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EXECUTIVE SUMMARY
Wind energy in the UK is expanding as the UK strives to reduce its greenhouse gas emissions in
energy production, but with the size of the wind farms increasing, there will come a point where
these wind farms require decommissioning. The UK will eventually run out of new sites to
commission new farms, meaning re-using the sites is essential. There are multiple ways a wind farm
could be re-used, and this report focused on establishing the benefits of re-using the sites. To
minimise production losses, wind farm sections should be disabled following cable paths. The
impact for Gwynt Y Mor was a 16% loss and a maximum loss of 23% for Sheringham Shoal.
The UK was already part of the UNCLOS, IMO and the ‘OSPAR Convention’ before it brought
out the Energy ACT 2004. These pieces of legislation started to define how a wind farm should be
decommissioned with the early legislation being copied from the Oil & Gas industry. However, as
time has progressed this legislation has changed, leading to more development in decommissioning.
In terms of the monopile decommissioning, cutting is the industry standard but two different
methods are being developed: vibrating hammer and hydraulic pressure. All three methods are able
to achieve monopile removal at both Gwynt Y Mor and Sheringham Shoal. The vibrating hammer
was found to be the most economically viable solution as it can completely remove monopiles 5060% faster than a diamond wire cutter, and around 90% faster than the abrasive waterjet technique.
The vibrating hammer is also best for the CO2 emissions, with it releasing up to 95% less than the
abrasive waterjet and over 70% less than hydraulic pressure removal. However, if low-emission
vessels were introduced, the hydraulic pressure removal method has the lowest environmental
impact.
Large wind turbines are used in industry, as they take up a smaller area and provide greater power
output density. The increase in material usage is directly proportional to the increase in power
rating, but composites and synthetic plastics are the second largest contributor of waste regardless
of wind farm power capacity, followed by steel. To recycle blades, mechanical grinding is the best
recycling strategy, however, there are alternatives. Recycling emissions did not have sufficient
literature coverage to analyse successfully.
When decommissioning substations, the method is similar to installation. The entire topside can be
cut and lifted from the foundations, as it is not designed for offshore disassembly. The steel
foundations can be cut from the concrete and removed, or the concrete can be pulled from the
ground with the steel for some jacket foundations. Substation materials are primarily metallic,
which is easily recyclable, but electronic components can be refurbished and reused, which is
beneficial financially and environmentally. Capital expenditure and environmental analysis of cable
removal methods found that using a remotely operated trenching vehicle and a barge for cable
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storage was better in both ways than using a specialised cable lay vessel. A large portion of the cost
can be recovered from the cable scrap value. When considering carbon emissions, only a small
amount can be recovered from copper, but aluminium results in 4.3 times more savings per unit
mass, making them more environmentally beneficial to recover than copper. Cables cannot typically
be reused due to their wear characteristics and the future requirement of 66kV cables.
Vessel emissions and wildlife impact were established to evaluate the best re-use method. It was
found that foundation re-use reduced the pollution from vessel transportation: vessels can emit more
CO2e than a raw coal-fired power station. To minimise the mass and vessel use time, part
replacement would be the best method: part replacement maintenance times are 23% of the total
time when the entire turbine and foundation are replaced. Part replacement is also preferential for
wildlife as there is no seabed disturbance and reduced noise. The worst scenarios involve replacing
the foundations. If part replacement is not possible, installing larger turbines reduced vessel
emissions by approximately 35%. Low-carbon vessels can also be considered to reduce emissions.
As a big chunk of decommissioning cost is associated with the removal of foundations, re-using the
old foundations was explored. Typically, the foundations are rated for a longer lifetime than the
projected 20-25 years of the OWF. To install higher capacity turbines on existing foundations,
reinforcement structures are needed that take on the extra loads from the new turbines to prevent
exceeding design stresses in the monopile and soil. The reinforcement scenario requires full
removal of over half the old foundations since the new turbines need larger spacing. This scenario
provides only low to moderate cost and emissions reduction compared to full decommissioning due
to associated extra materials and installation hours, but are less disruptive to wildlife.
An investigation into the optimum grid spacing was produced, specifically for the
decommissioning/renewal scenarios when higher capacity turbines are reinstalled on the existing
site. By splitting the total cost into 4 distinct sections; vessel(s) (including installation, crew etc...),
turbine & foundation, cables, and operation and maintenance; the total cost, capacity, and resulting
cost per unit power can be calculated. Using the results from this analysis combined with a review
of the power reduction of individual turbines caused by wake effects, a conclusion of 7-8 turbine
diameters was established. This conclusion hinges on a number of assumptions. To make a
comprehensive conclusion, a full understanding of the site’s costs and restrictions are required.
It was found for the re-use scenarios, that the best scenario for both cost and emissions is turbine
parts replacement, followed by the same size turbine replacement, with foundation replacement
combined with installing a larger capacity turbine being the worst. Therefore the project
recommends re-use for emissions, replacing parts is the best way, otherwise, continue with the same
size turbine.
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1 INTRODUCTION
Following on from the work of the inception report, this report aims to conclude and provide
detailed analysis of how the UK can decommission and potentially re-use offshore wind farm sites
built in the UK between 2010 and 2015 as sustainably as possible with current technologies and
regulations. This report focuses on monopile foundations, as this was the most common foundation
type in currently built wind farms. The report includes providing a recommendation of the
procedure to decommission and reinstall wind turbines on the same site with minimal impact on the
reduction of electricity production from that site, as well as how to make the process as sustainable
as possible.
To reach the recommendation of the procedure to decommission large wind farms, the report
presents the research and analysis, including financial and environmental analyses, for the
components that go into decommissioning and re-using an offshore wind farm site. These include
how the components of the wind farms are decommissioned, the recyclability of all these
components, the re-use of a monopile foundations, and the seabed conditions of the wind farms.
In order to identify which member of the team performed the relevant research and/or analysis of
the section of the report, the initials of each member is used next to the heading title. The summary
of the initials to be used to show individual or collaborative contributions is shown in Table 1.1
below. Initials will not be used in subheadings if the subheading section is the contribution of the
same team member as the main heading of that section. If no initials are present in the main heading,
it means that the section was a group collaborative effort.
Table 1.1 – Team member initials showing the individual contributions

Team member

Initials

Konstantin Charkseliani KC
Samantha Green

SG

James Hennell

JH

Tayyib Islam

TI

Owen Wastell

OW

Po Hong Yuen

PY

1.1 PROJECT BACKGROUND: WIND ENERGY IN THE UK
Understanding the role of wind energy in the UK is essential to be able to understand the scale at
which the report’s suggestions and solutions may affect future procedures and regulations for
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companies in wind farm decommissioning and re-use. A detailed description and analysis of the
role of wind energy in the UK was presented in the Inception Report, but a summary of what was
mentioned in the report will be repeated here.
Wind energy in the UK is expanding each year, with it contributing to 21.7% and 24% of the total
generated electricity in the UK in the years 2019 and 2020, respectively (Department for Business,
Energy & Industrial Strategy, 2021). The government has a commitment for the offshore wind
farms to produce enough electricity to power every home in the UK by 2030 (Department for
Business, Energy & Industrial Strategy, 2021), so it is expected that this trend of growing capacity
will continue. There are many advantages of offshore wind; one advantage is that they are less
visible to the public and produce less noise due to their proximity to the land; another advantage is
that they have a greater electricity yield, compared to onshore wind, of up to 50% for turbines of
the same type and capacity due to greater offshore wind speeds (Martin, et al., 2004). The main
drawback is the increased costs required to invest, maintain, and operate the sites (Martin, et al.,
2004).
There are currently over thirty offshore wind farms on the UK coastline with at least ten turbines
and out of these thirty, nine of these contain a hundred or more turbines (Wikipedia, 2021). Using
the expected design lifetime of an offshore wind farm being 20-25 years (Pakenham, et al., 2021);
using the smaller value of twenty years, an estimation of the rate of wind farm decommissioning,
and combining it with the amount of steel of each farm, can be found and shown in Figure 1.1. Even
though the number of farms does not necessarily increase, the amount of steel per wind farm
increases, which show the scale and size of each wind farm is increasing as technologies advance
and change.
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Figure 1.1 - Expected number of turbines and weight of steel to be decommissioned in the next 20 years. Data sourced
from (Wikipedia, 2021)
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1.2 PROJECT AIMS
The project aims to present and analyse the current solutions for decommissioning, recycling and
re-use of the components of a wind farm: turbines, turbine foundations, substations, substation
foundations, and cables; finding the most environmentally friendly options. The current options
were analysed through multiple “scenarios” as a basis for comparison between the multiple ways
a wind farm could be re-used. As for environmental purposes, re-use is favoured over
decommissioning. The multiple scenarios covered all the possible ways a wind farm could be reused, and a breakdown of the scenarios that guide the analysis of this report, is shown in Figure
1.2. The scenarios cover the options for re-using the site with the same turbines, or with higher
capacity turbines, as well as options for replacing or re-using the foundations.
Foundation
Scenario

1) Re-use of
Foundations

a) Reinstall same
size turbines

2) Remove All
and Install New

b) Reinstall
higher capacity
turbines

i) Replace ciritical
parts only

i) Use existing
foundations

ii) Replace whole
turbine

ii) Reinforce
foundations

a) Reinstall same
size turbines

b) Reinstall
highercapacity
turbines

Replace whole
turbine

Figure 1.2 - Re-use scenarios breakdown

A study on seabed conditions is also presented to understand relationships between wind farm
locations and the seabed, as well as understand any potential geological problems that may cause
issues when re-using sites. Analysis will include feasibility studies, which incorporate financial as
well as environmental studies. Using the information from these feasibility studies on current
technologies and equipment, a recommendation will be made based on how a wind farm should
be decommissioned and replaced with new installations on the same site to minimise cost and
greenhouse gas emissions. There will also be a recommendation of the method of performing the
re-use scenario to minimise the energy losses from the site whilst this occurs. The
recommendation is made because of the trend of increasing wind farm sizes, and the fact that
there is a limited space in UK territorial waters that are useable for wind farms, and there will be a
need to re-use existing wind farm sites and potentially upgrade them to bring a greater capacity.
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The project may also present any other recommendations on other topics discussed during the
report.

