capacity. For a wind farm situated at
40 and 60 meter water depth, the application of 15 and 20 MW turbines show to be most favourable.
The support structure steel intensity at 40 and 60 meters depth then are 190 and 290 ton steel per
MW installed capacity respectively.

Limitation of the research are that exclusively primary steel infrastructure is included in the
estimations and that only steel as a construction material is assessed. The support structure mass
estimates are based on initial dimensions, other design criteria like Ultimate Limit State (ULS) or Fatigue
Limit State (FLS) are not considered in this work. GHG emissions from steelmaking and recycling are
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included, but emissions emerging during extraction and transport of raw materials, component
manufacturing and transportation, turbine construction, operation and decommissioning processes
are not included.

In answer to the main research question, the choice of turbine, support structure and water depth all
influence the development of support structure steel requirements and associated GHG emissions.
Mass development for monopile support structures varies for each turbine size assessed and is
described by linear regressions. Mass development for jacket support structures also vary per turbine
rated power and are described by a second-order polynomial function. Initial required support
structure mass is lower and the steel recovery potential is higher for jacket support structures than
for monopile support structures. Considering the influence of water depth on the total climate change
potential of OWTs, for 5 MW OWTs it is found that the application of jacket structures reduces an
OWT’s total climate change potential with 15-20% compared to monopile structures. For 5 MW
turbines at 20 meters depth, the emission intensity of electricity generation is found to be 9.4 and 8.1
g CO2-eq/kWh for monopile and jacket founded OWTs. At this depth, the support structures
contribute 32% and 21% respectively to the OWT’s total climate change potential. At 60 meters depth
the emission intensity of electricity generation increases to 12.8 and 10.2 g CO2-eq/kWh for monopiles
and jackets respectively and the relative support structure share increases to be 50% and 37%.
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Al: Literature review process

As primary information source, a literature review is performed to get familiarized with the historical
trends and state-of-the-art of offshore wind power technology in academic literature. The primary
search engine used is Scopus, but in a later stage Google Scholar was used to find specific follow-up
references from in Scopus obtained articles. Besides academic literature, grey literature like annual
industry reports and policy documents were consulted. A concise description of the search method is
presented in the following paragraph.

First, focus was put on current trends within the offshore industry energy market covered in academic
articles. Therefore, keywords used were ‘offshore wind’, ‘energy’ and ‘trend’ but this lead to large
amount of articles (>4000) and the search had to be narrowed down. Multiple combinations of
keywords and limitations were tried and eventually the number of search results was narrowed down,
see Table 10. From these articles, follow-up references were obtained that link to special or annual
industry and policy reports. Much used examples of these are the ‘World Energy Outlook Special
Report’ (International Energy Agency, 2019), annual offshore wind trends and statistics in Europe
(Wind Europe, 2019; Wind Europe 2020) and ‘A clean planet for all’ (European Commission, 2018).

Table 10: Overview of keywords and search limitations used to obtain initial scientific articles considering trends in the
offshore industry.

Phase 1 (a)

Goal:

Familiarize with trends in European
offshore industry

Keywords and search limitations:

("offshore wind" AND ("turbines" OR "farm" OR "park")) AND
"renewable energy" AND TITLE-ABS( "trend" OR "evolution") AND
(LIMIT-TO(DOCTYPE, "re")) AND (LIMIT-TO(EXACTSRCTITLE,
"Renewable And Sustainable Energy Reviews"))

Title Author(s) Year Journal

Current trend in offshore wind energy | Igwemezie, V., 2019 Renewable and Sustainable
sector and material requirements for Mehmanparast, A. Energy Reviews

fatigue resistance improvement in and Kolios, A.
large wind turbine support structures
—Areview

Future emerging technologies in the

Watson, S., Moro, A. 2019 Renewable and Sustainable

wind power sector: A European & Reis, V. et al. Energy Reviews
perspective
Wind energy: Trends and enabling Kumar, Y., 2016 Renewable and Sustainable

technologies Ringenberg, J. &

Depuru, S. et al.

Energy Reviews

Key challenges and prospects for large | McKenna, R., 2016 Renewable and Sustainable
wind turbines Ostman, P. & Energy Reviews

Fichtner, W.
Trends of offshore wind projects Rodrigues, S., 2015 Renewable and Sustainable

Restrepo, C. &
Kontos, E. et al.

Energy Reviews

A review of combined wave and Pérez-Collazo, C., 2015 Renewable and Sustainable
offshore wind energy Greaves, D., & Energy Reviews
Iglesias, G.

The evolution of offshore wind power
in the united kingdom

Higgins, P. & Foley, A.

2014

Renewable and Sustainable
Energy Reviews
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It should be noted that the exit of the United Kingdom from the European Union presented some
challenges in the comparability of the statements made in consulted reports. Often, references in
shown statistics covered ‘Europe’ or ‘the European Union’ and it was left to the reader to interpret
these terms as EU28 or EU27 based on the date of publication. This, amongst reasons, contributed to
the decision to set the geographic boundaries of this thesis to the North Sea region rather than
political boundaries within continental Europe.

Academic literature was searched regarding technical components within offshore wind structures,
again initially using the Scopus search engine with follow-up through Google Scholar. Many results
were shown and a first scan based on title, followed by a second scan based on the articles’ summaries,
was performed. An overview of this is presented in Table 11. Main typologies were identified and,
when necessary, complementary searches were executed to add on the information obtained, to fill
in remaining gaps in the authors knowledge or clarify confusing definitions and statements found in
literature. Furthermore, detailed support structure designs were studied to get a feel for structure
dimensions and orders of magnitude. Much was learned from studying a series of reference design
reports created by the Danish Technical University (DTU, 2013) and the technical drawings they
included in their works. Also the step-by-step guide to monopile design provided by Arany,
Bhattacharya & MacDonald et al (2017) proved very useful. Lastly, study material provided in the
lectures of the ‘Offshore Wind Farm Design’ (OWFD) course is often referred to, as well as to personal
communication with the professors presenting this course.

Table 11: Overview of keywords used to obtain initial scientific articles considering support structures for OWTs.

Phase 1 (b) Keywords and search limitations:

Goal: Monopile OR Jacket AND offshore AND

Familiarize with technical components in European offshore material

industry AND design

Title Author(s) Year Journal / published in

Structural optimization based | Natarajan, A., Stolpe, M. & 2019 Ocean Engineering

design of jacket type sub- Njomo Wandji, W.

structures for 10 MW

offshore wind turbines

Dynamic design Jalbi, S., Nikitas, G. & 2019 Marine Structures

considerations for offshore Bhattacharya, S. et al.

wind turbine jackets

supported on multiple

foundations

Foundations of offshore wind | Wu, X., Hu, Y.;& Li, Y. et al. 2019 Renewable and

turbines: A review Sustainable Energy
Reviews

Conceptual jacket design by Sandal, K., Verbart, A. & 2018 Wind Energy

structural optimization Stolpe, M.

A review on recent Wang, X., Zeng, X. & Li, J. et al. | 2018 Energy Conversion and

advancements of Management

substructures for offshore

wind turbines

Design of monopiles for Arany, L., Bhattacharya, S. & 2017 Soil Dynamics and

offshore wind turbines in 10 MacDonald, J. et al. Earthquake Engineering

steps
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In later stages of the research, focus lies on the impact related to the construction material use of the
offshore wind sector in the North Sea with the aim of providing perspective for the interpretation of
model results and to express model results in terms of environmental impact, specifically climate
change potential. The latter to enhance comparability of the support structure with other OWT
components and/or other renewable energy technologies. The primary data source for this section is
again literature review and the aim is to find academic literature related to the global warming
potential of the types of construction steel used in OWT support structures. The primary search engine
used is Scopus and after that, when necessary, followed up with Google Scholar. Keywords like
‘material’ and ‘recovery’ where used in combination with ‘wind energy’ and ‘North Sea’. From the
articles obtained, references of useful information were analyzed and added to literature overview.
Most of the secondary articles that proved useful focus on life-cycle assessment specified to offshore
wind parks. An overview of the final configuration of keywords and the obtained articles are shown in
Table 12.

Table 12: Overview of keywords used to obtain initial scientific articles considering material use, material recovery and
climate change potential for OWT support structures.

Phase 3 Keywords and search limitations:

Goal: “wind energy” AND material AND (recovery OR recycling) AND
ErmliEiae v rusletal e 2 "North Sea" AND (LIMIT-TO(SUBJAREA, "ENGI") OR LIMIT-
recovery in European offshore TO(SUBJAREA, "ENER"))

industry

Title Author(s) Year Journal

A comprehensive review Itiki, R.; 2019 International Journal of
and proposed architecture Di Santo, S.G.; Electrical Power and
for offshore power system Itiki, C. et al. Energy Systems
Recycling offshore wind Topham, E.; 2019 Energy Policy

farms at decommissioning Mcmillan, D.;

stage Bradley, S. et al.

Raw metal needs and supply | Shammugam, S.; 2019 Journal of Cleaner
risks for the development of | Gervais, E.; Production

wind energy in Germany Schlegl, T. et al.

until 2050

Relevant articles obtained from analysing references used in above articles:

Life cycle assessment of Bonou, A.; 2016 Applied Energy
onshore and offshore wind Laurent, A.;

energy-from theory to Olsen, S.I. et al.

application

Application of hybrid life Wiedmann, T.O.; 2011 Environmental Science
cycle approaches to Suh, S.; and Technology
emerging energy Feng, K. et al.

technologies - The case of

wind power in the UK

Life cycle assessment of a Schleisner, L. 2000 Renewable Energy
wind farm and related

externalities
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A2: Background information wind industry

In this addendum, focus lies on obtaining a general impression of the current status of offshore wind
energy in the European Union and to provide some context and background information of the
social-technical system related to this emerging energy sector. Several key trends are highlighted,
like historical and future cumulative installed capacity, financial aspects, relevant companies and
institutions.

Historical growth of offshore wind power capacity in the North Sea

While initial development was confined to onshore boundaries, from the 1990’s a shift towards
offshore electricity production has taken place (Kumar, Ringenberg & Depuru et al., 2016). Rodrigues
et al. (2015) mention that since 1991 the offshore wind market has grown substantially, with installed
capacity annual growth rates of 52% on average, mostly in what can now be considered small projects
consisting of a handful of installed turbines. After initial proof of concept, projects became larger —
not only in the number of turbines installed, but also in the size of the turbines — with eight more wind
farms installed in 2001. Since 2001, the European offshore installed capacity has increased annually
by 36% and the 1 GW installed capacity benchmark was achieved in 2007 followed by the 3 GW
benchmark already in 2010 (Rodrigues et al., 2015). In 2017, more than 16 GW is readily installed of
which 5.8 GW in the UK alone (Ilgwemezie et al., 2019). At the end of 2019, 22.1 GW of installed
capacity has been realised, spread over 5047 turbines and 12 EU member states (Wind Europe, 2020).
Interesting to note is that, so far, 99% of the installed offshore capacity is confined to 5 member states,
namely —in order of magnitude — the United Kingdom (45%), Germany (34%), Denmark (8%), Belgium
(7%) and the Netherlands (5%).
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Figure 27: Annual offshore wind installations by country (left axis) and cumulative capacity (right axis) in GW. Image
obtained from Wind Europe (2020).

Future outlook for offshore wind power capacity in the North Sea

In 2018, the European Commission presented a report titled ‘A clean planet for all’ where the
commission hints to develop 240-450GW of offshore wind power by 2050 (European Commission,
2018). This range includes all maritime areas, not only the North Sea. Development of offshore wind
parks has so far been realised in, amongst others, the North, Baltic and Irish Seas, as these areas
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proved suitable and economically feasible to construct wind farms using current technology. However,
as technology is constantly advancing — especially keeping in mind that several floating wind turbines
have been successfully commissioned vastly increasing potential development area — future
development might not be limited to these seas. In 2015, 55% of European offshore wind capacity was
confined to the North Sea basin, compared to 25% and 15% for the Baltic and Irish sea respectively
(Rodrigues et al., 2015). In 2019, this has changed to 77%, 13% and 10% for the North, Baltic and Irish
Seas respectively, indicating an increasing number of installations in the North Sea (Wind Europe,
2020).

In the near future, stated policy targets for the EU member states — United Kingdom included —suggest
the aim to increase the total capacity of offshore wind power to 65-85 GW by 2030 and up to 130 GW
by 2040, see Figure 28 (International Energy Agency, 2020). An in November by the European
Commission released report further elaborates on the potential of offshore renewable energy for a
climate neutral future (European Commission, 2020). This is the European Commission’s — United
Kingdom no longer included — most recent conformation considering the aim to increase offshore
cumulative rated capacity to 60 GW by 2030 and 300 GW by 2050. The difference in cumulative
installed capacity between the 2018 and 2020 reports is due to the United Kingdom leaving the
European Union and not due to a change in future perspective.