1.3 PROJECT MANAGEMENT
Throughout the project, the project manager ensured the team was on track with the project plans.
The task network diagram and Gantt chart, which were created at the beginning of the project,
were used to guide the team and the project manager, with the tasks that should be completed and
the deadlines for those tasks. The Gannt chart for the current stage of the project at the time of
competing this report is shown in Figure 1.3. The activity list was also used to guide the team on
task allocation, which ensured all members were assigned tasks.
Plan Duration
No.

0

ACTIVITY

Project Start

Actual Start

% Complete

Actual (beyond plan)

EARLIEST
PLAN START

PLAN
DURATION

ACTUAL
START

ACTUAL
DURATION

0

0

0

0

0%

PERCENT
COMPLETE

Initial Research and Discussions

2

2

2

2

100%

Inception Report

4

1

4

1

100%

Decommissioning Regulations

5

2

5

2

100%

40

Monopile Decommissioning
Methods

5

2

5

2

100%

50

Monopile Foundation re-use

5

2

5

2

100%

60

Seabed Conditions for New
Foundations

5

2

5

1

70

Re-use of large-scale wind farms
method/process

7

2

7

3

Recycling of Turbine Materials

5

3

5

4

Recycling of Substation Materials

5

3

5

4

Resources required for future
decommissioning of wind farms

5

2

5

2

Method to reduce environmental
and cost impact of renewal
scenarios

9

1

10

2

10

3

10
20
30

80
90
100

110

% Complete (beyond plan)

WEEK
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

100%
100%
100%
100%
100%
100%
100%

120

Final Report

10

3

130

Group Poster

13

2

0%

140

Group Presentation

13

2

150

Project Finish

15

0

0%
0%

Figure 1.3 - Project Gannt Chart

To keep the team on track and to monitor progress, two meetings were arranged regularly each
week, with a third additionally meeting arranged if the team decided it was required. The
meetings followed the following schedule:
1. Optional Monday meeting for the group members
2. Tuesday formal meeting with the supervisor and client
3. Thursday informal meeting of the group members
Within the formal meeting, the team members rotated roles of chairman and secretary for the
meeting. The secretary’s role was to make key notes on what group members said and the
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feedback of the supervisors on what was covered in the meeting. They also circulated the meeting
minutes, and any presentation slides presented during the formal meeting, to the group and
supervisors after the meeting. The chairman’s role was to create an agenda and circulate it before
the meeting, as well as take charge of the meeting, keeping the meeting to the agenda to cover
everything that was required. For the group to easily identify which team members would be
secretary and chairman, a rota was developed at the beginning of the project and was followed.
This rota is shown in Table 1.2 below, where the colours indicate where all the group members
have taken both roles and the rota repeats.
Table 1.2 - Chairman and Secretary rotation for the formal weekly meetings

Week # Date
3
4
5
6
7
8
9
10
11
12
13
14
15

12/10/2021
19/10/2021
26/10/2021
02/11/2021
09/11/2021
16/11/2021
23/11/2021
30/11/2021
07/12/2021
14/12/2021
21/12/2021
28/12/2021
04/01/2022

Chairman

Secretary

Konstantin Charkseliani Samantha Green
Samantha Green
James Hennell
James Hennell
Tayyib Islam
Tayyib Islam
Owen Wastell
Owen Wastell
Po Hong Yuen
1-1 Meeting, so no chairman or secretary required
Po Hong Yuen
Konstantin Charkseliani
Konstantin Charkseliani Samantha Green
Samantha Green
James Hennell
James Hennell
Tayyib Islam
Tayyib Islam
Owen Wastell
Owen Wastell
Po Hong Yuen
Po Hong Yuen
Konstantin Charkseliani

To ensure the team members did not have difficulty with accessing the latest versions of shared
documents, the project used Microsoft Teams to share, create, and edit all documents as it was
linked to their university accounts, allowing them to open the documents in Microsoft Office
applications for editing. Within Teams, the Planner application was used to create, assign, and
monitor the progress of tasks performed by the team. Planner alerted the assigned team member
when a task was due and when tasks were late, meaning the project manager did not need to send
reminders for everyone’s individual tasks. Planner allows the task to contain attachments,
weblinks, checklists as well as other features to make the task requirements easy to understand, as
well as any relevant information/documents attached to it for easy accessing. With Planner being
embedded into the group Teams channel meant that it was easy to find the task list and modify it
when tasks needed to be updated.
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1.4 CHANGES IN PROJECT FROM INCEPTION REPORT
There have been changes to the plan in the project to the inception report. Initially, the final task
in the project plan before the final report is written, was to find a method to reduce the spike in
decommissioning demand across the UK that will occur in the future, when all of the existing
wind farms reach their end of life. It was found that after the tasks beforehand had been
completed, that task would not bring all of the research we had completed together. The focus of
the research, and the project, has been on reducing carbon emissions in order to make wind farm
decommissioning and re-use more environmentally friendly. Reducing the spike in
decommissioning demand is not along the same line as environmental impact reduction.
Therefore, it was decided to perform a different final task to conclude the project in a better way
that is in line with the project research and deliverables; no deliverables have been changed since
the inception report. The new task to replace it is named “Method to reduce environmental and
cost impact of renewal scenarios”, which extends upon the scenarios of wind farm re-use and
enables the project to evaluate cost and environmental impact for each scenario, recommending
the best re-use method for cost and/or environmental impact. This recommendation is what will
bring the project to a conclusion.
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2 DECOMMISSIONING REGULATIONS

(OW)

The need for decommissioning regulations of offshore wind farms came from the rapid adoption
by the UK of wind power, stemming from the Renewables Obligation Legislation which came into
effect in 2002, meaning all registered electricity suppliers within England and Wales had to supply
their customers with a specific amount of electricity from renewable sources (GWEC, 2013).

2.1 PRE 2000
Prior to the 2000s, the UK was part of multiple international legislations, emphasising the
decommissioning of offshore platforms. These obligations are as follows:
•

United Nation Convention on the Law of the Sea (UNCLOS) – Entered in 1997

•

International Maritime Organisation (IMO) – Entered in 1989

•

Convention for the Protection of the Marine Environment of the North-East Atlantic (the
‘OSPAR Convention') – Entered in 1992

All three of these legislations were the initial basis used for decommissioning of offshore wind
farms. The UNCLOS article 60 for instance states that “Any installations or structures which are
abandoned or disused shall be removed to ensure safety of navigation…” (United Nations, 1997)
which applies to any offshore platform and highlights how an offshore wind platform would need
to be removed if its presence impacted the safety of ships. Further to this, the IMO criteria backs
up the removal of abandoned offshore platforms by stating the installation or structure should be
“…removed in whole or in part in conformity with these guidelines and standards once it is no
longer serving the primary purpose for which it was originally designed and installed…”; The IMO
criteria goes on to state that the “…removal should be performed as soon as reasonably practicable
after abandonment or permanent disuse…” (Marine Scotland, 2018). In addition to this, the
OSPAR Convention states that “the dumping, and the leaving wholly or partly in place, of disused
offshore installations within the maritime area is prohibited.” Once again, highlighting that any
offshore wind farm needs to be removed if it is no longer in use (Marine Scotland, 2018).
However, all three of these legislations prior to the 2000s did not cover anything below the seabed
with the IMO even having stated exemptions on whether an installation or structure needs to be
removed above the seabed if it “…weighs more than 4000 tonnes or is standing in more than 100m
of water…” or the “…structure need not entirely be removed when entire removal is not technically
feasible, removal would involve extreme cost or would pose unacceptable risk…” (Marine
Scotland, 2018). These exceptions highlight how at this stage the regulations on offshore wind
farms were quite vague on the process of removal. They also emphasises that nothing under the
seabed needs to be removed, leading to possible implications for marine wildlife and fishing.
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2.2 2000 – 2021
In 2004, the Energy Act was introduced which was the first piece of domestic legislation from the
UK which introduced the idea of a decommissioning scheme for offshore wind farms. This piece
of legislation required the company responsible for building and installing the wind farm to submit,
and at the required time, carry out a decommissioning program. The interesting part of this
legislation was that it required offshore renewable companies to submit a decommissioning plan
before the project could be consented to, while for oil and gas stations, they would only be required
to submit a decommissioning plan 3-5 years before the end of life of a platform (Marine Scotland,
2018). This difference between Offshore renewables and Oil and Gas companies, along with the
overall processes required for consent of a project under the Energy Act of 2004 can be seen below
in Figure 2.1.

Figure 2.1 - Flow chart highlighting difference between Offshore Renewables and Oil & Gas industries for
Decommissioning Plans (DP – Blue sections) along with process required for consent under Energy Act 2004 (Marine
Scotland, 2018)

Another piece of domestic legislation that impact the decommissioning of offshore wind farms is
the Marine and Coastal Act of 2009. This Act basically requires a company to apply and receive a
Marine Licence before any construction, maintenance or decommissioning can commence. The
company must publish the processes and location in which it will be performing its activities, so
the public and the Governing body can either object or approve the proposed actions based on the
impact it has on the environment. (UK Government, 2009)
A brief mention needs to be made on the Scotland Act 2016 which came into effect on the 1st April
2017, meaning all offshore wind farms in Scotland waters are now managed by Scottish Ministers
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and their appointed staff members, instead of the UK Secretary of State. The process is still the
same as that of the Energy Act 2004, the difference is that Scottish Parliament now handles the
authority to approve decommissioning programmes and ensures that decommissioning is carried
out by the responsible party. (Marine Scotland, 2018)
Furthermore, another piece of legislation that has been introduced recently which impacts the
decommissioning of offshore wind farms is the Electricity Works Regulations 2017. It dictates the
requirements that Environmental Impact Assessments (EIA) must meet for a project to be approved.
Moreover, further EIAs must be performed near the end of life of the wind farm to fully cover the
impact that removal will have on marine wildlife, which has settled on the scour and surrounding
monopile foundation. In addition to this, if the EIA shows the site is to affect a Natura 2000 site,
then a further in-depth EIA is required which will have its requirements based off the Offshore
Marine Conservation regulations. For a list of all the regulations which are currently impacting the
decommissioning of offshore wind farms pre 2000s up until 2021, please refer to Appendix 1 Table of Regulations.

2.3 POST 2021
For all offshore wind farms, it is important that their decommissioning plans are kept up to date
with all the regulations, including any changes as a result of Brexit. The most likely change in the
legislation will come in the form of an updated Environmental Protection Act of 1990. With the
increased use of glass fibre on wind turbines, it is becoming unreasonable to continue to use landfill
for these products; therefore, it is assumed that the handling of these hazardous materials will be
revised, especially if a solution is not found. Interestingly, it is currently generally assumed that the
onshore wind farm industry will come up with a solution for decommissioning these products first
and thus for offshore wind farms, there should be options once decommission commences (Marine
Scotland, 2018). This all highlights even at this time, there is still a lack of regulations to enforce
sustainable methods which will limit waste, and it seems this is a problem that will need to be
tackled soon.
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3 MONOPILE DECOMMISSIONING METHODS

(OW)

Monopiles are the most common type of foundation for offshore wind farms and will be the focus
of this report. Monopiles are steel tube structures that are imbedded into the seabed in order to hold
a structure like an offshore wind turbine upright, either directly or using a transition piece.
Monopiles are incredibly popular in the offshore wind turbine industry as generally the water depth
has not gone beyond 35m and they are straightforward to manufacture. Both deeper water depth
and larger turbines will generate higher magnitude of wind and wave loading thus meaning super
monopile structures would need to be produced or a jacket structure would be required, both of
which increase the complexity of these foundations considerably (Duan, 2016). (Refer to Figure
3.1 for a basic monopile structure)

Figure 3.1 - Picture of Monopile Structure (Wind Energy The Facts, 2007)

The decommissioning of these monopile structures is a key part of the decommissioning process as
the processes in which it is removed have varying impacts on both the cost of decommissioning and
the environmental impact for the area. This section is focusing on the removal of the monopile
structure beneath the sea level and does not include the transition piece.
There are currently four different methods of monopile extraction available to the wind farm
community at this moment in time, however only one is considered economically with another
being a last resort. The other two are still requiring full field tests to determine their effectiveness.
This report concentrates on these four methods of monopile removal and does not consider any
possible processes which are coming out in the future. This was done so these methods could be
fully understood in terms of their economic, environmental, and sustainable impact on the
decommissioning process.
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3.1 FEASIBILITY ANALYSIS
A feasibility analysis was performed on each method for the two case study wind farms
(Sheringham Shoal and Gwynt Y Mor). This was done to assess whether each method could actually
be performed at each site and the advantages and disadvantages of each method based on the size
of the farm and the general conditions located at each site.
3.1.1

Cutting

Before any cutting can occur, an inspection of the overall monopile must take place as seabed
conditions may have changed dramatically from the time of installation, due to currents and marine
life/growth. These inspections are done by divers or by remote operated vehicles (ROVs). During
these inspections they examine the lifting holes that are on the monopile. If these holes are secure
and corrosion has not taken hold then the monopiles can be safely cut and removed using the cranes.
Once an inspection has been done, before any cutting can occur, the scour protection needs to be
removed along with at least 1m of seabed (this depth changes depending on the size of the sediment
shifts located at the wind farm). Depending on where the cut is taking place, the dredging must take
place on only the internal or on both the internal and external side of the monopile. This dredging
is done so that the cutting equipment can gain access to the monopile below the seabed. An image
of the dredging for an internal cut can be seen below in Figure 3.2, while the dredging for an external
cut can be seen in Figure 3.3.

Figure 3.2 - Image of a dredging for an internal cut (RGL, 2021)
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Figure 3.3 – Image of monopile removal for an external cut (Lindaas, 2020)

There are a few different techniques for dredging/removing the seabed in and around the monopile
with a selection of these shown below in Table 3.1. The techniques have varying impacts
economically and environmental with a breakdown of this being done later on.
Table 3.1 - Offshore excavation tools (Stapel, 2021)

Technique
(Jet) Airlifting tool
Bucket excavating
Clamshell excavating
Pile coring
Jetting (mass flow) excavation
Submersible dredge pump

Removal Location
Internal and External
External
Internal and external
Internal
Internal and external
Internal and external

The cutting of a monopile a few metres below the surface is currently seen as the most economically
viable way of extracting monopiles even if it only partially removes the monopile. This is because
a lot of methods for cutting and extraction for the wind farm industry are derived from the oil &
gas industry and as such a lot of these methods are ‘tried and trusted’ and are very efficient
economically (Lindaas, 2020).
There are multiple methods used for cutting the monopiles, with new methods being produced as
the size of monopiles increases in order to deal with the larger diameter turbines. A table of the
different techniques for cutting can be seen below in Table 3.2.
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Table 3.2- Offshore sub-sea cutting techniques (Stapel, 2021)

Technique
Diamond wire cutting
Abrasive waterjet cutting
Hydraulic shear cutting
Hydraulic grinder
Explosion cutting
Flam (Torch) cutting
Plasma arc cutting

Cutting Location
External
Internal and external
External
Internal and external
Internal and external
Internal and external
Internal and external

The two preferred methods of cutting now are diamond wire cutting and abrasive waterjet cutting
(Stapel, 2021).
The diamond wire cutter uses a diamond wire which is spun extremely swiftly through an auto-feed
system (which is a series of pulleys), using a hydraulic motor to spin the mechanism. This allows
the wire to generate a huge amount of friction on anything it encounters, rubbing away any material
in its path (Contractors Supply, 2021). A picture of a diamond cutter can be seen below in Figure
3.4.

Hydraulic
Auto-feed

motor

system

Clamp

Diamond Wire

Figure 3.4 - Image of Diamond Wire cutter (Underwater Cutting Solutions, 2021)

The typical specifications for a 12in to 56in diamond wire cutter used to cut a monopile can be
seen below in Table 3.3.

Page | 3-19

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
Table 3.3- UCS 56in Diamond Wire Saw Specifications (Underwater Cutting Solutions, 2021)

Specifications
Cutting Capacity
Hydraulic requirements
Maximum carriage speed
Typical cutting speed
Mass in air
Mass in water
Jaw width open

304.8-1422mm / 12-56in
80-90lpm @ 210bar / 17-19gal @ 3045psi
60mm/min / 2.3in/min
4-50mm/min / 0.157-1.968in/min
490kg / 1080lbs
390kg / 859lbs (buoyancy optional)
1550mm / 61in

The abrasive waterjet cutting technique uses a stream of high-pressure water which is shot from a
small distance away at the steel structure repeatedly. Since the water is at such a high pressure, over
time it wears away the material and hence results in its ability to cut through the steel.
The useful part of waterjet cutting is that is can be done from both the inside of the monopile or the
outside. This allows for a lot more versatility as having the option to cut the monopile without
having to remove the scour protection and the surrounding seabed. However, the nozzle of the
abrasive waterjet is required to be as close to the structure as possible otherwise turbulence and air
affects the pressure of the water, which would decrease the effectiveness of the jet greatly.
Therefore, once monopiles start increasing in diameter, different tools will need to be used as the
current waterjet equipment are for relatively small monopile diameters. An image of how an
abrasive waterjet works can be seen below in Figure 3.5.

Figure 3.5 - Diagram highlighting the method of using an abrasive waterjet (RGL, 2021)
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Abrasive waterjet cutting is a slow process: at Amrumbank West MET-Mast monopile foundation
in 2016 an abrasive waterjet cutter took 30 hours to cut through the monopile wall thickness of
78mm, cutting at an average rate of 0.0433mm/min (Stapel, 2021). This value could then be used
to calculate the time required to cut monopiles at other wind farms. For context, an image of an
abrasive waterjet in action can be seen below in Figure 3.6.