Country Policy Capacity target Year set
United Kingdom UK Offshore Sector Deal Up to 30 GW by 2030 2019
Germany The Renewable Energies Act 15-20 GW by 2030 2017
Netherlands The Offshore Wind Energy Roadmap 11.5 GW by 2030 2017
Denmark Energy Agreement 5.3 GW by 2030 2019
Poland Draft National Energy and Climate Plan Up to 5 GW by 2030 2018
France Multi-Annual Energy Plan 4.7-5.2 GW by 2028 2019
Belgium Draft National Energy and Climate Plan 4 GW by 2030 2019
Ireland Climate Action Plan 2019 3.5 GW by 2030 2019
Italy Draft National Energy and Climate Plan 0.9 GW by 2030 2018

Figure 28: Stated policy targets for several EU member states and the United Kingdom (International Energy Agency, 2020).
These numbers are confirmed in a recent news article by Reuters, published November 6th this year, which was based on an
early insight into the NREPs of the EU member states.

Stated policy targets are significantly lower than the scenario presented in the Sustainable
Development Scenario (SDS) shown in Figure 29, which is 175 GW installed capacity by 2040, but
follow the same order of magnitude. Regardless, these scenarios show that it is likely for offshore wind
to heavily expand in the future and that it has an important role in achieving a sustainable energy
transition.

The North Sea Wind Power Hub (NSWPH) — a consortium of influential ports and electricity grid
managers — assume offshore wind power cumulative capacity to grow to 70-150GW by 2040 and
potentially even 180 GW by 2045 (NSWPH, 2019). The consortium indicate interest in creating several
hubs, acting as central platforms, that can assist in facilitating the infrastructure required to transfer
produced energy — either in the form of electricity or green hydrogen — to shore. This again indicates
rapid and substantial growth of offshore wind power in the North Sea region.
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Figure 29: Offshore wind energy capacity additions comparison between European Commission's Sustainable Development
Scenario and cumulative policies stated by individual member states for the EU28. Image adapted and retrieved from Wind
Europe (2020).

The future can by definition not be predicted, but the fact that multiple influential and powerful
institutions, companies and organisation assume this trend to develop does carry weight. For the
remainder of this report, the stated policy scenario at 70 GW and 130 GW will be used as an indication
of the cumulative installed capacity in the North Sea for 2030 and 2040 respectively. If by 2050 a total
installed capacity of 300GW could successfully be commissioned, and one would assume a similar
relative distribution of installed capacity for the European seas, a cumulative capacity of 165GW could
be allocated to the North Sea basin. This amount is obviously highly speculative, but would be of
similar order of magnitude as the NSWPH estimate of maximum 180 GW installed by 2045 and could
be used as a ballpark figure, to be used in further analysis.

Financial investments

Regarding overall financial investments up to this point in time, 2016 was the top year. Between 2012
and 2016 financial investments were rising almost exponentially. Then, in 2017, this trend was
interrupted. Both total investment and newly financed projects significantly reduced. The year 2018
showed increased financing of new capacity — almost comparable to record year 2016 — and total
investments increased. However, 2019 again showed a drop in newly financed offshore wind capacity
and total investment decreased towards the level of 2011-2013.
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Figure 30: Offshore wind investments and newly financed capacity for EU28. Image obtained from Wind Europe (2020).
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Moray East 73 2022 Netherlands
Hornsea 1 178 2022 Borssele I/ a3 2020
Hornsea 2 76 2022 Borssele 111/1V 62 2021
Neart na Gaoithe 1438 2023 Denmark
Cr. Beck A Dogger Bank 51 2024 Horns Rev 3 118 2020
Cr. Beck B Dogger Bank 54 2025 Kriegers Flak 57 2021
Dogger Bank Teeside A 54 2025 Vesterhav 73 2023
Seagreen 54 2025 Nord/Syd
Sofia 47 2026 France
Dunkirk 50 2026

Recent auctions in Europe sef the stage for a fall in cosfs for new projects
as the indusfry moves to deploy higher capacity turbines

Figure 31: Historical LCOE of offshore wind and strike prices in recent auction in Europe. Historical values correspond to
LCOEs including transmission. Estimation provided by IEA and based on IRENA (2019). Image adapted from International
Energy Association (2020).

Cost competitiveness of wind power

Good indicators of the performance of any energy producing industry are the levelized cost of energy
(LCOE) and the strike price. The definition of these to indicators is found as the following: “Strike price
is the €/MWh amount paid to an offshore wind generator, usually for a fixed length of time (e.g. 15
years in the UK), for each megawatt hour (MWh) of electricity produced. LCOE is the €/ MWh amount
the generator must earn for each megawatt hour produced over the full life of the assets, to cover its
capital and operating costs and its cost of capital” (Smart, 2016).
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So far, the main challenge for the offshore wind industry has been reducing the cost of electricity to
make the sector competitive with other energy generating industries. Many factors influence this, not
only technological developments but also market developments (monopolies) and the cost of capital.
Up to 2010, LCOE prices increased and reached a peak price of 190 €/MWh. This was mostly due to
the learning curve that the industry faced. The use of new bigger turbines, exploiting deeper waters,
design and installation mistakes and failures all contributed to this fact. In 2011, the Crown Estate — a
business created by the UK Act of Parliament — predicted that the LCOE of offshore wind would be
reduced to 115 €/MWh by 2020 (Lourens, 2019). In reality this LCOE level was reached much sooner
than predicted. This is showcased in Figure 31 by the Borssele 1&2 wind farm setting their LCOE to 87
€/MWh in 2016. The Dutch GROW consortium — a joined research and collaboration program
consisting of twenty leading companies and research institutes in offshore wind — dedicated
themselves to their motto ‘twenty for seven’ (Deltares, 2016). Their aim was to reduce the cost of
offshore electricity to 7 cents per kWh, or 70 €/MWh, by 2030. Again, this target was met much sooner
than predicted and was almost achieved by Borssele 3&4 in 2018. It should be noted that not all wind
parks obtain strike prices this low. The fact that the Borssele projects managed to drive down their
price this far is considered remarkable and is the result of, amongst other things, favorable interest
rates and environmental conditions and good collaboration between public and private parties
(Lourens, 2019). What it does show, is the potential for offshore wind to compete well with other
energy industries.

In the years to come a decrease in strike prices is expected to continue, leading to 64 €/MWh by 2020
and to drop further to 60 €/ MWh by 2025 (Wind Europe, 2019). In a report published by the
International Energy Association (IEA, 2020) this estimate is confirmed and shown in Figure 31 on page
71. It can be seen that strike prices continue to go down in the near future.

Actors in the EU’s offshore wind market

For the offshore wind industry, the most influential actors can be coarsely divided into turbine,
support structure & cable manufacturers, installation & shipping companies, owners & investors and
commissioners & policy makers. For each actor category, recent influential actors are depicted in Table
13 on page 73. Interesting to note is that the two largest turbine manufacturers — Siemens Gamesa
Renewable Energy and MHI Vestas Offshore Wind — dominate the European market with a combined
share 92% total installed capacity (Wind Europe, 2019). For support structures, Sif Group and EEW are
the largest monopile manufacturers. Lamprell and Navantia-Windar Consortium were the only two
manufacturers delivering jacket structures in 2019. In 2019, @rsted (16%) and RWE (12%) own the
largest shares of EU’s cumulative installed wind power capacity. @rsted (17%) and Global
Infrastructure Partners (17%) own the most relative shares of in 2019 added installations. Most
relevant policy makers are the EU’s individual member states bordering the North Sea and Baltic Sea.

Another set of actors — one frequently consulted regarding trends and data in this thesis, but not
displayed in Table 13 — are overarching organisations like Wind Europe and the International Energy
Agency. Even though the author is convinced these organisations depict figures and facts fairly and to
their best ability, they might have incentive to present their representative industry in an overall
positive manor. Despite this remark, the information presented by Wind Europe and the International
Energy agency has proven very useful and insightful during the creation of this research.
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Table 13: Overview of relevant actors per category.
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A3: Steel composition and elemental criticality

Steel is an alloy of iron and one or more alloying substances. Alloy management of the steel
composition takes place in the secondary steel production process. There are two main groups in steel
alloys, namely carbon steel and stainless steel, of which carbon steel is commonly used for, amongst
other things, construction purposes. Carbon steel is characterized by being almost pure iron, having a
carbon content of 0.1-2% and a few percent of other metallic elements like chromium, niobium,
vanadium, manganese and cobalt depending on the steel characteristics required (Yang, 2019). There
are over 5000 carbon steel alloys in use, which are mostly combinations of previously mentioned
alloying elements and the bulk metal iron.

When it comes to additives in steel alloys, very small quantities of elements can significantly change
the material’s properties. Material properties important for steel in general — and inherently for
offshore use — are yield strength, toughness, ductility, weldability and durability. All of these
characteristics in turn influence the financial cost of the steel. Favourable characteristics for steel in
offshore use are increased toughness to avoid brittle behaviour, increased ductility to avoid fatigue
cracking and good weldability to ease manufacturing (Igwemezie et al., 2019).

Table 14: Overview of material composition in percentages of weight for commonly applied steel in offshore applications. In
green: alloying elements enhancing wishful material properties. In dark red: tramp elements enhancing unwanted material
properties that cannot be removed from the steel mix. In light red: alloying/tramp elements enhancing either wanted or
unwanted material properties depending on required steel characteristics. These elements can be regulated. In blue:
dissolved elements related to organic compounds that can be regulated but become harmful at high concentrations.

Material composition in wt% of S355G10+M construction steel for offshore application

Fe C Mn Si \ Al Nb Ti Cr Ni Mo
975 0.06 157 0.27 0.001 0.15 0.022 0.003 0.006 0.33 0.006

For offshore wind, type $355G8+M, S355G10+M, S420G2+M and S460G2+M construction steels are
typically applied (Igwemezie et al., 2019). These steel grades have been specifically created to avoid
brittle behaviour in offshore use and applied in — amongst other components — pipelines, platforms
and OWT structures. For OWT support structures, S355 steel grades are most common, as the cost
increases unfavourably for higher steel strengths compared to the material saving they provide (Arany
et al., 2017). However, higher grades of steel can offer better structural performance — like strength
and buckling resistance —and so lead to lighter structures (Watson et al., 2017). Similarly, Shammugam
et al. (2019) mention that higher steel grades in the upper sections of jackets and other lattice type
structures can save up to 30% steel for specific components. An overview of the material composition
of S355G10+M is obtained from Igwemezie et al. (2019) and is shown in Table 14.

It can be seen that elemental iron forms the bulk of the steel, making up for 97% of the specific weight.
Several of the elements shown in Table 14 are purposefully added and called alloying elements, these
are shown in green. Alloying elements mainly enhance favourable material characteristics, but in turn
can negatively influence other characteristics. For example, elements like manganese, niobium and
vanadium are added to increase steel strength, but in turn negatively affect ductility, toughness and
weldability. Silicon metal is added to increase strength and hardness. Nickel can be added to increase
toughness, but too much makes the steel brittle. Other elements, like copper, tin and phosphorus are
not advantageous to have in the steel composition and are called tramp elements. These need be
minimized as much as economically possible as they have severe negative influence on steel
characteristics. For copper and tin, regulation of the allowable quantities is very important, as these
elements cannot be cost effectively removed from the steel mix. Consequentially, any copper or tin
that ends up in a steel mix can only be diluted by adding very pure iron but never removed (Yang,
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2019). Some elements, like chromium, nickel and molybdenum can either positively or negatively
influence material characteristics, depending on application needs, these are shown in light red in
Table 14.

It should be mentioned that besides the material composition, other manufacturing properties like
rolling technique also influence steel characteristics. A very influential effect on final steel properties
is the formation and size of steel grains in the cooling process of hot rolled steel alloys. The steel types
suggested for offshore use are all thermo-mechanically rolled, which can be seen by the +M attribute
in the steel grade notation. Alloying elements, like niobium, titanium and vanadium are added to
improve thermo-mechanically rolling properties. Specific effects of these materials are discussed in
following paragraphs.

Critical elements and materials

The increase in steel requirements for larger OWT support structures in combination with reducing
retrievable mass quantities the high number of alloying elements present in the steel composition
raises questions about the availability of required elements. The European Union has released several
lists of critical raw materials (CRMs), the latest of which was released this year in a report regarding
European supply resilience, see Table 15 (European Commission, 2020c). In the report, criticality is
defined as those raw materials that are most important economically and have a high supply risk.
Comparing with Table 14, it can be seen that — although in relatively small quantities — four elements
present in steel for offshore application are on the CRMs list. Of these, silicon metal (Si) has the highest
concentration in the steel composition at 0.27 wt%. The criticality of the CRMs becomes clear when
assessing their production location and associated EU import reliance, see Table 16. Of the four CRMs,
only silicon metal is partly produced within the EU but internal production does not cover
consumption so inherently supply relies for 63% on imports.
Table 15: Overview of critical raw materials for the EU in 2020. In red: elements present in the steel composition for

offshore application. In blue: raw material required in the blast furnace production process for primary steel making. This
list is obtained from the European Commission (2020c).

Critical Raw Materials list for the EU in 2020
Antimony Hafnium Phosphorus
Baryte Heavy REEs Scandium
Beryllium Light REEs Silicon metal
Bismuth Indium Tantalum
Borate Magnesium Tungsten
Cobalt Natural Graphite Vanadium
Coking Coal Natural Rubber Bauxite
Fluorspar Niobium Lithium
Gallium PGMs Titanium
Germanium Phosphate rock Strontium

Niobium is associated with the highest criticality within the EU, combining the highest supply risk and
economical dependency of the four CRMs (European Commission, 2020c). The majority of niobium —
75% of global consumption — is applied in steel alloys. Besides steel, niobium is used for high-tech
applications like the electronics, aerospace, automotive and defence industry and in health care.
Niobium is added to low-carbon steel alloys to increase yield strength and toughness as it positively
affects the grain size and formation in the cooling of hot rolled steel. However, much niobium is lost
through dilution of high strength steel scrap with lower quality steel scrap or trapped steel slags in
primary production (Globe Metal, 2020). Currently, no niobium recycling systems are in place, which
results in a recycling input rate of 0%.

75



Table 16: Production source and import reliance for the four CRMs present in S355G10+M steel for offshore structures.
Numbers shown are obtained from European Commission (2020c) and adjust for readability. No source country information
was available due to lack of trade data for titanium and vanadium, therefore the main global producers are shown. Hence,
for vanadium no import reliance could be determined. However, no vanadium is produced in the EU, therefore it can be
assumed that the import reliance is 100%.

CRM Source country for EU production Import reliance Recycling input rate
Niobium Brazil (85%)
Canada (13%)
Silicon metal Norway (30%)
France (20%)
China (11%) 63% 0%
Germany (6%)
Spain (6%)
Main global producer

100% 0%

Titanium China (45%)
Russia (22%) 100% 19%

Japan (22%)

Vanadi China (55%
e . (Afri;)a (22%) n-a. (100%) 2%
? 84% 44%

Russia (19%)

Silicon metal criticality is relatively low for a CRM, as it is associated with minor supply risks due to the
fact that is produced in the EU. However, European production does not fulfil consumption and in
combination with its economic importance the element is considered critical (European Commission,
2020c). Silicon metal is present in all steel types as it increases hardness and strength and functions
as a deoxidiser in the primary steel making process (American Welding Society, 2009). Its main
drawback is the effect it has on welding performance, as silicon concentrations >0.3% negatively affect
the steel’s surface layer and can lead to cracking. Best welding capabilities are achieved with silicon
concentrations at approximately 0.1%. The silicon concentration in S355G10+M steel is close to the
maximum of 0.3%, see Table 14. Silicon concentrations in other steel applications can be found up to
1%. In order to keep the silicon concentration below its maximum, it should be considered not to mix
steel scrap from OWT structures with steel scrap from other applications. Silicon metal dissolves in
iron and cannot be effectively removed from a solution. Reducing silicon metal concentrations in a
steel composition is only economically achieved by dilution with high purity iron (Yang, 2019).

The addition of titanium to steel has significant influence on the hardness and toughness of steel
alloys. Its main advantage comes from its limiting effect on the grain size in the cooling of the thermo-
mechanically rolled steel (EI-Faramawy, Ghali & Eissa, 2012). Titanium is added to the CRM list since
2020, where in 2017 the material was not considered critical. Weather this is due to increased
consumption or supply instability is not mentioned in the European Commission (2020c) report.
Titanium is used as an light-weight steel replacement in the aerospace and automotive industries, but
characterised by very low material efficiency, which can be as low as 20% (Takeda & Okabe, 2019).
Recycling systems for titanium are most developed considering the alloying elements under
assessment. However, recycled titanium mainly originates from titanium new scrap from the
aerospace industry and no examples were found where titanium is recovered from steel alloys or old
scrap. Recycling input rates in titanium making are 19% on average, see Table 14.

Vanadium is used in higher strength steel grades, as it increases hardenability — and therefore
positively influences tensile and yield strength — of thermo-mechanically rolled steels very effectively
(American Welding Society, 2009). This effect is so strong that for vanadium concentrations >0.05%
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the hardenability effects become disadvantageous and a steel alloy can become brittle. Roughly 85%
of globally produced vanadium is used in the steel industry which makes its economical importance
relatively high (Satyendra, 2020). Furthermore, it is not produced in the EU and — even though import
reliance could not be calculated through a lack of data — consumption is assumed to be fully reliant on
imports (European Commission, 2020c). Vanadium has been on and off CRM lists between 2011 and
2020, being on the list in 2011 and 2014, off the list in 2017 and then added again to the CRM list
published in 2020. Vanadium can be recovered from molten steel, even though its concentrations are
very low. Recovered vanadium can be recycled by recovering and adding it to varying steel alloys. This
is limitedly applied, which can be seen in Table 14 as the recycling input rate for Vanadium is only 2%
(European Commission, 2020c). Interestingly, an earlier report by the EC shows EOL-RIiR at 44%
contribution of vanadium recycling to meet EU demand of CRMs (European Commission, 2017). Given
that the former mentioned source is of later publishing date, this source is assumed to be correct.

From the above, it can be concluded that four critical materials — niobium, silicon metal, titanium and
vanadium — are present in the offshore structure steel, albeit in low relative quantities. Each metal is
added to the steel alloy for specific reasons, with the effect of enhancing tensile and yield strength,
toughness, ductility and weldability properties. Niobium is lost in steel recycling through dilution with
lower grade steel scraps and in the formation of slags. Oppositely, silicon cannot be effectively
removed from a steel alloy through which accumulation could take place. This can be harmful, as
silicon concentrations >0.3% can lead to crack formation during welding. Titanium is only recently
added to the CRM list and recycling systems for new scrap are available but these mainly focus on the
recycling of new scrap. Vanadium is only used in higher steel grades and very effective in very small
guantities. In contrast to the other CRMs, vanadium can be recovered from steel alloys so that its
concentration can be regulated. All CRMs are very much reliant on imports.

Based on the very specific and large effects of the CRMs even in low quantities, low replaceability, low
recycling input rates and large homogenous steel volumes in use for OWT structures, a recycling
system specifically for OWT structure steel could be considered. Generally steel is well recyclable, as
it is characterised by a recycling efficiency of >95% in EAFs (Yang, 2019). In BF-BOF processes,
impurities are removed from the molten iron through oxidation and slag forming, which can trap some
amount of the Iron resulting in losses. For BFs, Iron content in the slag is quite low at approximately
0.5 wt%, but for every ton of molten iron produced 200-300 kg of slag is created. Combined, this leads
to an Iron passing efficiency of >99%. Converter slag contains a much higher Iron content, at 16-18
wt% with 100-150 kg of slag produced per ton steel. The BF-BOF combined iron passing efficiency is
similar to that of EAFs, at >95%.

These high recycling efficiencies hold true for the bulk Iron fraction in the steel composition, but not
for the specific alloying metals required for the steel to be of sufficient grade for offshore use. The
purpose of such a system would be to retain CRMs in the steel alloy as much as possible through
remelting using electric arc furnaces. When OWT support structure steel scrap is recycled in blast
furnaces or converters it is likely that the many CRMs are lost. Quick assessment of an Ellingham
diagram suggests that elemental Ti, Nb, Zn, Al, Cr, Si, Mn, P and S will be lost due to oxidation and
removed from the steel melt through slag formation. Other elements like Cu, Ni and Sn do not oxidise
and remain in the steel melt, potentially adding to the accumulation of tramp elements. Dilution with
other metal grades and the loss of niobium in slags would require relying on continuous imports to
sustain European high grade steel production for OWT support structures. No comment regarding
financial feasibility of such a system can yet be made. Further insight would be required into minimal
throughput and the effect of transportation distances on recycling cost compared to the cost of
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conventional recycling practices. Considering CRMs, three end-of-life recycling scenarios can be
considered, in increasing order of CRM retainment:

e No physical separation of coating, paints and marine growth. Structures are recycled, but
scrap quality is low. It needs to be recycled in traditional BF-BOF processes to remove
impurities. Alloying elements are lost in BF and/or BOF slag or off-gasses.

e Physical separation of coating, paints and marine growth. Structures are recycled and
homogeneous high quality scrap is obtained. This is then recycled by traditional EAF
recycling processes.

e  Physical separation of coating, paints and marine growth. Structures are recycled and
homogeneous high quality scrap is recycled in a separate EAF recycling process.
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A4: Steelmaking and the steel recycling process

In steel production there are two main processes. The first process is called the primary steel
production process and takes place in blast and basic oxygen furnaces (BF-BOFs) or in electric arc
furnaces (EAFs). In the former, iron ore is converted to pig iron in a blast furnace. Here, high
temperatures are required to oxidize the iron ore, oxidize harmful impurities — like sulphur and
phosphorus — from the iron melt and to reduce the carbon content to roughly 4% (Yang, 2019). This
part of the steel making process is very energy intensive and mainly uses cokes obtained from coal as
energy source. Next, pig iron and steel scrap are mixed and treated in a basic oxygen furnace — or
converter, see Figure 32 — to further reduce the carbon content to 0.1-2.0% and remove remaining
impurities from the ore or added steal scrap. In the converter steel scrap is added as a coolant, as the
exothermic reactions taking place in the steel converter release more heat than is necessary in this
step. The added scrap content in primary BF-BOF production processes is commonly 20-30%
(Bjorkman & Sandelsson, 2014).The EAF process uses only steel scrap as feed for an electric arc
furnace. The steel is heated to above melting point using electricity, allowing mixing a limited amount
of impurities to be removed. Steel recycling is integrated in the primary production of steel making.

Metal integrated steel works plant

Sinter plant Vacuum

Process gas plant
I

Converter Ladle
furnace

Blast
furnace

Iron ore

Coking plant
. Gas ,
Coal -_E Il Coke S,
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] ‘ 2 Slab furnace Hot rolling mill Surface finishing
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Figure 32: Process overview of primary and secondary steel production processes. This image is retrieved from:
https://www.endress.com/en/industry-expertise/mining-minerals-metals/Cost-efficient-steel-production

Secondary steel making takes place in a ladle furnace. Here, molten steel from either the blast furnace
route and/or electric arc furnace route is refined to its final composition. The final steel composition
depends on the steel characteristics required for the final product and can be influenced by adding
alloying elements. Next, the steel is casted into slabs, which are then further processed using cold or
hot milling techniques to obtain plates, sheets or coils. As a final step, the steel surface is commonly
coated in either zinc, nickel or chromium to decrease weathering of the embedded iron. An overview
of process steps in steel making is shown in Figure 32.
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Considering production capacity, the EU is the second largest steel producer in the world at roughly
10% of global production in 2018. Globally, steel is the most produced metal with an annual
production of 1808 million (10°) ton in 2018 (World Steel Association, 2019). European production in
the same year was 168 million ton. European steel production is characterised by the high use of
electric arc furnaces in primary steel production at 40% of total production, compared to 25% globally.
An advantage of this production method is that it consumes electricity instead of cokes as its energy
source. A disadvantage is that it solely uses steel scrap as feedstock, as it is not possible to convert
iron ore into pig iron using electric arc furnaces (Yang, 2019). Within the EU28, the largest steel
producers are Germany (25%), Italy (15%), France (9%), Spain (9%) and Poland (6&), based on 2018
production data (EuroFer, 2019).
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A5: Technical design and modelling details

A final substructure design is the product of many design iterations. In each step, more information is
considered in the design, decreasing uncertainty and adding to the level of detail and complexity.
Environmental conditions, like wind regime, water depth, waves, currents, tides and especially the soil
composition play a major role the design of OWTs. Hence, in practice for each wind turbine a specific
design is made. For the purpose of this research, this is not feasible due to the amount of work, time
and expertise required. To reduce the number of computations, environmental conditions near
available development zones are characterised.

In this appendix, the development of a mass estimation tool is elaborated. The tool aims to estimate
the steel demand for offshore wind turbine monopile and jacket support structures using change in
water depth and turbine rated power as the main research parameters. A classification of the North
Sea is made based on available development zones and environmental conditions. The sub-question
related to this and the following three sections is as follows:

5Q3: How does the material demand for main support structure technologies change with
increasing water depth and rated power?

OWT development zones

As can be seen in Figure 4 and 13, areas available for future wind turbine development are numerous
in the North Sea basin. The North Sea can be coarsely divided into three regions, namely the Southern
Bight, the Central North Sea and the Northern North Sea. The development areas available in each of
these regions are separately assessed, in order to distinguish varying environmental conditions that
are characteristic for each region. That varying conditions apply for these regions will become clear in
the following paragraphs. Main variations can be seen in water depth and wave climate.

Classification of regions

The first region is selected as the development zones in the Southern Bight, being the bottom four
regions between the coasts of France, Belgium, the Netherlands and the UK plus the Dogger Bank, see
Figure 13. The second region is selected as the five development zones West of the Danish and South
of the Norwegian coasts. The third region is selected as the development areas along the northern
coast of the UK.