Figure 3.6 - Image of an Abrasive Waterjet cutting a monopile (RGL, 2021)

3.1.1.1

Gwynt Y Mor

The seabed conditions surrounding Gwynt Y Mor are mudstone and halite stone. The sediment
thickness on top of this mudstone seabed covers most of the site at a 5 and 20 metres depth with
this sediment being a mixture of sand and gravel (refer to 13.7.1 - Gwynt Y Mor Wind Farm Seabed
Conditions). These are almost perfect conditions for dredging the 1-2m into the seabed in order to
achieve the cut. The 1-2m depth was chosen due to the sedimental shift which takes place on the
site and is on average 0.5m in depth (Seagreen Wind Energy Limited, 2011). It is important that
once the monopile is cut and covered up that there should be a limited risk that it will be uncovered,
in order to protect fishing vessels which could become trapped on it and sink. Therefore, as an
added protection, some of the scour protection will also be left unaffected in order to limit the effect
any sediment shift might have on uncovering the monopile.
In terms of Gwynt Y Mor, the conditions for cutting are feasible with any of the cutting equipment
and dredging equipment available as long as they keep to the depth of cutting stated. In terms of
simply cutting the monopile a diamond cutter could do it in 260 minutes (4.3 hours) while an
abrasive waterjet could cut a monopile in 1530 minutes (25.5 hours).
3.1.1.2

Sheringham Shoal

Sheringham Shoal is primarily made up of chalk, medium dense till (which is a mixed sediment of
sand and gravel) and sand with the sediment thickness varying across the site by 5-50m in thickness.
(as discussed in 13.7.2 - Sheringham Shoal Wind Farm Seabed Conditions). This material is very
is quite soft and much like with Gwynt Y Mor, can be easily excavated using any of the dredging
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equipment showcased before. The depth of dredging for Sheringham Shoal, though, must reach 5m
depth, as the cut must be at least 3.5m below the initial seabed in order to protect the fishing
industry. This is because there are sand waves of 3.5m in amplitude.
In terms of cutting at Sheringham Shoal, the conditions allow for the same methods and processes
to be used for cutting and dredging. The only reason certain ones would be used would be is down
to economic and environmental impacts. Like with Gwynt Y Mor, in terms of simply cutting the
monopile, a diamond cutter could do it in 225 minutes (3.8 hours) while an abrasive waterjet could
cut a monopile in 1345 minutes (22.4 hours).
3.1.2

Vibrating Hammer

A vibrating hammer is the first methods that is available for complete extraction of the monopiles.
This method uses a vibrating hammer attached to a crane which clamps to the monopile and then
begins to vibrate it up and down. The hammer does this through a mechanism of dampers and gears
which can set a variable eccentric moment, thus allowing for complete control over the amplitude.
Refer to Figure 3.7 below for a breakdown of a vibrating hammer.

Figure 3.7 - Vibrating Hammer (PVE, 2021)

Main components of a vibratory hammer:

A. Suppressor housing also called yoke
B. Elastomers
C. Eccenters
D. An actuator (not visible) with gears
E. A vibration case also called carter or gearbox
F. A clamp
G. Gripping jaws
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The vibrating hammers produced by PVE have a high rotational speed which means that they can
operate further away from the seabed`s resonant frequency. These hammers are also able to start
and stop spinning without any eccentricity as the eccentricity can be controlled, allowing them to
pass the critical frequency region of the operating equipment and seabed. This means that these
hammers can avoid causing disturbing negative vibrations in the boom of the crane and in the soil,
which if left unchecked would cause damage to the surrounding marine wildlife (PVE, 2021). The
benefit of high frequency hammers (2300rpm) can be seen when compared to a normal frequency
vibratory hammer (1500rpm), where a high frequency hammer produces a vibration level measured
at a distance of 2m from the driving element which is equivalent to the level of vibrations produced
by a normal-frequency hammer at a distance of 16m (PVE, 2021).
The reason a vibrating hammer could be a viable option to completely remove the monopiles is
because once the monopile is in motion, the material in the seabed which is surrounding the
monopile begins to vibrate along with the pile due to the non-slip region between the monopile and
seabed. As a result of this force, the seabed in contact with the monopile vibrates as well, becoming
almost liquefied and creates an area of low density (Lindaas, 2020). This area then reduces the
frictional force acting on the monopile, allowing for it to be removed from the seabed with a reduced
amount of force (Lindaas, 2020). Refer to Figure 3.8 below for a diagram of how the vibrating
hammer method works.

Figure 3.8 - Diagram highlighting the method of a vibrating hammer including the area of low density caused by the
vibrations (own illustration)
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The vibrating hammer and crane technique method has been field-tested when it was used on the
decommissioning of the Lely wind farm in the Netherlands in 2016. This wind farm had 4 x 0.5MW
turbines (Stapel, 2021) with the PVE 500M vibrating hammer being chosen to extract the 30m long
monopiles (Vicente Negro, 2017). This vibrating hammer was chosen because it exerts a maximum
centrifugal force of 10748kN with an eccentric moment of 500kgm (Dieseko Group, 2021). Once
the turbine structure was removed from the top of the monopile, this vibrating hammer was clamped
to the monopile structure and the monopile was extracted from the seabed. (Refer to Figure 3.9
below for a picture of the vibrating hammer at the Lely Wind farm decommission)
Vibrating

Crane

Hammer

Figure 3.9 - Picture of PVE 500M vibrating hammer and crane, extracting Lely Monopile structure (Dieseko Group,
2021)

This extraction method took 45mins to remove each of the 26m long, 84-tonne monopile structures
(Dieseko Group, 2021). Even though this extraction took considerably less time than the cutting
method, the key difference is that detailed inspections are required to determine the condition of
the monopile and understand whether the structure can withstand the vibrating force delivered by
the vibrating hammer after its sustained exposure to saltwater (Marine Scotland, 2018). In order to
determine the time taken for a vibrating hammer to remove a monopile, the timings from Lely were
used and then scaled appropriately to the size and length of the monopiles at the wind farms
examined.
As a precautionary check, the natural frequencies of the monopiles would be calculated before
extraction to make sure that during extraction the operator knows which frequencies to stay away
from. The natural frequencies of the monopiles were calculated using equation (3.1) below
(Chicago Metal Rolled Product, 2021).
1 𝜋 2 𝐸𝐼
𝑓=
( ) √
2𝜋 𝐿
𝑀𝑃𝐿

(3.1)

Where E is the Young’s Modulus of the material in question (in Pascals), I is the second moment
of inertia (in m4) and MPL is the mass per length of the pile (in kg/m).
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3.1.2.1

Gwynt Y Mor

The calculated natural frequency for the monopiles located at Gwynt Y Mor were 3.39Hz (or
203rpm). Therefore, since the PVE 500M vibrating hammer used at Lely spins at a max rpm of
1400 highlights that a similar vibrating hammer would be able to avoid the resonance zone.
The seabed conditions surrounding Gwynt Y Mor are mudstone and halite stone. The sediment
thickness on top of this mudstone seabed covers most of the site at a 5 and 20 metres depth with
this sediment being a mixture of sand and gravel (refer to 13.7.1 - Gwynt Y Mor Wind Farm Seabed
Conditions). The mudstone located at Gwynt Y Mor does cause an issue with the use of a vibrating
hammer as the hammer puts the mudstone under pressure, potentially leading to shale production.
This shale production could cause the monopile to become unstable in the hole. This means that if
a vibrating hammer were to be used to extract the monopiles from Gwynt Y Mor, it might need to
have guiderails attached to it so as to make sure the monopile does not simply topple, which could
lead to equipment breaking or worse capsizing a ship attached to it. If a vibrating hammer was used
at Gwynt Y Mor, it would be able to remove a monopile in roughly 130 minutes (2.2 hours).
3.1.2.2

Sheringham Shoal

The natural frequency for the monopiles located at Gwynt Y Mor were 2.73Hz or at 164rpm.
Therefore, like with Gwynt Y Mor the PVE 500M vibrating hammer or a similar vibrating hammer
would be able to avoid this resonance zone.
Sheringham Shoal as stated is primarily made up of chalk, medium dense till (which is mixed
sediment of sand and gravel) and sand with the sediment thickness varying across the site by 5-50m
in thickness (as discussed in 13.7.2 - Sheringham Shoal Wind Farm Seabed Conditions). This means
that since the material is soft and easily pulverised, the impact on the vibrating hammer means it
might not need as high a force in order to extract the monopile. Therefore, a vibrating hammer
would be a feasible method for the extraction of monopile pieces at Sheringham Shoal (as long as
it had the required force). If a vibrating hammer was used to remove the monopile at Sheringham
Shoal, then it would take 95 minutes (1.6 hours).
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3.1.3

Hydraulic Pressure

The use of hydraulic pressure is the new sustainable method to completely remove monopiles. The
method is currently being trialed in the Netherlands by TKI Wind OP ZEE and has not been field
tested. The process is focused on using hydraulic extraction in order to remove the monopiles. There
were over 30 extractions performed at a scale of 1:20 and 1:30 of a monopile with diameter of 8m.
These tests were performed in 4 different soil conditions which can be seen below:
•

Medium dense sand

•

Dense sand

•

Medium stiff clay

•

Layered clay

The method for achieving this hydraulic pressure is to first seal the top of the monopile after the
turbine structure has been removed from it. The monopile is then filled with water or some other
type of fluid to pressurise the space inside. Once the pressure pushing down through the seabed is
higher than that of the frictional forces experienced by the monopile it will start to push the
monopile upwards (Topsector Energie, 2020). This method is illustrated below in Figure 3.10.