Water depth

An important parameter in the support structure design is the water depth at which a turbine is aimed
to be build. It influences construction material requirements, suitability of support structure typology
and cost of the support structure. In this research, water depth is a leading research parameter and is
used to determine the interface height. Bathymetry is the visualisation of water depth for a given
region. The bathymetry for the North Sea basin is shown in combination with available development
zones in Figure 13 and a more detailed version of currently known development areas can be found
in Figure 4.

For Region 1, water depths vary between 20 and 50 meter. For Region 2, water depths vary between
20 and 80 meter. For Region 3, water depth varies between 50 and 200 meter. However, bottom fixed
designs are currently considered up to 80 meter depth, after which floating design are considered to
become more economical (Wang et al., 2018; Perez-Collazo, 2018). Taking potential technological
advancements into account, the water depth for bottom-fixed structures will be assessed up to 100
meter if water depths >80 meter are present in a region.
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Extreme and significant wave height

The significant and extreme wave height are sea state parameters used to describe waves that could
occur given specific return period, often set to 10, 50 or 100 years. The return period does not indicate
that a wave will not be encountered again after a single occurrence in that time, but is used a statistic
indicator. For example, the one year significant wave height is defined as that significant wave height
one would encounter ten times in a reference period of ten years, regardless of the time in between
encounters. Similarly, the 100 year significant wave height would only be encountered 0.1 time in a
reference period of ten years (Holthuijsen, 2009).

Wave height is important in the design process as it determines the water level to which waves affects
a support structure. Wave height is, to a degree, correlated with water depth hence the terms ‘shallow
water’ and ‘deep water’ are introduced. Deep water is where waves do not interact with the sea floor
and the full cyclic movement of water particles is allowed. In shallow water, the water depth is not
sufficient to allow full cyclic movement, which results in waves to get more steep and to eventually
break and dissipate their embedded energy (Holthuijsen, 2009). The significant wave height is defined
as the average wave height of the 1/3 largest waves in a data set and is a common parameter for
offshore design. The extreme wave height shows the largest waves expected to occur given a
reference period. In practice, significant and extreme wave height are found through long time series
of measurements, but this falls out of scope for this research (DNVGL-ST-0437, 2016). Instead, the
latter of the mathematical relations between the significant and extreme wave height suggested by
Arany et al. (2017) is used and as follows:

Hppax = Hg % 1/0.5 xIn(N) =~ 1.87 * H;

, where Hmax is the extreme wave height, H; is the significant wave height and N is the number of waves
measured in a three hour wave record. Hmax are taken as the 1:100 year RPV extreme wave heights
obtained from the Meteorological Service of New Zealand which are — combined with available
development zones — shown in Figure 4. In practice, the use of 1:50 year RPV extreme wave heights is
more common, but were unavailable. Hence, the slightly more conservative 1:100 year RPV values are
used.

The wave period associated with extreme wave heights is found through the following formula:

max max

g

11.1 %

<T <143

, Where g is the gravitational constant at 9.81 m/s? and T is the wave period in seconds. From Arany et
al. (2017, pg26) it is concluded that “the most severe wave loads are produced by the lowest wave
period, and the dynamic amplification is also highest since the frequency is closest to the natural
frequency of the structure”. Therefore, the peak wave period (Tmax, peak) and peak wave frequency (fmax,
peak) fOr extreme waves are taken taken as:

1

max
Tmax, peak = 11.1 = , fmax, peak = T
g max, peak

The same formulas are applied for the calculation of the significant wave period (Ts) and frequency (fs,
peak), Where Hmax is replaced with Hs and Tmax, peak With Ts, peak.- The peak wave frequencies are required
as inputs for the JONSWAP spectrum, which is elaborated in a later paragraph within this appendix.
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Extreme and significant wave height per region

To limit the overall number of computations, the extreme wave height is specified for water depths
of 20-40 meter, 50-70 meter and 80-100 meter areas. For Region 1, the extreme wave height varies
between 6 meter in the English Channel and 10 meter in the northern Dogger Bank area. Extreme
wave height for 20-40 meter water depth in the total region is set to 9 meter, representing more
shallow areas in the English Channel. Extreme wave height at water depth of 50-70 meter is set to 10
meter representing the northern Dogger Bank area. For Region 2, extreme wave height varies
between 8 meter near the Danish coast and 12 meter south of the Norwegian coast. Extreme wave
height for water depths of 20-40 meter is set to 10 meter, to represent conditions near the Danish
coast. For 50-70 meter depth areas the extreme wave height is set to 11 meter. For areas at 80-100
meter depth, extreme wave height is taken as 12 meter. For Region 3, extreme wave height varies
between 8-11 meter east of the UKand 12-16 meter in the north-west. The range of the extreme wave
height values for this region is substantial and in ideal conditions the region would be specified further
to minimize the difference, but due to available time this is considered out of scope. No areas are
present at 20-40 meter depth. For areas of 50-70 meter depth an extreme wave height of 13 meter is
taken, for 80-100 meter depth this is set to 16 meter. An overview of the extreme and significant wave
heights and their associated peak wave periods can be found in Table 17 and Table 18.

Table 17: Extreme wave height in meter and associated peak wave period in seconds for the three assessed regions in the

North Sea. Associated peak frequency [-] are shown between brackets.

Region 1 Region 2 Region 3
Water depth [m] Hmax [m] Tmax,peak [S] Hmax [m] Tmax,peak [S] Hmax [m] Tmax,peak [S]
20 10.6 11.2
30 9.0 (0.094) 0.0 (0.089) na na
40
=0 11.2 11.8 12.8
10. ) 11. ) 13. )
38 0:0 (0.089) O (0.085) 30 0078)
go 12.3 14.2
.a. .a. 12. ) 16. )
19000 n.a n.a 0 (0.081) 6.0 (0.070)

Table 18: Significant wave height in meter and associated peak wave period in seconds for the three assessed regions in the

North Sea. Associated peak frequencies [-] are shown between brackets.

Region 1 Region 2 Region 3

Water depth [m] Hs [m] Ts,peak [S] Hs [m] Ts,peak [S] Hs [m] Ts,peak [S]

20 7.8 8.2

30 4.8 (0.128) 5.4 (0.122) n.a. n.a.

40

>0 8.2 8.6 9.4

o0 >4 (0.122) >-9 (0.116) 7:0 (0.106)

70

80 9.0 10.4

90 n.a. n.a. 6.5 (0.111) 8.6 (0.096)

100
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As a validation to the wave heights and periods literature was assessed. A study regarding potential
wave energy exploitation in the North Sea was conducted by Beels et al. (2007). In this study,
characteristic sea states were formulated for 34 locations in the North Sea basin, using various
measurement stations and time series ranging from 1979 to 2005. In their paper, characteristic sea
states were formulated for Belgium, the Netherlands, Germany, Denmark, Norway and the United
Kingdom. Significant wave height data and energy period data were collected for varying sea states
and show significant variation for the various countries. The Belgium, Dutch, Danish and German
continental shelfs show significant wave heights in the order of magnitude of one to five meters for
water depths up to 40 meter, whereas the significant wave height in Norway reaches up to almost 10
meter. The wave period associated with these wave climates range between four and ten seconds and
fall in a frequency range of 0.07 to 0.17 Hz. The wave heights and periods indicated by Beels et al.
(2007) compare well with values chosen for Region 1,2 and 3.

Wave frequency domain and the JONSWAP spectrum

Sea states are hard to model, but several modelling attempts have been made and are currently used
in practice. Two examples of these models are the Pierson-Moskovitz and JONSWAP models
(Holthuijsen, 2009). These models aim to describe a sea state, in particular the spectral occurring wave
height and frequency, for a given wind speed and fetch. The Pierson-Moskovitz spectrum was created
to give insight into sea states and is useful for offshore design by being able to determine spectral
density, and with that wave height and frequency, for a fully developed sea. However, wind turbines
are often built in areas characterized by young sea states, e.g. where the sea has not fully developed.
The JONSWAP spectrum provides insight into younger sea states, which better describes North Sea
wave conditions, and will be used to determine the frequency domain required for alter design steps.
The JONSWAP spectrum shows the spectral energy per wave frequency of a given sea state. Fetch is
the length of open water where wind can interact with the water surface, leading to the formation of
waves (Holthuijsen, 2009).

The JONSWAP spectral energy density is described by the following formula:

* 2 —4
S(f) = g *f‘s*exp[—E*( f ) ‘*yb, with:

16 * 4 4 \fpeak

2
b= 1 ( f > _{O-lforfsfpeak
=exp|l—5—=|\7/——"1) | o=
2x0 fpeak % fOTf > fpeak
, where S(f) is the spectral density in [m%/Hz], a is a dimensionless energy scale, g is the gravitational
constant, f,eak is the peak wave frequency, y is a dimensionless peak enhancement factor that
distinguishes the JONSWAP spectral curve from the Pierson-Moskovitz spectral curve and ¢ are

dimensionless peak-width parameters. Commonly applied values for these parameters reflecting the
North Sea are suggested by Holthuijsen (2009), namely:

m
a=02044[-], g=0981 [5_2] y=33[=], o, = 007[-], a,=009][-]

The JONSWAP spectral analysis assumes fetch limited deep water conditions, which are assumed to
apply for OWT development areas. This, in reality, might not always be the case. However, the effect
of shallow water conditions are left out of scope in this research.
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Figure 34: Energy variance density compiled with the JONSWAP spectrum curve for Region 1, based on prior discussed peak
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wave frequencies. In blue, spectral density of extreme waves. In grey, spectral density of significant waves.
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Figure 35: Energy variance density compiled with the JONSWAP spectrum curve for Region 2, based on prior discussed peak

wave frequencies. In blue, spectral density of extreme waves. In grey, spectral density of significant waves.
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JONSWAP spectrum for Region 3
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Figure 36: Energy variance density compiled with the JONSWAP spectrum curve for Region 3, based on prior discussed peak
wave frequencies. In blue, spectral density of extreme waves. In grey, spectral density of significant waves

From Figure 34, Figure 35 and Figure 36 it can be seen that the wave energy associated with extreme
waves is much higher than those of the significant waves, as wave energy increases exponentially with
wave height (Holthuijsen, 2009). The highest energy waves are observed in lower frequencies, as was
previously discussed and stated by Arany et al. (2017).

Currents

The currents in the North Sea are predominantly caused by the horizontal movement of water related
to tidal waves. In contrast to wind waves which are characterized by wave periods of 1-30 seconds,
tidal waves are characterized by a higher wave period in the order of magnitude of 12 to 24 hours.
Tidal range in the North Sea varies per location but occur within a range of 0-4 meter in the Central
and Northern North Sea, see Figure 37 on page 88. In the Southern Bight tidal ranges of 3-5 meter can
be observed due to a funnelling effect, where large masses of water are pushed through the relatively
narrow English Channel. Amphidromic points — where the tidal range is close to zero — are located
West of Denmark and West of the Netherlands. Hence, for Region 1, 2 and 3, tidal variations are set
to +4 meter, +2 meter and +3 meter respectively.

Soils

The soil on the construction site is very important to determine a turbine design, as it needs to provide
balance the external forces applied on the wind turbine to guarantee structural stability. Even within
the area of a wind farm, soil conditions can vary greatly (Lourens, 2019b). The soil composition
influences turbine design, as it determines the foundation depth required. In densely packed sandy
soils the penetration depth is more limited, less densely packed sand layers or clay layers require
increased foundation depths. In the North Sea region many soil types occur and in practice detailed
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soil investigation is required to determine the specific soil composition for each wind turbine installed
(Lourens, 2019b). An overview of soil compositions in the North Sea can be found in Figure 38 on the
next page. In this research, distinction is made between two soil types, namely loose-medium packed
sandy soils and medium-dense packed sandy soils. The two soil types are present in all three regions.
Clay soils are kept out of scope, as these are known to be susceptible to creep when exposed to long
term loading (Lourens, 2019b). Hence clay soils are considered less favourable for OWT foundations.
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Figure 37: Differences in tidal ranges and the levels of high and low tides in the North Sea. Amphidromic points shown as
grey dots. Inset in left bottom corner: Mean High Water, Mean Low Water and tidal range in centimetre of six locations
along the Dutch coast compared to average water depth at NAP. This image is obtained from Vos (2015).

Concluding remarks

An overview of environmental conditions for available OWT development zones is created. The North
Sea is coarsely divided into three regions, characterised by varying environmental parameters. Various
parameters of influence, like wave height, peak wave period, peak wave frequency are introduced.
The soil composition is elaborated and a distinction is made between two soil types, namely loose-
medium packed sandy soils and medium-dense packed sandy soils. Relevant environmental
parameters are specified for the three regions under assessment.
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Figure 38: Image obtained from Alfred Wegener Institute (2009)
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MONOPILE DIMENSIONING AND MASS ESTIMATION

With the environmental parameters for each region priorly obtained, the initial geometry of the
support structures for various turbine and site combinations can estimated. First, the hub and
interface height will be determined for each combination. Then monopile and tower dimensions
follow from an iterative natural frequency assessment, followed by associated masses estimates.

Reference turbine parameters

Several turbine parameters are required to estimate dimensions of the support structures, like hub
height, interface height and NRA mass. In the following paragraphs these are elaborated for five
reference turbines. Reference turbines are created by researchers and developers, to provide insight
into characteristics of future OWTs, see section ‘Development of rated power until 2050’ on page 23.
The reference turbines under assessment and their respected sources are shown in Table 19.

Hub height

The hub height for each turbine is shown in Table 19. The hub height is defined for each turbine
brought to market and determined by its manufacturer. The hub height is the height level where the
nacelle connects to the tower of the support structure. In general, a higher rated capacity correlates
with a larger hub height.

Table 19: Hub height and nacelle-rotor-assembly mass for the reference turbine models under assessment.

Turbine model Hub height [m]  Mngra [t] Source
NREL-5MW-ref 90 350 Jonkman et al. (2009)
LW-8MW-ref 110 480 Desmond et al. (2016)
DTU-10MW-ref 119 677 Bak et al. (2013)
IEA-15MW-ref 150 1017 Gaertner et al. (2020)
[EA-20MW-ref 168 1730 Jensen et al. (2017)

Interface height

The interface level is where the tower of the OWT support structure connects with the substructure.
It is defined as the height that water will not reach considering extreme waves, tidal range, storm
surge and soil settlement in a given reference period. The formula describing the interface height is
as follows:

Zinterface = MSL + 1/2 AZtide + AZsurge t Zair gap + Z*' with
LAT = MSL — 1/, Az;4, = HAT — Aziq,

, Where LAT is the lower astronomical tide, Aziige is the tidal difference, Azsurge is the storm surge, Azgap
is the air gap above the wave crest and T* is the highest wave elevation above the still water level, all
expressed in meters height. The interface height can be expressed relative to low (LAT), mean (MSL)
and high astronomical tide (HAT). The storm surge can be positive or negative depending on the wind
direction and bathymetry. The storm surge is assumed to be +1.5/-0.5 m for all regions, as suggested
by Hoving (2017, slide 37). The wave crest height is calculated as 0.65 times the highest expected wave
height, e.g. the 1:100 year extreme wave height. Figure 39 presents a visual overview of the
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components that influence the interface height. An overview of parameters for each region is shown
in Table 20. Region specific interface height per water depth is shown in Table 21.

Figure 39 (right): Visual representation of the Interface Interface level = ) :
level and the components of influence. Retrieved from Highest crest — 9’ Azq;
Lourens (2019b, slide 37). elevation
g"‘
Max. 50-yr level —— = : 02,5,
MSL : AZiige
LAT
Table 20 (below): Region specific environmental
parameters used to determine the interface
height at various water depths.
Water Region 1 Region 2 Region 3
depth AZiige AZsurge AZgap Z* AZijge Azsurge AZgap Z* AZiige AZsurge AZgap Z*
Ml fm]  [m]  [ml [m] |[m] [m] [m] [m] |[[m] [m] [m] [m]
20
30 +4.0 +1.5 1.5 5.9 +2.0 +1.5 1.5 6.5 n.a.
40
50
60 +4.0 +1.5 1.5 6.5 +2.0 +1.5 1.5 7.2 +3.0 +1.5 1.5 8.5
70
80
90 n.a. +2.0 +1.5 1.5 7.8 +3.0 +1.5 1.5 10.4
100

Table 21: Interface height for the varying water levels specified for each region.

Water Interface height [m]

depth (relative to sea floor)

[m] Region 1 Region 2 Region 3
20 329 31.5
30 42.9 41.5
40 52.9 51.5
50 63.5 62.2 64.5
60 72.2 74.5
70 82.2 84.5
80 92.8 96.4
90 106.4
100 116.4
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Rotational and blade passing frequencies

The rotor speed range of a wind turbine is specific for each wind turbine model. At relatively low wind
speeds, the turbine rotors are so called torque driven. This means that the rotor torque generated by
the wind is the limiting factor for the rotation speed and thus the energy captured and converted
(Jarquin Laguna, 2019). At the rated wind speed, the turbine produces its rated power. At wind speeds
higher than the rated wind speed, the turbines are so called pitch driven. This means that through
adjusting the yaw and pitch of the blades, the rotor speed is kept constant. From this point, the turbine
will generated a constant power output until the cut-out — or maximum operating — wind speed. When
wind speeds exceed the cut-out speed of a turbine, the turbine is shut off. The minimum, nominal and
maximum rotor speed are supplied by the turbine manufacturer and are largely dependent on the
speed of the blade tip. To avoid large pressure drops in the wake of a rotating blade, which could
result in formation of ice, the tip speed is constraint by a maximum value. As a result, larger diameter
rotors are constraint in their maximum rotational speed (Natarajan, Stolp & Njomo Wandiji, 2019).

The importance of the rotor speed in the support structure design is due to wind induced vibrations.
The rotational frequency of the rotor imposes cyclic loads on the support structure, resulting in
excitation of the structure due to small offsets or imbalances in the rotor blades. The range between
the minimum and maximum rotational frequency is denoted as the 1P range. In order to avoid large
dynamic forces due to resonance, the eigenfrequency of the support structure should not be chosen
to be within the 1P range. The same holds for the blade passing frequency. Each time one of the blades
passes the turbine tower, it imposes a force on the support structure leading to excitation and
vibrations (Lourens, 2019b). The range between the minimum and maximum blade passing frequency
is denoted as the 3P range and should be avoided when the eigenfrequency of the support structure
is chosen. A typical one-dimensional representation of the 1P and 3P range is shown below.
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Figure 40: lllustration of typical excitation frequencies by environmental conditions like wind, waves and the rotor and blade
passing frequencies of a wind turbine. This image is obtained from Arany et al. (2016).

Due to the 1P and 3P frequency constraints, three potential target ranges for the design natural
frequency of the support structure emerge, namely the soft-soft range, the soft-stiff range and the
stiff-stiff range. The soft-soft support structure’s eigenfrequency is situated below both the rotational
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and blade passing frequency domains. Soft-soft towers are usually lighter in mass, but require more
dynamic analysis to guarantee a sufficient fatigue life time (Lourens, 2019b; Arany et al., 2017). Soft-
stiff support structures have their eigenfrequency in between the rotational and blade passing
frequency. Currently, soft-soft and soft-stiff support structure designs are most commonly found. The
eigenfrequency of stiff-stiff support structures is located above both the rotational and blade passing
frequencies. Stiff-stiff designs are usually not economically feasible due to the high mass requirements
of the support structure. The minimal, nominal and maximum rotation speed for the turbines assessed
in this research are shown in the table below.

Table 22: Rotational and blade passing frequency for the reference turbines under assessment.

Reference Rated Rotor Rotor speed 1P frequency 3P frequency Soft-stiff
turbines power diameter [rpm] [Hz] [Hz] range
[MW]  [m] Min  Max | Min  Max | Min  Max [Hz]

NREL-5MW-ref 5 126 6.9 12.1 0.12 0.20 0.35 0.61 0.20-0.35
LW-8MW-ref 8 164 6.3 10.5 0.11 0.18 0.32 0.53 0.18-0.32
DTU-10MW-ref 10 178 6.0 9.6 0.10 0.16 0.30 0.48 0.16-0.30
IEA-15MW-ref 15 240 4.6 7.6 0.08 0.13 0.23 0.38 0.13-0.23
IW-20MW-ref 20 252 4.2 7.1 0.07 0.12 0.21 0.36 0.12-0.21

Support structure target frequency

As discussed in the previous section, the design natural frequency of a support structure is limited by
wind induced vibrations. This holds as well for wave induced vibrations, which were obtained via the
JONSWAP spectrum. In this paragraph the target natural frequency for support structures in the
various water depths assessed will be formulated.

Frequency diagram for Region 2

1.00
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0.40

Normalised PSD [-]
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0 0.1 0.2 0.3 0.4 05 0.6 0.7
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= R2: extr. waves (d=20-40m) == R2: sign. waves (d=20-40m) == DTU-1P-freq
—— DTU-3P-freq e DTU target freq (d=20-40m)

Figure 41: Frequency diagram for DTU-10MW at 20-40m water depth in Region 2. On the vertical axis, normalised energy
variance density in m2/Hz. In this specific situation, the minimum target frequency is determined by wave induced
frequencies. An overview of target frequencies for other turbine- water depth combinations is shown on the next page.
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Dynamic effects, like resonance, determine for a large part the minimum dimensions of a monopile-
tower combination and can be considered a leading design criterium. Therefore, a target natural
frequency has to be determined for each turbine-water depth combination. In current practice, the
target natural frequency of a monopile support structure is set to be 10% higher than the 1P maximum
frequency (Lourens, 2019b, slide 15). This was common practice for monopile foundations placed in
relatively shallow waters up to 30 meter water depth. However with increasing rotor diameters and
the shift towards lower 1P and 3P frequency ranges —see Table 22 — the soft-stiff range becomes more
narrow and could start to overlap with wave induced frequencies. In this case, wave induced vibrations
provide the lower limit of the support structure target frequency. The upper limit for soft-stiff designs
is found 10% below the 3P minimum frequency. In general, a low target frequency is preferable as this
result in less material intensive — and hence more economical attractive — designs. An example of a
frequency diagram obtained for the DTU-10MW reference turbine located in Region 2 at 20-40 water
depth can be seenin .

Table 23: Target frequencies for monopile support structures specified per turbine and water depth combination, for each of
the three regions. In grey cells: required pile length exceeds manufacturing capabilities. Target frequency is determined by
the lower bound of two options:

a) wind induced vibrations: the upper limit of turbine 1P range +10% [-], depicted as underlined values
b) wave induced vibrations: normalised energy variance density < 0.10 [-], depicted as regular values

Water depth [m] Region 1 Region 2 Region 3
A 20-40 0.22 0.22
“target 50-70 22 0.22 0.22
frequency E— — —
80-100 (0.22) (0.22)
LW-tareet 20-40 0.20 0.20
Large 50-70 0.20 0.20 0.20
frequency
80-100 (0.20) (0.20)
DTU-t ; 20-40 0.20 0.19
S 50-70 0.18 0.18 0.18
frequency
80-100 (0.18) (0.18)
IEA-t ; 20-40 0.20 0.19
e 50-70 0.18 0.18 0.17
frequency
80-100 (0.17) (0.15)
IW-t ; 20-40 0.20 0.19
~arse 50-70 0.18 0.18 0.17
frequency
80-100 (0.17) (0.15)

Natural frequency for support structure design

There are several approximation methods to determine the natural frequency of a monopile structure,
varying in computation speed, complexity and accuracy. One way to approximate the natural
frequency of a monopile founded wind turbine is to assess the structure as a stick model with a top
mass and a fixed connection to the sea bed. The natural frequency can now be approximated using
Rayleigh’s method. In Rayleigh’s method one makes use of the fact that the natural frequency of a
structure is equal to the rate of the exchange of kinetic and potential energy within the structure. The
kinetic energy is associated with the motion of mass and the potential energy is stored by strains
during deformation. When these forms of energy are made equal, the natural frequency can be
determined for a given mode shape. Second, the tower and monopile can be divided into segments
with roughly equal mass and moment of inertia. The natural frequency is then calculated as the square
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root of the generalized stiffness (k*) divided by the generalized mass (m*) of each segment and
described by the following formula:

I fOLEI(x) * (gle’g)zdx

m | Pm) « g2 () dx

, Where L is the total monopile and tower length,  is the mode shape of vibration, E is the modulus
of elasticity, | is the moment of inertia and m is the mass for a segment of the tower or monopile. The
mode shape for a single-side-fixed-support beam is assumed as:

T*X

=1
P cos(Z*L

)

In each segment, P(x) and its second derivative are assumed to be constant. For each segment, an
equivalent mass per unit length (Megquivalent) and moment of inertia (lequivalent) is formulated:

)

TX;
n _ ]
_ ijlmj * Lj * (1 — cos (2 + L
Mequivalent = I

T[Xj

Yiali* chosz(2 I

quuivalent = I

Substituting the formulas above leads to the expression used to determine the natural frequency:

f _ . Elequivaient
natural — o
3
8 (mtop + Mequivatent * L) * L

Here, mop is the weight of the rotor-nacelle assembly and varies per turbine model. The equivalent
mMass (Megquivalent) depends on the diameter (D) and wall thickness (t) of a segment.

Diameter and wall thickness

With a natural frequency expression obtained and target frequencies determined per water depth,
rotor-nacelle assembly mass for the turbines and total tower and monopile length, the diameter and
thickness of the wall segments are determined. In this calculation, the ratio between the diameter
and thickness for the tower and for the monopile are modelled to be constants. However, in reality
the diameter and thickness are empirically determined in more detailed load and natural frequency
analyses.