Figure 3.10 - Illustration of the forces that act on the monopile during the extraction process (left) and parameters used
in the analytical model (right) (Maria Coronel, 2020)

In order to understand whether this method would be feasible on larger monopiles, a method was
devised in order to determine the pressure required by a pump in order to overcome the forces on
the monopile while imbedded in the seabed. A couple of assumptions were made in order to use
this method, one such assumption was that none of the pressure was escaping down through the
seabed and the seabed was acting as a stiff sealed structure. Another assumption was that the
frictional force resulting from the water was negligible and was thus ignored in the calculations.
The starting point was to first determine the unit skin friction placed on the monopile in drained
conditions (drained conditions were assumed as the seabed in under the ocean and hence it will be
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soaked with the salt water). The equation to determine the unit skin friction can be seen below in
equation (3.2).
𝑓𝑠 = 𝜎ℎ′ 𝑡𝑎𝑛𝛿′ = 𝐾 𝜎𝑣′ 𝑡𝑎𝑛𝛿′

(3.2)

Where 𝜎ℎ′ is the horizontal effective stress around the monopile after installation (in Pascals), 𝜎𝑣′ is
the vertical effective stress (in Pascals), K is the coefficient of lateral earth pressure and 𝛿′ is the
pile-soil friction angle (in degrees). The values for K and 𝛿′ for steel can be derived from Table 3.4
and Table 3.5 below.
Table 3.4 - Table of values for the Coefficient of Lateral Earth Pressure

Type of Pile Loose Medium Dense
Steel
0.5
0.75
1.0
Concrete
1.0
1.50
2.0
Timber
1.5
2.25
3.0
Table 3.5 - Table of values of the pile-soil friction for steel

Type of Pile
Steel
Concrete

𝜹′
20
3
ϕ’

Timber

2

4

ϕ’

3

In order to calculate the vertical effective stress, equation (3.3) was used below.
𝜎𝑣′ = 𝛾𝑠𝑎𝑡 ℎ

(3.3)

Where 𝛾𝑠𝑎𝑡 is the unit weight for the saturated material and h is the depth the monopile is buried
into the seabed.
Therefore, once a value for the unit skin friction (fs) had been found, equation (3.4) below was used
to determine the ultimate skin friction (USF).
𝑈𝑆𝐹 = 𝛴 𝑓𝑆 𝐴𝑠

(3.4)

Where As is the shaft area in contact with the seabed (in m 2) including both internal and external
contact surfaces.
Once the ultimate skin friction was calculated, the weight of the monopile was added to the skin
friction in order to account for the all the forces resisting the monopile from removal. Therefore,
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using equation (3.5), the minimum pressure required to extract the monopile from the seabed was
calculated.
𝑝≥

𝐹
𝐴

(3.5)

Where p is the pressure required from the pump, F is the sum of the forces and A is the area at the
bottom of the monopile.
The principal stresses (𝜎1 and 𝜎2) were also calculated to make sure that the steel in the monopile
could handle the pressure required to remove it. A diagram of how these stresses interact with the
monopile structure can be seen below in figures Figure 3.11 and Figure 3.12.

Figure 3.11 - Diagram highlighting the 1st principal stress on the monopile (Howard, 2018)

Figure 3.12 - Diagram highlighting the 2nd principal stress on the monopile (Howard, 2018)

Where F in both cases is the force being applied to the monopile from the pressurised liquid. Under
the assumptions that the forces acting on the monopile from the pressurisation are in equilibrium
(𝛴𝐹𝑖 = 0) and Saint Venant`s Principle was held, then the hoop normal stress and axial normal
stress were calculated using equations (3.6) and (3.7) respectively (Howard, 2018).
𝜎1 =

𝑝𝑟
𝑡

(3.6)
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𝜎2 =

𝑝𝑟
2𝑡

(3.7)

Where p is the internal pressure generated to remove the monopile (in Pascals), r is the mean radius
of the monopile (in m) and t is the wall thickness (in m).
Once it was confirmed whether the monopile could handle the pressurisation, an appropriately sized
pump was then chosen which could handle the required pressure with a suitable flow rate.
This method has a lot of advantages as it would allow the extraction of full monopiles without
requiring any excavation of the seabed. Also, it would mean no cutting would be required which
reduces the need for specialist equipment along with no need for diving operations. As discussed
before any external cut requires customized equipment like clamped frames and guiderails, in order
to support the cutting tool. As for internal cuts, off-the-shelf cutting tools from the oil and gas
industry can only be used to a limited extent because the diameters of monopiles keep increasing.
More importantly, any cut below the level of the local seabed requires an excavation in order to
make the level of the cut accessible for the cutting tool. Furthermore, if everything goes as planned
then there will be less disruption of the surrounding seabed, and a lower impact in marine wildlife
as there are no vibrations either. (Topsector Energie, 2020)
It does remain to be seen whether this method can be performed on a full scale decommission, but
the initial testing and the calculations performed suggest that this method is highly feasible for
removing monopiles sustainably, as long as consideration is given to the possible loss of pressure
through the seabed (which could be overcome by sealing the section) and the pressure the pump
can achieve.
3.1.3.1

Gwynt Y Mor

As discussed before, the seabed conditions surrounding Gwynt Y Mor are mudstone and halite
stone with the sediment thickness on top of this mudstone seabed covering most of the site at a 5
and 20 metres depth with this sediment being a mixture of sand and gravel (refer to appendix
13.7.1). Given the monopiles are driven 42m into the ground at Gwynt Y Mor, they are experiencing
differing levels of friction based off the differing materials. Therefore, the frictional forces on the
monopile were calculated using the method described before but splitting the number down into the
average depth of each material in the seabed and then adding them all together to get the total skin
friction force. The results from this study can be seen below in Table 3.6 .
Table 3.6 - Table of the results from the study into the hydraulic removal of monopiles for Gwynt Y Mor

Total skin friction (kN)
4967.91
Skin Friction + Weight of monopile (kN)
16826.06
Total Pressure on bottom surface required to remove monopile (MPa) 5.96E-01
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After this, the principal stresses were calculated and compared with the yield strength of stainless
steel, the results of which can be seen below in Table 3.7.
Table 3.7 - Table of results highlighting the principal stresses acting on the monopile and the safety factor

Yield strength of Stainless Steel (MPa) (EngineeringToolbox,
2021)
Factor of Safety

𝝈𝟏 (MPa) 𝝈𝟐 (MPa)
363.71
181.86
502.00
502.00
1.38

2.76

Table 3.7 clearly shows that the monopiles should survive the pressure required and as a result an
appropriate pump was sourced. The chosen pump was the Viking LVP Series Vane Pump as it can
handle a discharge pressure of 21 bar and has a maximum flow rate of 36m3/hr (Michael Smith
Engineers LTD, 2021). An image of the pump can be seen below in Figure 3.13 along with its
specifications in Table 3.8.

Figure 3.13 - Image of Viking LVP Series Vane pump (Michael Smith Engineers LTD, 2021)
Table 3.8 - Table of specifications for chosen pump (Michael Smith Engineers LTD, 2021)

Pump Type
Viking LVP Series Vane Pump
Maximum flow (m³/hr)
36
Maximum differential pressure (bar)
1
Maximum discharge pressure (bar)
21
Using this pump, the extraction of the monopiles would be feasible from the Gwynt Y Mor wind
farm with each monopile being extracted roughly every 7 and a half hours.
3.1.3.2

Sheringham Shoal

Once again, as discussed before, the seabed at Sheringham Shoal is primarily made up of chalk,
medium dense till (which is mixed sediment of sand and gravel) and sand with the sediment
thickness varying across the site by 5-50m in thickness (as discussed in Appendix 13.7.2). In
Sheringham Shoal the monopiles are driven 39m into the ground and as a result they pass though
multiple materials in the seabed like those located at Gwynt Y Mor, therefore once again the process
was repeated in order to understand the total frictional forces on the monopile. The results can be
seen below in Table 3.9 .
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Table 3.9 - Table of results for the forces acting on the monopile along with the pressure required to remove it

Total skin friction (kN)
4376.49
Skin Friction + Weight of monopile (kN)
13276.92
Total Pressure on bottom surface required to remove monopile (MPa) 4.71E-01
Like before, the principal stresses were once again recalculated in order check whether the
monopiles would survive, with the results seen below in Table 3.10.
Table 3.10 - Table of results for the principal stresses along with a factor of safety when compared with the yield stress

Yield strength of Stainless Steel (MPa) (EngineeringToolbox,
2021)
Factor of Safety

𝝈𝟏 (MPa) 𝝈𝟐 (MPa)
356.91
178.45
502.00
502.00
1.41

2.81

As shown by Table 3.10 the monopiles would survive the pressurisation and therefore a pump was
chosen. Since the required pressure to extract the monopiles was smaller than for Sheringham Shoal
than Gwynt Y Mor, (0.125 MPa smaller) then the same pump was chosen, as it already satisfied the
requirements and would fill the Sheringham Shoal monopiles up in 7.3 hours. Therefore, using
hydraulic removal of monopiles would be feasible at Sheringham Shoal.