Suggested D/t ratios for both tower and monopile are not consistently applied in available literature.
Arany et al. (2017) made an overview of monopile diameter and applied wall thickness for wind
turbines installed in the North Sea region and included a design value suggested by the American
Petroleum Institute as a dashed line, see Figure 42. In Table 24, an overview of D/t ratios used by
various authors is presented. It can be seen that for increasing diameters, the D/t ratio for the tower
increases. Hermans & Peeringa (2016) use a relatively low tower diameter in combination with a lower
D/t ratio, which makes for a more slender design with relatively high wall thickness. For monopiles
supporting turbines up to 10 MW, D/t ratios range between 60 and 100 [-]. Notably, Gaertner et al.
(2020) use much higher D/t ratios for their 15 MW monopile design, but no other literature has been
found supporting D/t ratios of this magnitude. D/t ratios applied in the modelling for this research
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follow the API formula shown in Table 25, where Dmonopile is put into the formula in meter and t is

obtai

ned in millimetre.

Table 24: Diameter, wall thickness and D/t ratios from literature for towers and monopiles of various turbine sizes.

Turbine rated Tower Monopile Source

power [MW] Drtower,top [M] D/ttower [-] Dmonopile [M] D/tmonopile [-]

2 MW 3.0 160-250 n.a. n.a. Senvion Wind (2016)
<5MW 2.3-4.2 75-250 4-10 80-110 Lourens (2019b, slide 15)
5 MW 3.87 190-225 n.a. n.a. Jalbi et al. (2019)

8 MW 5.0 214-227 n.a. n.a. Desmond et al. (2016)

10 MW 4.2 140 9.6 100 Hermans & Peeringa (2016)
10 MW 5.5 218-275 n.a. n.a. Desmond et al. (2016)

10 MW 5.5 220-245 9.5 63-95 DTU Wind (2013)

15 MW 6.5 260-280 10 240-270 Gaertner et al. (2020)

20 MW 7.8 215-280 n.a. n.a. Pontow et al. (2017, pg28)

Table 25: Design D/t ratios for towers used in the modelling for this research.

Turbine rated power [MW] D/trower [-] tmonopile [MM]
<10 MW 220
10 MW 240 . _ 6.35+ 10 * Dmonopile
15 MW 260 monopile = 1000
20 MW 260
r 3
Pile wall thickness for some currently installed turbines
140
E 120
£
@ 100
] API formula
£ 8o I _‘I _________
s 2 Y e &l o 7 b
E 60 1 1 i I.I-%o """
T D I, St e
= 0 T
=2 20
(a8
0
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Figure 42: Monopile diameter and wall thickness for several installed turbines in the North Sea region. The dashed line
shows the D/t ratio for fixed offshore platforms suggested as an initial value by the American Petroleum Institute (AP,
2005). Most case study D/t ratios are in a range of 70 to 110 [-], regardless of monopile diameter. This figure was obtained
from Arany et al. (2017).
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Embedded monopile length

There are three main design criteria for the minimal embedded pile length of a OWT, of which one
has to be satisfied; the zero toe-kick criterion, the vertical tangent criterion or the critical pile length
criterion. Given that internal pile stresses need to be known for the first two criteria, the critical pile
length criterium is most applicable for this research. The critical pile length can be expressed as a ratio
between the necessary embedded pile length Lems,pie and the pile diameter Dgie (Arany et al., 2017).
This is because after this critical embedded length, the pile can be considered infinitely long and will
not show any displacement or force-transfer to the soil. The minimum embedded pile length can be
determined using the following expression:

Epite * Tpie\"?
Lemp,pite = 4.0 * (—plle plle) , With:
’ nh
1 3 Axy
Lyite = §(Dpile = tyite) *T*tpie and ny = 1.35

, Where Ege is the Young’s modulus of the steel grade at 210 [GPa], lie is the moment of inertia of the
pile cross section in m?, ny is the soil’s coefficient of subgrade reaction in kN/m?3, A is a dimensionless
parameter pertaining the level of soil compactness and y' is the soil’s submerged unit weight in kN/m?3.
The soil’s coefficient of subgrade reaction is assumed to be linearly increasing with depth. In the
previous section a D/t ratio was elaborated, which can be substituted in the above formula to obtain
a relation between exclusively the embedded pile length and diameter. Relevant soil parameters are
shown in Table 26.

Table 26: Soil parameters describing compactness, submerged weight and coefficient of subgrade reaction for loose-
medium packed sand and medium-dense packed sand.

Loose-medium

400 8 2.4E+03
packed sand

Medium-dense

800 10 5.9E+03
packed sand

Monopile dimension and mass estimation

With the mathematical relations priorly discussed, the initial dimensions and mass of the total
structure can be computed. This is done for two embedded monopile lengths to account for varying
soil characteristics. In the natural frequency optimization, the tower bottom diameter is iteratively
adjusted to align the support structure’s natural frequency with the target frequency. This is repeated
for each water depth and turbine combination. The bottom diameter and embedded length are
catalogued, as are the tower and monopile masses. The iteration process is cut off when the target
frequency is reached, or the tower dimensions exceed the manufacturing limits. Current maxima for
monopile cumulative mass, length and diameter are 2250 ton, 120 meter and 11 meter respectively
(Sif Group, 2018). Larger tower and monopile diameters are not yet possible to manufacture but this
might be the case in the future. Same holds for the lifting capacity for cranes on board of installation
ships. During a presentation by Van Oord — a company specialised in amongst other things OWT
installation — a maximum expected lifting capacity of 1600 and 2500 ton are mentioned for ships
available now and by 2030 (Van de Brug, 2019). Therefore, the iteration process is stopped at
maximum mass, cumulative length and/or diameter of 2500 ton, 130 meter and/or 12 meter
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respectively. It is considered unlikely that multiple monopile segments will be combined to obtain
larger monopile dimensions, as hammer and drilling equipment are operated emerged from the
water. Second, alternative support structure typologies are assumed to be more feasible and
competitive at that stage.

Monopile model results

An overview of the support structure masses acquired per turbine-water depth combination is shown
in Figure 44 on page 99. Mass estimates obtained from the model are shown, excluding designs that
surpass manufacturing constraints discussed in the previous paragraph. In Figure 43, an overview of
the number of viable designs and the number of manufacturing constraints encountered is shown. It
can be seen that most designs were considered unviable due to the maximum mass constraint of 2500
ton.

Nr. of viable designs per manufacturing constraint

140
Nr. of designs
120 130
100 Viable designs
'4_'—" 80 87
c Diameter constraint
> 74
o 60
o
40 Length constraint
35 36
20 .
Mass constraint
0

Figure 43: Nr. of viable designs due to manufacturing constraints.
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Figure 44: Overview of monopile and tower support structure mass in tons per turbine model, region and water depth. All
designs shown meet manufacturing constraints as discussed in previous sections within this chapter. More designs proved
possible in dense soils, as soft soils required larger monopile dimensions. Monopile mass shown in dark blue, tower mass
shown in lighter blue. No monopile designs proved viable for the IEA-15MW and IW-20MW turbines mostly due to the
maximum mass constraint.
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JACKET DIMENSIONING AND MASS ESTIMATION

Next, the initial geometry of jacket structures are assessed. Hub height and interface level for the
various reference turbines were priorly discussed — see Table 19, 19 and 20 — and are used in the
geometry and mass estimates for the jacket support structures. Jacket dimensions follow from design
steps provided in the Bottom Founded Offshore Structures course (Hoving, 2017). Initial geometry is
obtained based on rule-of-thumb member size assumptions, not on structure optimization or stress
and limit state checks. For the jacket design, towers of similar dimensions are used that were obtained
in the dimensioning of the monopiles rather than those suggested by literature. Transition piece
dimensions are estimated based on recommendation from a paper by Lee, Gonzalez & Lee et al.
(2016). Total jacket support structure mass is then estimated based on initial jacket dimensions,
transition piece, foundation and tower masses.

Tower mass and dimensions

Tower masses provided for the NREL-5MW, LW-8MW and DTU-10MW reference turbines are
associated to onshore placement and do not hold true for offshore application. Desmond et al. (2016)
use tower diameter dimensions suggested for the NREL reference turbine — based on Jalbi et al. (2019)
— to estimate tower dimensions for the LW-8MW reference turbine. However, they neglect the
significant difference in tower height between offshore and onshore locations, being 70.4 meter for
offshore turbines and 87 meter for onshore turbines. Hence, a better fitting tower mass needs to be
determined for the reference turbines. Comparing tower parameters from literature is somewhat
difficult as the interface height for a tower depends on location specific environmental site conditions.
Desmond et al. (2016) refer to a report by De Vries et al. (2011) who assume tower dimensions in
order to construct a preliminary jacket design for the NREL-5MW turbine at a 50 water depth location
in the North Sea. The proposed tower has the following characteristics:

Table 27: Comparison of tower parameters used by De Vries et al. (2011) for the NREL 5MW reference turbine at 50 meters
water depth in the North Sea and parameters obtained in tower design. Values shown correspond to a monopile tower for
the NREL-5MW reference turbine located in Region 1, at 30 meter water depth and medium-dense sandy soils. Absolute
difference is due to considering different hub heights. Relative difference is considered significantly small for tower
dimensions to be viable in jacket dimensioning.

hhub [m] hinterface [m] I-tower Dtower, top Dtower, bottom D/ttower Mtower
Source: (w.r.t. MSL)  (w.r.t. MSL)  [m] [m] [m] [-] [t]
De Vries et al.
(2011) 82.75 14.75 68 4 5.5 160-200 216
MP tower 90.0 12.9 771 3.9 6.5 220 237
dimensions

Taking the difference in tower length into account — caused by the consideration of different hub
heights — the difference in tower mass is relatively small, being 3.18 ton/meter for De Vries and 3.08
ton/meter. Therefore, tower dimensions and associated masses related to monopile towers at 50
meter water depth and medium-dense sandy soils will be used for dimensioning of transition pieces
and jackets. An overview of tower dimensions for each reference turbine is shown in Table 28. Here it
can be seen that the bottom diameter associated with the IW-20MW reference turbine exceeds the
current maximum manufacturable value for monopile diameters. However, in contrast to monopiles
the tower is not exposed to hammering forces during installation. Furthermore, the tower does not
have to be manufactured upfront to be installed in one piece, but can be transported in segments and
assembled on site. Lastly, the mass of the IW-20MW tower is lower than the maximum lifting capacity
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indicated by Van Oord and therefore assumed to be viable from an installation perspective (Van de
Brug, 2019).

Table 28: Overview of tower properties used for the jacket mass calculations. Values correspond with tower design values
used in the monopile mass calculations for the case of 50 meter water depth and medium dense sandy soils.

Turbine Liower [m] Drower, top [m] Dtower, bottom [m] Ttiower, bottom [mm] Miower [t]
NREL-5MW 77.1 3.9 6.5 29.5 217
LW-8MW 97.1 5.0 7.6 34.5 436
DTU-10MW 106.1 5.5 8.7 36.3 556
IEA-15MW 134.2 6.7 11.4 43.8 1063
IW-20MW 155.1 7.8 14.3 55.0 1840

Transition piece mass and dimensions

In order to connect the turbine tower to the jacket support structure, a transition piece is required.
The transition piece connects the cylindrical shape of the tower to the four jacket legs. An example of
tower-to-jacket transition piece is shown in Figure 45. In their study, Lee et al. (2016) look into
typology optimization for tower-to-jacket transition pieces and conclude that a straight tubular brace
with inclination between 45 and 60 degrees would be optimal. Therefore, the transition pieces used
in the model comprise of a cylindrical section with similar diameters to the tower bottom (Dp,top),
horizontal bracing and tubular cross bracing between the jacket legs and to the tower cylinder. The
height of the cylindrical section (Lp,cyiinder) is chosen to be 1.5 times the tower diameter, so that the
brace inclination equals 56 degrees and is within the range provided by Lee et al. (2016). The wall
thickness of the TP tower segment (trp,10p) is assumed to be somewhat larger than that of the turbine
tower (twowerbottom) due to potential concentration of forces. Therefore, the wall thickness of the TP
tower segment is to 1.5 times the wall thickness of the tower bottom. Sizing and geometry of the
transition piece are momentous as it affects the geometry of the jacket structure in further design
steps. The mathematical relations applied are shown below:

Diower,pottom = Drptops  Lrpcylinder = 1.5 Drptopr  trptop = 1.5 * trower,bottom

Figure 45: lllustration of tower-to-jacket transition pieces. On the left: OWEC Quattropod® for the Beatrice Offshore Wind
Project in Scotland 2007. On the right: a design for Thortonbank wind farm in Belgium 2012. These images are obtained
from Lee et al. (2016).
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For the width of the transition piece structure (brp), from Figure 45 it can be seen that the slanting
braces directly connect the TP’s cylindrical segment to the jacket legs. The diagonal distance between
two diagonally opposing jacket legs is determined by the tower bottom diameter. This needs to be 3
times the tower bottom diameter and two times the jacket leg diameter for the angle of 56° to uphold.
Therefore, applying simple geometry, the width of the transition piece can be found as:

b _ 3 * Dtower,bottom + 2% Djacket leg
TP — \/—
2

For the horizontal braces supporting the cylindrical tower section, the diameter (Drp praces) is assumed
to be equal to that of the jacket leg piles (Djacket eg). The jacket leg diameter is elaborated in the Jacket
dimensions and mass section on the next page, but depends on the required length of jacket pile. For
the wall thickness of these segments, a diameter over thickness ratio of 25 [-] is used which is common
for tubular members located in or near the splash zone (BOFS, 2019). Mathematical expressions for
the transition piece braces and wall thickness are:

D _ _ DTP,braces
TP,braces — Yjacket,leg’ tTP,braces - 25

With the parameters described above, the volume of steel required for the transition piece can be
calculated. As the TP tower segment, horizontal and cross braces are tubular members the volume
and mass of each tubular segment are calculated as:

— — 2
Mpemper = Vimemper * Psteet = 0.25 * T * (Doyter — Dinner)” * L

, Where Douter and Dinner are the outside and inside diameter of a member and L is its length. The mass
of each member (Mmember) can be found by multiplying the volume (Vmember) With the mass density of
steel (psteer) at 7800 [kg/m?3]. As the transition piece width is dependent on the jacket leg diameter and
hence the water depth, a transition piece mass is calculated for each water depth and turbine
combination. It should be mentioned that this approach counts overlapping areas between members
double. However, this overlapping volume is very small and considered negligible compared to the
material volume associated with the overall support structure. The transition piece masses for each
turbine-water depth combination are shown below in Table 29.

Table 29: Transition piece masses in tons for each turbine-water depth combination following from dimensions elaborated
above. Transition piece mass depends, amongst other parameters, on the jacket leg diameter which is discussed in the next

section.
Water depth Transition piece mass [t]
[m] NREL-5MW LW-8MW DTU-10MW IEA-15MW IW-20MW
20 150 183 222 340 513
30 241 288 341 493 703
40 359 424 494 689 944
50 530 620 715 971 1292
60 710 826 945 1263 1651
70 921 1065 1214 1602 2067
80 1213 1396 1584 2069 2636
90 1495 1715 1940 2515 3179
100 1812 2072 2337 3011 3782
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Jacket dimensions and mass

To determine the jacket dimensions, individual components and members are assessed. A jacket is
constructed from multiple geometrically equal bays. Bays are geometrically equal as it eases the
manufacturing in such a way that angles between legs and diagonal or cross braces are identical for
each bay. This can be seen in the figure below, as are important variables like the batter angle (a), the
jacket top width (bo) and consecutive bay widths (bs, by, .., bn), bay heights (ho, hy, .., hy) and brace
angle (B). Here, i is the number index for each sequential bay and N the index for the last required
bay. The estimated number of bays is found through dividing the interface height — with respect to
sea level — by the estimated jacket top width, rounded down and as integers. This because optimal
structural configuration is achieved at bracing angels of approximately 45°. Due to the size of welding
equipment brace angles may never be smaller than 30° (Hoving, 2017). It should be noted that the
batter angle can be assessed in a 2D-plane — denoted as the batter angle — or in 3D-space — denoted
as the true batter angle. In the remainder of the report, a reference to the batter angle always
indicates the true batter angle in 3D-space. Mathematical relations between the variables mentioned
above are as follows:

==

hi

. . _ (bn _
dim;,, = m = dim;, m = ( ) , tan(0) = b, h tan (a)

bo

N
heotar = zhi = h; + mhy + -+ mV"1h,

i=1 m-—1
N N = hy = heotar * mv —1
h h Z -1 p, M 1
= m = _—
total 1 ' 1 m—1
=1
' ho \
N\ i
hi
i
Y
he
b2 1 h=h
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Various detailed jacket designs are consulted to decide on the batter angle, as this heavily influences
the final jacket mass. Historically, the maximum batter angle was limited to 9.5°, as foundation piles
were hammered through the jacket legs into the sea bed and hammering equipment prevented any
slighter angles (Hoving, 2017). A reference jacket designed during the INNWIND.EU programme, used
a batter angles of 12.4° to support a DTU-10MW reference turbine located at 50 water depth (van
Borstel, 2013). Estimated jacket mass for this design was 1210 ton. A later study by provided the
insight to reduce member dimensions which resulted in a 540 ton preliminary design while keeping
an overall similar geometry (Stolpe, Wandji & Natarajan et al.,, 2017). Then, following their own
recommendations, in another design iteration the jacket top width was increased — from 14 to 18
meter — and the batter angle reduced to 4° (Sandal, Verbart & Stolpe, 2018). Through this, the jacket
bottom width was reduced from 34 to 24 meter and the optimised jacket mass would be reduced
from 540 to 484 ton. Therefore, in this report the batter angle is similarly taken as 4° for estimating
jacket dimensions and masses.

The member sizes can be estimated using the fact that generally — due to stability requirements —
member stiffness is greater than member strength. Consequently, member diameter selection is
based on slenderness. Slenderness of a member is described by the following formula:

L = member length [m]
a=SL in buckl -] d N
= , with: K = Effective buckling coef ficient [—|, and: 1, = |—= ——
T ff g coeff g A= 20
1, = Radius of gyration [m]

Buckling length coefficients differ for various members, depending on a member being a leg pile,
diagonal brace or cross brace. Furthermore, members located in the splash zone — that area where
both water and air can interact with the structure — generally require larger wall thickness to account
for wave impact and potential environmental weathering (Hoving, 2017). Applied buckling coefficients
and member wall thicknesses are depicted in Table 30. Using commonly applied slenderness values
and buckling coefficients, a ratio between a member’s length and its diameter can be obtained by:

D 2V2xK A

Important to note, is that generally suggestions provided in a lecture by Hoving (2017) were respected,
notably for suggested D/t ranges at 24-60 [-], 1 and K values. However, the lecturer suggested to use
a D/t ratios for the jacket legs at 60 [-] but this resulted in an underestimation of leg wall thickness.
Instead, a D/t ratio of 25 is applied, which corresponds well with overall encountered values found in
literature. Considering the length of the jacket leg, the formula on the next page applies.

Table 30: Design rules-of-thumb applied in jacket dimensioning. Values are obtained from Hoving (2017).

Member type Member zone A[-] K [-] L/D [-] D/t [-]
Diagonal brace | Splash zone 80 0.5 57 25
Fully submerged 80 0.5 57 25
Cross brace Splash zone 80 0.8 35 25
Fully submerged 80 0.8 35 40
Horizontal Splash zone 100 0.8 44 25
member Fully submerged 100 0.8 44 40
Jacket legs - 100 1.0 71 25
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Ljacket,leg = \/htotalz + 1/4 (bN - bO)Z + hbottom,min

, Where Ljacket leg IS the length of a single jacket leg in meter, by and b are the bottom- and top frame
width in meter and hpottom,min is the minimal vertical distance between the bottom frame and the sea
bed taken as 0.5 meter. Member wall thickness is expressed as a constant ratio with respect to a
member’s diameter, and expressed as:

Dmember

Umember = DN
(?)member

, Where tmember is @ member’s wall thickness in meter and the dimensionless D/t values for various
components are depicted in Table 30.

Jacket member configuration

Considering the jacket configuration, several options are possible. General configuration options
consist of TP-to-jacket connection lay-out, the number of legs, the bay lay-out and mudline
configuration facilitating the number of required foundation piles. For the bay lay-out, further options
consist of horizontal braces (between diagonally opposing legs), horizontal members (between in-
plane opposing legs), in-plane diagonal- or cross braces and finally diagonal or cross braces between
diagonally opposing jacket legs. Each configuration choice presents advantages and disadvantages.
For example, increasing the number of member connections for each bay effectively increases overall
jacket stiffness, but increases material requirements, the number of welds — and their respective
chance of failure — manufacturing time and labour cost. Furthermore, using multiple members of
smaller dimensions increases the overall surface exposed to environmental conditions, inherently
increasing the need of protective coatings and/or paints and associated labour time and cost. Other
requirements mentioned in literature address the need to avoid fatigue problems in the uppermost
emerged horizontal frame due to waves and buoyancy. Therefore, its minimum elevation should at
least be six meter above mean sea level. Next, the minimum elevation of the uppermost submerged
horizontal frame should be chosen such that it remains flooded at all times (Hoving, 2017).

Overall, it should be kept in mind that in practice the final design will always be selected on cost
effectiveness, unless stated otherwise in project commissioning requirements, even if that design
entails higher material requirements. The focus of this research, however, covers the assessment of
expected material requirements and not optimalisation of material efficient design. Configuration
suggestions by Hoving (2017), van Borstel (2013), Stolpe et al. (2017) and Sandal et al. (2018) are
largely respected and proved decisive in the final choice of jacket configuration. The final configuration
is considered to be balanced and likely to be cost effective now and up to 2050. In the model the
design configuration are applied as follows:

- TP/ Upper bay:
o horizontal members between in-plane jacket legs (horizontal orientation)
o horizontal cross braces between jacket legs (diagonal orientation)
o in-plane cross braces between jacket legs (vertical orientation)
- Intermediate bays:
o in-plane cross braces between jacket legs (vertical orientation)
- Mudline bay:
o in-plane cross braces between jacket legs (vertical orientation)
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It can be seen that no diagonally orientated cross braces are present, as these increase the number of
welds in already high weld-density areas on the jacket legs. No horizontal members are added in
intermediate bays for similar reasons. Also, no horizontal members are added at the mudline bay to
account for installation delays due to a potential uneven seabed and to minimize scour potential
associated with members in close proximity of the seabed. Scour is a result from increased water
particle velocity, which occurs when water has to move around an encountered obstacle. Overall,
cross braces are picked over diagonal braces, as this leads to the formation of an increased number of
statically determinate ‘triangles’, resulting in a higher material utilization factor at the cost of
increasing exposed surface area.

Jacket foundation dimensions and mass

For jackets, each leg needs to be fixed to the sea bed in order to achieve overall successful force
transfer and stability of the OWT. In contrast to monopile foundations — which transfer external forces
to the soil through bending and deflection — jacket foundations are predominantly strained in axial
direction. In general, jacket foundation piles are of smaller diameter than is the case for monopiles. In
reference literature, pile penetration depths of up to 50 meter are mentioned for the IW-20MW
turbine (Pontow et al., 2017). This is based on assumed soil conditions which show a suitable force
carrying sand layer at 40 meter below seabed. However, soil profiles are known to vary greatly even
within the area of one wind farm and it might not always be the case that such a carrying sand layer
occurs at 40 meter below seabed (Lourens, 2019b). On the other hand, it is considered unlikely that
foundation piles of extreme lengths will remain economically feasible. Therefore, the maximum
embedded pile length is assumed to be 70 meter. In this research, two soil types are assessed, namely
soft-medium packed sandy soils and medium-dense packed sandy soils. The formula used to calculate
pile length is as follows:

0.2

8.0 * (Epile * pile)
. —Tlh

70

Lfoundation = mimnimum

, Where Epile is the Young’s modulus of the steel at 210 GPa, Ipile is the moment of inertia and
dependent on pile dimensions and nh is the coefficient of subgrade reaction. A visual representation
of the embedded pile length is shown in Figure 46. Resulting foundation pile length values compare
well to values found in literature (Van Borstel, 2013; Pontow et al., 2017; Stolpe et al., 2017).

Next, considering ease of installation the pile diameter of foundation piles is taken slightly larger than
that of the jacket legs (Hoving, 2017) This is to allow for a grouted connection between the foundation
pile and the jacket structure. A common applied grout thickness (tgrout) is 75 mm, and applied as such
in the model. The pile thickness of the foundation pile is calculated with the API suggested formula
priorly discussed. Both mathematical relations are shown below:

Dfoundation = Vjacket,leg + 2 tgrout = Djacket,leg +0.15m

6.35+ 10 % D; ket,l
troundation = 10001(16 - [mm]

, Where Diacketeg’S is supplied to the formula in meter but tfoundation is Obtained in millimetre. The mass
of the foundation is then found through calculating the volume of the hollow cylinders and
multiplying with the mass density of steel at 7800 [kg/m?3].
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Foundation pile penetration depth for jacket structures
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Figure 46: Relation between pile penetration depth and interface height applied to model embedded foundation pile length.
In dark blue, pile length associated with soft-medium packed sandy soils. In lighter blue, pile length associated with
medium-dense packed soils. No stress or limit state calculations are applied, but pile length compares well with reference
literature.

Jacket model results

In the next pages, results of the jacket support structure mass estimation model are shown. Results
are divided per region and soil type, showing the breakdown of component mass — e.g. tower,
transition piece, jacket and foundation — for each turbine-water depth combination. On the horizontal
axis, turbine-water depth combinations are shown. On the vertical axis, component mass resulting
from the mass model is shown in ton steel. The table below each figure indicates specific component
mass in tons.
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Figure 47: Support structure mass for jacket structure typology on soft-medium
sandy soils in Region 1. On the horizontal axis, turbine model and water depth
in meter. On the vertical axis mass result per structural component in tons.
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Figure 48: Support structure mass for jacket structure typology on medium-dense
sandy soils in Region 2. On the horizontal axis, turbine model and water depth in

meter. On the vertical axis mass result per structural component in tons.
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Figure 49: Support structure mass for jacket structure typology on soft-medium

sandy soils in Region 2. On the horizontal axi:

s, turbine model and water depth

in meter. On the vertical axis mass result per structural component in tons.
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Figure 50: Support structure mass for jacket structure typology on medium-dense

sandy soils in Region 2. On the horizontal axi
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RECYCLING POTENTIAL OF OWT SUPPORT STRUCTURES

The recycling potential of a product expresses the share of product mass that can be retrieved after
end-of-life. The end-of-life recycling rate (EOL-RR) can be computed as the product of the collection
rate, separation rate and recovery rate, all expressed as percentages. The collection rate expresses
how many of the originally placed support structures are retrieved at the decommissioning stage of
an offshore wind park. The separation rate relates to the recoverable material quantity after the
structures are retrieved to shore at end-of-life. The recovery rate is determined by the efficiency of a
recycling process. The EOL-RR, expressed as a percentage, indicates the level of recyclability of a
product and is derived as shown in the formula below. In the following paragraphs each of these terms
is elaborated for the case of OWT support structure steel.