3.2 FINANCIAL ANALYSIS
In order to compare the different methods and their economic impact a financial analysis was
conducted. Currently, there is no incentive to spend more than the absolute minimum on
decommissioning of the monopiles, as stated above in section 2.1, the IMO standards for the
removal of offshore installations and structures states that ‘coastal states may determine that entire
removal is not needed if extreme costs are involved’ (Marine Scotland, 2018). This causes
controversy as to what exactly constitutes an "extreme cost". Therefore, it was important that the
different methods be analysed thoroughly so their economic impact could be fully understood.
An assumption placed on this analysis is that a baseline cost was used for the cost of a jack-up
vessel barge cost £150,000/day (Roberto Lacal-Arántegui, 2018) and it was also assumed that both
the cost of the vessel did not change between techniques and within the £150,000, and the cost of
the equipment required was included (i.e. the use of a diamond cutter or vibrating hammer).
This cost per day was then split proportionally using the time taken for each technique to cut or
remove the monopile based on the feasibility analysis, the transportation of the monopiles is
covered later in section 7.4. Breaking the timing down and using it proportionally is a verified
technique used by the Government Department of Business, Energy and Industrial Strategy which
through their own analysis of wind farms states that ‘An increase of 20% in cutting duration
(including preparation) increases the total decommissioning cost by 8% compared to the baseline
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estimate.’ (Department of Business, Energy and Industrial Strategy, 2018). Thus, highlighting the
importance of speed in terms of decommissioning monopiles from an economic standpoint.
It is important to note that this analysis does not include the impact of the weather. An example
where the weather caused delays is the decommissioning of Yttre Stengrund where the weather
resulted in a delay of the decommissioning by a month which caused massive economic impact
(Russel, 2016).
3.2.1

Gwynt Y Mor

The cost to remove the monopiles at Gwynt Y Mor can be seen below in Table 3.11 along with
the time taken for each technique as a reminder.
Table 3.11 - Table of time taken and cost taken to remove monopiles at Gwynt Y Mor

Technique
Time taken to remove (hours) Cost (£)
Diamond Cutter
4.3
27174
Abrasive Waterjet
25.5
159495
Vibrating Hammer
2.1
13287
Hydraulic Removal
7.4
46144
As Table 3.11 highlights, the cheapest technique in terms of time taken is the vibrating hammer
with it being 51% cheaper than the diamond cutter and almost 92% cheaper than the abrasive
waterjet. The diamond cutter, though, is 41% cheaper than the hydraulic removal technique,
therefore showing that in terms of economic cost the vibrating hammer is the best option to remove
monopiles at Gwynt Y Mor.
3.2.2

Sheringham Shoal

The cost to remove the monopiles at Sheringham Shoal can be seen below in Table 3.12 along with
the time taken for each technique as a reminder.
Table 3.12 - Table of time and cost taken to remove monopiles at Sheringham Shoal

Technique
Time taken to remove (hours) Cost (£)
Diamond Cutter
3.8
23551
Abrasive Waterjet
22.4
140264
Vibrating Hammer
1.6
9801
Hydraulic Removal
7.3
45389
As Table 3.12 highlights, the cheapest technique in terms of time taken is the vibrating hammer
with it being 58% cheaper than the diamond cutter which is a 7% decrease in cost in using the
vibrating hammer at this site compared to at Gwynt Y Mor. The diamond cutter is 48% cheaper
than the hydraulic removal technique at Sheringham Shoal, highlighting at this site the diamond
cutter is more economical than at Gwynt Y Mor. However, once again from an economic standpoint
the vibrating hammer is the most effective method of removal for monopiles.
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3.3 HEALTH AND SAFETY
The health and safety of the workers is important, as the works need to be kept safe from an ethical
standpoint but also, as long as everything is done safely, then the actual equipment will have a lower
chance of being damaged. Working at sea is dangerous anyway, as there is always a chance
something will go wrong unexpectedly. For example, during the construction of the Greater
Gabbard wind farm a man was killed when a chain broke on one of the tugboats as a result of poor
checks carried out on the lifting equipment (The Maritime Executive, 2015). This incident alone
resulted in massive fines for two of the companies involved.
3.3.1

Cutting

When cutting a monopile, there are a few health and safety concerns which need to be considered.
The main one is that before decommissioning can commence, divers or Remote Operated Vehicles
(ROVs) must inspect the monopile to check whether the monopile`s attachment holes are still viable
for lifting the monopile. Therefore, both must be watched and monitored at all times (Lindaas,
2020).
An additional health and safety concern that arises with cutting is the possibility that the piles which
are left can become exposed once again due to the tidal movements and currents. This is a problem
if it is in a fishing area, as nets can become entangled and in the worst case a fishing trawler may
be sunk. The prediction of currents and sediment movements is not 100% accurate and thus it is
never possible to guarantee the monopiles will always be covered. The Robin Riggs wind farm is
an example where the predictions failed as sediment caused two monopiles to become exposed and
needed to be removed years before intended (Stapel, 2021).
Another issue with cutting when using waterjet cutting is that a ship or equipment has to be in place
for up to 24 hours. This is a problem if the cut has to be abandoned due to weather conditions
changing rapidly. If it is halfway through a cut, the monopile may be too weak to remain fixed but
too strong to simply snap off the original piece. This could then place the crew on the vessels at risk
or other shipping vessels if the monopile does become dislodged in the adverse weather conditions.
3.3.2

Vibrating Hammer

Much like cutting, with vibrating hammers, divers or ROVs would be required to examine the
monopile and should be monitored at all times. The exception in this case is they would not only
need to check the lifting holes, but they would also need to check the structural integrity of the
monopile, to make sure that it could handle the large amount of force which is being placed upon it
during the extraction.
When decommissioning wind farms with vibrating hammers, care needs to be taken as under
extreme loads there is the chance of a soil plug inside the monopile suddenly releasing. This can
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cause a dynamic excitation with substantial movements in the seabed which might lead to the
monopile snapping and causing, in a worst-case scenario, the ship capsizing.
3.3.3

Hydraulic Pressure

When using hydraulic pressure to extract the monopiles, once again like with vibrating hammers,
divers or ROVs would be required to check both the lifting holes on the monopiles along with its
structural integrity. Therefore, in the event divers are used, then they must be watched and
monitored at all times whenever a person is below the ocean’s surface (Lindaas, 2020).
The checking for structural integrity of the monopile and checking the impact that any corrosion
may have had on the monopile is especially vital in this scenario, as the monopile is becoming
pressurised, and if it fails this could lead to a catastrophic failure. This is especially problematic if
the ship is attached to the monopile at the time of failure, as this could lead to it punching a hole in
the side of the ship or causing the ship to capsize.

3.4 ENVIRONMENTAL IMPACT ANALYSIS
In order to compare the different methods and their different impacts on the environment, an
environmental impact analysis was conducted. In the future the impact to the environmental from
different methods is becoming an ever-increasing discussion point for the wind farm industry. This
is because under the IMO regulations it already requires the site be returned to its original state if
there has been damage during decommissioning and that during decommissioning there should be
an emphasis placed and limiting the environmental damage to the site. Therefore, an environmental
impact analysis was important to discuss.
During the analysis, the CO2 released per hour during the removal was crudely estimated using
equation (3.8) below, where power required by equipment is in kWh and the time taken for each
method is in hours.
𝐶𝑂2 = 𝑃𝑜𝑤𝑒𝑟 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 × 3.4 × 298 × 𝑇𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑓𝑜𝑟 𝑚𝑒𝑡ℎ𝑜𝑑

(3.8)

Using this equation allowed an estimate for the CO2 released by each method and hence establish
which one had the lowest impact to the environment from this standpoint. The downfall of this
method was that it assumed that the ‘Power Required’ number was based on the engines kWh value
on the vessels transporting the equipment. It was also assumed that the engines were running at full
throttle. Thus, the values calculated for the CO2 released are not as accurate as they could be, so
further research would be required.
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3.4.1

Cutting

The cutting of monopiles causes quite a lot of damage to the environment if it is an external cut.
This is because on an external cut, some of the scour protection around the monopile needs to be
removed. This can mean that wildlife which has started to grow and use the scour protection over
the last 20 years is destroyed. Furthermore, since part of the monopile is left in the ground, the
effect that corrosion would have is unknown on the surrounding seabed after its lifetime is complete
(at which point its lost all of its galvanic anode material to corrosion), and the effects the chemical
release would have on the wildlife (T.Kirchgeorg, 2018). Further analysis would be required to
fully understand the impact of leaving monopiles in the seabed has on its surroundings. In addition
to this is the realise of CO2 and other greenhouse gases during the actual method. This will greatly
impact the environment as well, and will be examined during the analysis of the case study wind
farms.
3.4.2

Vibrating Hammer

The use of a vibrating hammer to extract monopiles would somewhat limit the environmental
impact, as the scour protection would not need to be touched in order to remove the monopile. This
means the wildlife present there will continue to live on. However, the problem with vibrating
hammers is the vibrations they may cause. Some vibrating hammers, like the PVE ones, are able to
control their eccentricity so they avoid resonance areas, but once they do start to vibrate these
vibrations can extend into the surrounding seabed and water (PVE, 2021). This can cause massive
problems to surrounding marine wildlife due to water`s higher density may cause wildlife as far
away as 80km able to hear the vibrations. (Saleem, 2011).
This is causes major problems for the ecosystem in those areas as some animals may leave the area
to escape the noise, others may go deaf or worse die from the sheer volume of the impacts. Some
of the hearing thresholds on marine life can be seen below in Table 3.13.
Table 3.13 - Table of threshold shift levels for certain marine mammals (Saleem, 2011)

Animal

Temporary Threshold Shift

Permanent Threshold

(TTS)

Shift (PTS)

Whales/Dolphins and

183 dB SEL

224 dB peak

215 dB

230 dB peak

porpoises etc

pulses

pressure

SEL

pressure

Walrus/seals etc

163 dB SEL

204 dB peak

210 dB peak

pulses

pressure

pressure

An example of where these thresholds were exceeded and caused an impact on marine wildlife can
be seen in 2005, when the US Navy tested a new powerful sonar off the coast of North Carolina,
which was estimated to be around 230dB @3Hz (17db less than that of the estimated impact sound
for impact drivers stated above), which resulted in 37 whales of 3 different species beaching
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themselves and dying online the shoreline (Saleem, 2011). A similar sized sonar “ping” on the
western coastline in Haro Strait resulted in multiple porpoise carcasses washing up along the
coastline. (Saleem, 2011)
Further study would be required to examine the impact that vibrating hammers have on the
surrounding marine wildlife. In addition to this is the realise of CO2 from the process and the
equipment used. This will be examined during the analysis of the case study wind farms.
3.4.3

Hydraulic Pressure

The hydraulic pressure removal of monopiles possibly has the least environmental impact in
terms of the damage done to the environment. It does not require the removal of scour protection
and does not use any form of vibration. This means the marine wildlife is protected during the
removal process. Therefore, the only real impact to the environment is the release of CO2 from the
use of the lifting equipment, the pump and the seals. The full extent of the CO2 released will be
covered in the next couple of sections.
3.4.4

Gwynt Y Mor

The CO2 released in the removal of the monopiles at Gwynt Y Mor can be seen below in Table
3.14.
Table 3.14 - Table of CO2 released from each technique at Gwynt Y Mor

Technique
diamond cutter
abrasive water jet
vibrating hammer
hydraulic monopile

kgCO2 Released
65699
385618
32124
111565

As Table 3.14 highlights, the most environmentally friendly technique in terms of CO2 released is
the vibrating hammer, with it emitting 51% less CO2 than the diamond cutter, and almost 92% less
than the abrasive waterjet. Furthermore, the vibrating hammer also releases 71% less CO2 than the
hydraulic monopile removal technique. Therefore, showing that in terms of CO2 released, the
vibrating hammer is the best option to remove monopiles at Gwynt Y Mor.
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3.4.5

Sheringham Shoal

The CO2 released in the removal of the monopiles at Sheringham Shoal can be seen below in Table
3.15.
Table 3.15 - Table of CO2 released from each technique at Sheringham Shoal

Technique
Diamond Wire Saw
Abrasive waterjet
Vibrating Hammer
Hydraulic Pressure

kgCO2 Released
56939
339123
23697
109738

As Table 3.15 highlights, the most environmentally friendly technique in terms of the CO2 released
is the vibrating hammer as releases 58% less CO2 than the diamond cutter and 78% less than the
hydraulic hammer method. Therefore, once again in terms of the CO2 released the vibrating
hammer is the best option environmentally.

3.5 SUMMARY
In summary, the most economically viable method for decommissioning wind farms in the future
would be vibrating hammers. This technique is able to completely remove monopiles between 5060% faster than a diamond wire cutter, and around 90% faster than the abrasive waterjet technique.
Therefore, cutting would not be recommended unless it is absolutely necessary (i.e. if corrosion has
caused the monopile to become too weak for extraction through the use of a vibrating hammer or
hydraulic pressure). Moreover, the safety implications from vibrating hammers are positive in the
fact that it has the shortest possible time stationary out of all the techniques, and as long as the
appropriate checks on the structure and surrounding seabed are properly performed then the risk of
something going wrong can be limited.
In terms of the environmental impact from the CO2 released during the different methods, the
vibrating hammer once again comes out on top, with it being able to release up to 95% less CO2
than the abrasive waterjet and over 70% less CO2 than the hydraulic pressure removal. However,
in terms of the environmental impact, if diesel vehicles were no longer in use and hydrogen vessels
had replaced them, then the hydraulic removal method has the lowest environmental impact. This
is because it does not cause any vibrations to propagate through the surrounding (which cause
severe damage to nearby marine wildlife), and it does not require the destruction of the surrounding
scour protection which also protects the new marine wildlife growing on the scour protection.
Additionally, it is also faster than abrasive waterjet cutting which is safer to all the personal and
crew as less time is required being stationary much like the vibrating hammer.
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4 MONOPILE FOUNDATION RE-USE

(KC)

A high proportion of decommissioning cost is associated with the full removal and re-installation
of foundations. Monopile foundations typically have a lifetime higher than the designed lifetime
of a windfarm that is often 20-25 years (Oborie, 2021). They are rated for a specific load designed
for a particular wind turbine and installing a bigger capacity turbine often is not possible with the
old foundations. To retain the old foundation for use with the higher capacity turbines, the
foundations must somehow be reinforced. Due to a severe environment in which the monopiles
are situated over the course of their lifetime, their structural integrity is an important aspect of
assessing the feasibility of such approach and could potentially vary on a case-by-case basis.

4.1 MONOPILE REINFORCEMENT
In this report, monopile reinforcement implies using a form of additional structure attached to the
old foundation to increase its load-bearing capacity suitable to that of a new higher capacity
turbine. Several research papers have studied this possibility with different approaches taken; a
clamped structure with smaller monopiles was investigated by (Oborie, 2021) that yielded a
similar gross CO2 reduction and levelized cost of energy (LCOE) to that of full decommissioning.
A structurally similar approach was taken by (Salem, et al., 2021)with four smaller monopiles
attached to the main monopile for reinforcement.
Wang, Zeng, Yang, & Li (2017) and Halderall & Madabhushi (2015) studied the use of footings
installed at the mudline of monopile foundations to improve lateral capacity. These structures
improve the lateral capacity and reduce the monopile bending moment by providing additional
restoring force from the contact with the seabed. Figure 4.1 shows the dimensions studied by
Halderali & Madabhushi (2015) for a normal and a skirted footing, with the latter found to
provide 50% increase in the lateral capacity.
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Figure 4.1 The proposed design of footings and skirted footings (Halderall & Madabhushi, 2015)

Monopile Foundation Failure Modes
In order to choose and design the reinforcement type and size it, the failure modes that
foundations experience must be analysed since the reinforcement must address the critical one
occurring from an increased load of a higher capacity turbine.
The aim of the foundation is to transfer all the loads to the ground, and hence there are several
failure modes associated with both the monopile structure and the soil. The external loads acting
on offshore the wind turbine are mainly (DNV/Risø, 2002):
•

Wind loads – generated by the aerodynamic forces on the blades and drag forces on the
tower and nacelle

•

Wave loads – cyclic forces generated by the water waves acting on subsea structures of
the turbine

Figure 4.2 shows these forces acting on a wind turbine tower structure and the associated forces
and moments. Other loads include the tower self-weight and the weight of the rotor and nacelle,
and inertia loads, including gyroscopic forces (Liu, et al., 2017).
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Figure 4.2 – Illustration of the main loads acting on an offshore wind turbine

The combination of the aforementioned loads, the structure of the foundation and soil properties
will dictate the failure modes experienced by the wind turbine. The two main failure modes are
the soil failure through exceeding its ultimate resistance and pile yield failure which is simply the
failure in the monopile material (Arany, et al., 2017). The former occurs in rigid monopiles, while
the latter in flexible ones (ibid.). Rigid piles have a low enough slenderness ratio to behave like
rigid bodies when rotating in the soil under operational loads with negligible bending, while
flexible piles (typically long and slender) undergo large deflections and ultimately yield in
bending by forming a plastic hinge (Jalbi, et al., 2020).Soil stiffness plays just as big a role in this
characterisation as the monopile’s properties (ibid.). Figure 4.3 illustrates the failure modes with
the third one resulting from the foundation deformation at the mudline level over its lifetime from
natural frequency oscillations of the structure (Arany, et al., 2017).
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Figure 4.3 – Typical failure modes of a monopile

To assess the rigidity of the monopile-soil system and subsequently determine the most likely
critical failure mode, the following approach is used (Doherty & Gavin, 2012) shown by Equation
(4.1):
𝑅= (

𝐸𝑝 𝐼𝑝 0.25
)
𝐸𝑠

(4.1)

where 𝐸𝑝 and 𝐼𝑝 are the monopile’s Young’s modulus and second moment of area, 𝐸𝑠 is the soil
stiffness, and 𝑅 is the rigidity parameter.
The monopile is considered rigid if its length is less than 1.48R and flexible if it is higher than
4.44R. Figure 4.4 shows the slenderness ratio against the length-to-rigidity ratio with marked
stiff-flexible thresholds for different soil stiffnesses.
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Figure 4.4 – Monopile rigidity criteria as a function of its properties

The critical failure mode for the monopile-soil system is crucial in determining the requirements
for the reinforcement structure; a pile yield failure mode requires the reinforcement structure to
decrease the maximum bending stress in the monopile by increasing its second moment of area
and taking a part of the load, or reducing the bending moment acting on the pile through a
restoring force, while a soil failure requires increasing the available bearing load acting on the
foundation structure to prevent exceeding the ultimate soil resistance.
Mathematical Analysis and Reinforcement Structure Design
To design a reinforcement structure, the means by which the loads from the foundation get
transferred to the ground must be understood. The applied lateral force and moment acting at the
mudline are resisted by the foundation through lateral (bearing) frictional soil resistances. The soil
stiffness typically changes (increases) with depth which makes for a complicated analysis to solve
for the stresses in the soil. Figure 4.5 shows the loads on the monopile below the mudline.
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Figure 4.5 – Forces on the monopile below the seabed surface

A way to represent these loads in a mathematically simplified way is by using a Winkler p-y
curves method. This method uses sets of nonlinear springs to represent the soil behaviour – the
lateral p-y springs, the shaft frictional t-z springs and the end-bearing q-z spring for modelling soil
responses along and across the pile length (Dash, et al., 2017). This approach effectively reduces a
three-dimensional problem to one dimension and is shown on Figure 4.6 with curves on the right
denoting the load per unit depth against lateral deflection (p-y).