EOL —RR = %collection * %separation * %recovery
Collection of support structures at end-of-life

Considering the collection rate, for offshore structures “the removed components of a wind farm
should generally be disposed of entirely on land taking into account the waste management hierarchy
of avoidance, reduction, re-use, recycling, recovery and residue disposal” (Smith, Garrett & Gibberd,
2015, p2). Typically, the decommissioning plans need to be included by the developers prior to starting
construction. More importantly, steel scrap has — albeit susceptible to price fluctuations — relatively
high monetary value, in the range of 150 to 450 euro per ton steel scrap considering prices in the last
15 years (World Steel Association, 2019). Topham et al. (2019) show that the scrap value of ‘the
average monopile’ currently embedded in the North Sea covers 4-7% of the decommissioning cost
considering scrap prices of 150-250 euro per ton. The tower and NRA were not separately assessed,
but decommissioning cost reduction for these components varied between 11-13% of total
decommissioning cost, of which roughly 8-10% could be allocated to steel components. In short, as
decommissioning of OWTs is considered from the start of the development process and recoverable
value can add up to 20% of decommissioning cost, the collection rate of OWT support structures is
assumed to be near 100%.

Retrievable steel quantity

Considering separation rate, some parts of the OWT’s foundation may be left at sea, following the
reasoning that the environmental disruption created to remove foundation piles completely would be
disproportionate. In practice, this leads to foundation structures being cut-off at 1-2 meter below the
mudline, such that the remaining stumps do not become exposed over time (Topham et al., 2019;
Smith, Garrett & Gibberd, 2015). Keeping this in mind, the overall recycling potential is to a large
extent determined by the amount of material that can be successfully retrieved from a OWT support
structure in decommissioning. In terms of retrievable components, monopile and jacket in-soil
embedded foundations can be expected to be left at sea after the decommissioning stage, while the
substructure, transition piece and tower can be retrieved.

For the support structure designs obtained, the ratio of retrievable material is calculated. Generally
this found to be higher for jacket structures than for monopile structures, at 72-87% and 54-55%
respectively. The influence of soil conditions on the foundation mass is substantial for both monopile
and jacket structures and is shown in Table 31. Interesting to see is that soil conditions affect jacket
design more than monopile design, showing a larger variation in relative retrievable mass per soil type.
This can be due to the fact that the jacket is supported on four smaller sized foundation piles compared
to the single monopile and that embedded pile length directly depends on soil conditions through the
coefficient of subgrade reaction.
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Table 31: Relative share of retrievable mass compared to total support structure mass per typology and soil type, in

percentages.
Turbine Monopiles Jackets
Soft-medium Medium- Soft-medium Medium-
soils dense soils Average soils dense soils Average
NREL-5MW 62% 48% 55% 85% 58% 72%
LW-8MW 60% 48% 55% 90% 62% 76%
DTU-10MW 56% 51% 54% 92% 64% 78%
IEA-15MW - - - 95% 69% 83%
IW-20MW - - - 97% 74% 87%
Influence of water depth on relative retrievable support
structure mass for monopile and jacket structures
100%
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Figure 53: Influence of water depth on relative retrievable support structure mass. Values are based on support structure
dimensioning and calculation results.

The influence of water depth on the share of retrievable material is shown in Figure 53. It can be seen
that an increase in water depth results in lower retrievable support structure mass, roughly following
a linear correlation. Monopiles and jackets seem to be similarly affected by water depth variation, as
—disregarding the higher overall values for jacket structures — relative retrievable mass declines at an

even rate for both typologies.

The influence of the turbine rated power on the relative retrievable mass is negligible for monopile
structures, while a clear difference can be seen for jacket structures. Interesting to see is that the

relative share of retrievable mass increases for structures at greater depth. Logic dictates that an

absolute increase in structure size above the mudline results in an increased structure size below the
mudline, considering the structure’s stability requirements. The relative increase of retrievable mass
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can be explained by the fact that the embedded monopile length does not increase linearly for deeper
water structures. In other words, for every ton of steel added above ground less than a ton of soil-
embedded foundation is required. For the obtained monopile designs, tower dimensions depend on
the NRA mass and the natural frequency of the tower and monopile structure combined. Therefore,
it would be expected that the reference turbine models influence the relative retrievable mass. The
fact that it seemingly does not, could be the result of the applied modelling method, but the cause
remains unknown and could be reason for further study. For tower and monopile combined, the
variation of relative retrievable mass is roughly 10% for water depths of 20 and 60 meter, being
approximately 50% and 60% respectively.

For the jacket typology, a decrease in relative share of retrievable mass is observed in relation to
turbine rated capacity increase and increase in water depth. The former follows from the fact that a
single tower mass was chosen for each reference turbine. Hence, the relative difference between the
NREL-5MW and the IW-20MW ranges between 10-15% and is constant with respect to water depth.
In contrast, substructure and foundation dimensions are modelled to be depend on turbine tower
dimensions, water depth and soil type. It stands out that the relative share of retrievable mass for
jacket structures consistently decreases for greater water depths, whereas the opposite was observed
for monopile structures. In other words, for every ton of steel added above ground, more than a ton
of soil-embedded steel is required for jacket foundations. Variation in water depth affects retrievable
mass in the range of 15-20%. For combinations of >10MW capacity turbines and water depths up to
30 meter, retrievable mass is found to be in the order of magnitude of 90%. For a water depth range
of 30-80 meter — in which jackets are mostly likely to be deployed — the retrievable mass varies
between 70-90%.

It can be concluded that the average retrievable support structure mass for various turbines and water
depths up to 2050 will be in the order of magnitude of 55% and 80% for monopile and jacket
typologies.

Recyclable steel quantity

As priorly mentioned, the EOL-RR is a function of the collection, separation and recovery rate. The
guantity of recyclable mass for each water depth and turbine combination is calculated as the product
of said rates and the cumulative support structure masses. A collection rate of 100% for both monopile
and jacket structures, separation rates for the specific turbine-water depth combinations and a
recovery rate of 95% for all steel available for recycling are applied. The development of retrievable
masses and loss of material for each turbine and water depth combination is shown in Figure 54 and
Figure 56 respectively to be found on page 117 and 118.

From Figure 54 it can be seen that recoverable steel roughly follows a second-order polynomial
increase for both monopile and jacket topologies. Rated capacity influences recoverable mass by
means of vertical translation. Specifically, increase in rated capacity results in an increase of to-be-
recycled material at end of life. For monopiles, the trend seems to follow a linear relation, even though
the number of data points to base this conclusion on is quite low. For jackets, this trend does not
follow a linear relation, as the relative increase of recyclable steel between 5 and 10 MW rated
capacity is smaller than the relative increase between a 15 and 20 MW rated capacity. This is most
easily observed by comparing jacket structure retrievable mass at 70 meter depth, comparing the
difference between light blue and yellow dashed lines and the orange and dark blue dashed lines, in
Figure 54. Increase of water depth also results in increase of recyclable material at end of life. Water
depth influences recyclable mass by means of a 2" order polynomial for both monopile and jackets.
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Figure 54: Overview of retrievable mass development for monopile and jacket support structure typologies with respect to

turbine rated capacity and water depth. Mass values are given in tons of steel.
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Figure 55: Tipping point of retrievable mass between monopile and jacket support structures. This visualisation is a cut-out
of the figure presented above. For the NREL-5MW, LW-8MW and DTU-10MW tipping points are found at water depths of

27, 34 and 36 meter respectively.
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Absolute loss of monopile versus jacket support structure
steel for various turbine and water depth combinations in tons
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Figure 56: Material loss over a single lifetime for monopile and jacket support structures related to multiple turbine
capacities and water depths.

To avoid confusion, it is emphasised that the aforementioned trend regarding rated capacity and
retrievable mass is not well visible in Figure 55. Here, only the NREL-5MW, LW-8MW and DTU-10MW
are displayed which makes the former comparison between 5-10 and 10-20MW turbines irrelevant
and harder to observe. The trend, however, does still hold. Figure 55 shows tipping points between
monopile and jacket recyclable mass. It can be seen that the water depth at which this tipping point
occurs, increases with turbine rated capacity. More specifically, the to-be-recycled mass for monopiles
is higher than for jackets below the tipping point water depth. Tipping points between monopile and
jacket typologies for the NREL-5MW, LW-8MW and DTU-10MW are found as 27, 34 and 36 meter
respectively.

Considering the main research question of this research, more interesting to know are the support
structure steel losses related to the reference turbines and water depths combinations. An overview
of the absolute steel loss occurring from the point of installation to post-recycling are shown in Figure
56. It can be seen that for almost all turbine-water depth combinations jacket typology structures are
more favourable towards material losses.

For water depths of 20 to 60 meter, monopile steel losses occur in a range of 570-1360 ton depending
on turbine rated capacity for which monopile designs proved manufacturable. For the same depth
range and turbine selection, jacket typology steel losses occur in a range of 130-970 ton. Regarding
steel losses per turbine rated capacity, higher rated turbines are consistently associated with higher
steel losses. The same applies with respect to water depth, where water depth increase consistently
results in higher steel losses.
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A6: GHG emission indicator EU steel production

There are two common methods for primary steel production, namely BF-BOF and EAF methods. Steel
production in the EU is characterised by relatively high EAF production. In 2017, the ratio of BF-BOF
and EAF originated steel were 59.8% and 40.1% respectively. An assumption is made that the
S355G10+M steel used for OWT support structures is also represented by this ratio.

In the BF-BOF method, cokes obtained from coal are used as fuel to convert a mixture of iron ore and
steel scrap into molten iron. In this process, carbon from the cokes is oxidised releasing large amounts
of energy required to break the chemical bonds between Iron and Oxygen present in iron ore.
Furthermore, most impurities present in the molten iron are oxidised and are separated from the iron
melt by slag formation or end up in off-gasses. The carbon and oxygen chemically react to form carbon
dioxide, which is a potent green house gas. The amount of coke consumed in BF iron making is 0.45
ton coke / ton iron (World Steel Association, 2016). In turn, approximately 1.5 ton coking coal is
required to produce 1.0 ton of BF coke where the average carbon content of a ton coking coal is 78
wt% (Schobert & Schobert, 2015). By multiplication of these numbers, carbon consumption per ton
molten iron can be found as approximately 0.5 ton C/ton iron. The ratio between molecular mass of
carbon dioxide and elemental carbon is found as 44/12 and, after unit conversion, amounts to 3.67
ton CO2/ton C. Based on the above, the carbon emissions related to one ton of BF molten iron are
found as 1.84 ton CO2/ton BF iron.

EAF furnaces consume electricity instead of cokes, at a rate of 500 kWh electricity per ton molten EAF
iron. Carbon emissions of grid-fed electricity vary between 0.48-0.63 kg CO2/kWh depending on,
amongst other thing, the availability of renewable electricity and the share of nuclear electricity
generation at a given point in time (CO2 Emissiefactoren, 2020). An average value for grey electricity
is also provided as 0.56 kg CO2/kWh. An assumption is made that EAF electricity used is represented
by these emission factors, which reflect the Dutch electricity mix but might differ in other countries.
Combining these numbers, a carbon dioxide emission of 0.28 ton CO2/ton EAF iron is obtained.

In secondary steel making, no additional energy is supplied to the ladle furnace, as much excess heat
is formed in the oxygen blowing processes taking place (Yang, 2019). In secondary steel making,
carbon content of the steel is reduced from approximately 4% to the 0.06% present in the S355G10+M
steel, which results in an additional 0.04 ton CO2/ton steel. Total carbon emissions allocated to BF-
BOF and EAF steel production are 1.85 ton CO2/ton BF-BOF steel and 0.29 ton CO2/ton EAF steel.
Combining this with an average steel composition of 59.8% BF-BOF and 40.1% EAF steels, this results
in 1.22 ton CO2/ton steel.

It should be noted that during the steel making process some more emissions emerge related to
mining and transport of iron and CRM ores and fossil coal, off-gas handling, milling and shaping of the
steel, transport of the steel towards the manufacturing and assembly facility, assembly and welding,
transport to final OWT installation and final assembly. Compared to GHG emissions emerging in
steelmaking processes, Bonou et al. (2016) find that the before mentioned processes combine to
approximately 22% of the total contribution to climate change.
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