Figure 4.6 – Winkler p-y method with curves

This p-y curve is determined experimentally and there are various way to represent it, one of
which is to use the hyperbolic approximation (Doherty & Gavin, 2012) as per Equation (4.2):

Page | 4-43

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2

𝑝 = 𝐴𝑝𝑢 tanh (

𝑘𝑥
𝑦)
𝐴𝑝𝑢

(4.2)

where 𝐴 is the correction factor for liquefied soil, 𝑘 is the modulus of subgrade reaction of the
soil, 𝑦 and 𝑥 are the lateral displacement and depth respectively, and 𝑝𝑢 is the ultimate soil
resistance. Just as with the p-y curve, the ultimate soil resistance is derived empirically and
Equation (4.3) shows how to estimate it (Doherty & Gavin, 2012):
(4.3)

𝑝𝑢 = 𝑚𝑖𝑛((𝐶1 𝑥 + 𝐶2 𝐷)𝛾𝑥, 𝐶3 𝐷𝛾𝑥)
where 𝐶1 , 𝐶2 and 𝐶3 are the dimensionless coefficient that depend on soil’s internal angle of
friction, 𝛾 is the effective soil weight and 𝐷 is the pile diameter.
A reinforcement structure’s purpose is to bear the extra loads imposed by installing a higher

capacity turbine on the old foundation. Earlier analysis showed that the loads from the turbine get
transmitted to the soil which has an ultimate capacity, hence the reaction forces of the
reinforcement must insure that the soil’s ultimate resistance is not exceeded under the extra load.
Figure 4.7 illustrates the reaction forces of the soil and the reinforcement footing that resist the
external loads. The lateral force 𝐹𝑦𝑟𝑓𝑐 results from the soil resistance to the skirts of the footing
as well as the shear force produced by the soil from the frictional load of the base of the footing,
and the vertical force 𝐹𝑥𝑎𝑟𝑓𝑐 is a normal reaction of the lever arm created by the radius of the
footing to resist the applied moment.
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Figure 4.7 - Reaction forces of the monopile-reinforcement system

The lateral component from the footing can be calculated the same way as for monopile using
Equation (4.2) and Equation (4.3). The lateral reaction force is defined by the friction force
between the footing’s base and the area of soil underneath it (Equation (4.4) for flat surface).
(4.4)

𝐹𝑦𝑟𝑓𝑐 = 𝜇𝑠 (𝑊 + 𝑃𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒 𝐴𝑓𝑡 ) + 𝑝𝑠 𝑇𝑠

where 𝜇𝑠 is the frictional force between soil and footing, 𝑊 is the self-weight of the footing,
𝑃𝑠𝑢𝑟𝑐ℎ𝑎𝑟𝑔𝑒 and 𝐴𝑓𝑡 are the pressure surcharge (suction) load and the base area of the footing
respectively, and 𝑝𝑠 and 𝑇𝑠 are the skirt soil resistance (calculated using Equation (4.3)) and skirt
thickness (height) respectively.
The reinforcement footing must exert enough forces to cancel the extra forces otherwise incurred
by the soil underneath. It is assumed that the design load of the monopile on the soil cannot be
exceeded, and thus the delta of forces and moments must be taken up by the reinforcement to
prevent soil failure.
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In the event that plastic yield of the monopile is also of concern, the footing can have a neck
protruding to enclose a part of the monopile’s base where maximum bending moment occurs,
which increases the second moment of area and provides additional restoring force in bending.
The surcharge load may either be obtained through pressure suction similar to the gravity-based
foundations, or an addition of gravel layer on top of the footings given that the monopile has
scour protection (Halderall & Madabhushi, 2015).
Figure 4.8 depicts the chosen design of the reinforcement footing, with the indicated dimensions
being determined by the constrained presented by an earlier analysis.

Figure 4.8 - Proposed design for the monopile reinforcement footing with a skirt

4.1.1

Case for Gwynt Y Mor

To use the above analysis for sizing the footing, first soil properties were retrieved. As descrined
in section 7.1, mudstone is the main constituent of soil for Gwynt Y Mor, and its properties are
shown in Table 1.1 with the data taken from (Geotechdata.info, 2013), (Geotechdata.info, 2013)
and (Geotechdata.info, 2015).
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Table 4.1 - Soil properties for Gwynt Y Mor

Parameter

Symbol

Value

Unit

Unit weight

γ

21.5

kN/m3

Internal friction angle

ϕ

30

degree

Emprical Coefficient 1

C1

2

-

Emprical Coefficient 2

C2

2.7

-

Emprical Coefficient 3

C3

28

-

Subgrade reaction

k

8

MPa/m

Ultimate bearing capacity

qmax

75

kPa

Shear Strength

τmax

-

kPa

Table 4.2 shows the dimensions and mass of the skirted footing for Gwynt Y Mor’s monopile
foundations. The parameter notations refer to the drawing on Figure 1.1. Mudstone relative to
other seabed soil types has poor mechanical properties, thus the reinforcement structure’s size had
to compensate to distribute load of a larger area of the seabed.
Table 4.2 - Footing parameters for Gwynt Y Mor

Diameter, D (m)

34

Concrete volume (m3)

1500

Main thickness, T (m)

1.5

Steel rebar volume (%)

2.0

Skirt thickness, Ts (m)

3.5

Overall mass (mt)

3800

Gravel thickness, Tg (m)

2.5

Collar thickness, Tc (m)

7.5

To determine the new layout for the Siemens SG 11.0-200 DD turbines, locations had to be
selected that result in a double spacing compared to the original layout since the new rotor
diameter of 200 m is approximately twice that of the old 107 m rotor. The original layout of
Gwynt Y Mor featured every successive row offset from the previous, which incidentally resulted
in a very convenient fit of the points that have twice as much spacing, yielding 58 turbines in total
out of 160 that were there originally. The new wind farm capacity is slightly higher at 638 MW
against 576 MW.
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Figure 4.9 - Original grid layout of Gwynt Y Mor with superimposed locations of reinforced turbines

4.1.2

Case for Sheringham Shoal

The seabed of the Sheringham Shoal wind farm consists mainly of chalk (section 7.1), and its
properties are presented in Table 4.3, along with the computed coefficients and modulus of
subgrade reaction from appendix 13.12. Values for the chalk properties were taken from
(Carotenuto, et al., 2018), (Phillip S.P, 2013) and (Hamre & Feizi Khankandi, 2011).
Table 4.3 - Soil properties for Sherringham Shoal

Parameter

Symbol

Value

Unit

Unit weight

γ

19.5

kN/m3

Internal friction angle

ϕ

35.5

degree

Emprical Coefficient 1

C1

3

-

Emprical Coefficient 2

C2

3.7

-

Emprical Coefficient 3

C3

65

-

Subgrade reaction

k

22

MPa/m

Ultimate bearing capacity

qmax

300

kPa

Shear Strength

τmax

220

kPa

Page | 4-48

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
Based on these properties and using the calculation methods presented earlier, the dimensions and
mass of the footing were estimated as shown in Table 4.4. It should be noted that due to Chalk’s
superior friction angle (and hence shear strength and ultimate soil resistance), the footing for
Sheringham Shoal is more compact and lightweight as it can spread the monopile load over a
smaller area of soil.
Table 4.4 - Footing parameters for Sherringham Shoal

Diameter, D (m)

30

Concrete volume (m3)

1200

Main thickness, T (m)

1.35

Steel rebar volume (%)

2.0

Skirt thickness, Ts (m)

3.3

Overall mass (mt)

3040

Gravel thickness, Tg (m)

2.5

Collar thickness, Tc (m)

7.5

Due to the layout of the wind farm, the fraction of the remaining turbines that comply with the
spacing requirement came out lower, with only 24 out of 88 turbines suitable for reinforcement
(Figure 4.10Figure 4.10Figure 4.10Figure 4.10Figure 4.10). Siemens SG 11.0-200 DD 11 MW
turbine with a rotor diameter of 200 meters. The end result is a lower capacity of 264 MW against
316.8 MW.

Figure 4.10 - Original grid layout of Sherringham Shoal with superimposed locations of reinforced turbines
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4.2 ENVIRONMENTAL ANALYSIS
The main contributors to the CO2 emissions from the reinforcement of monopiles is the embodied
carbon associated with the material; It is calculated using the total mass of concrete and steel
multiplied by the conversion factors for cement (Anderson & Moncaster, 2020) and structural
steel (Steelconstruction.info, n.d.).
Table 4.5 Tonnes of CO2 emissions from material emboddied carbon

Gwynt Y Mor

Sherringham Shoal

Concrete (TCO2)

182,700

Concrete (TCO2)

72,000

Steel rebar (TCO2)

18,000

Steel rebar (TCO2)

7,100

4.3 FINANCIAL ANALYSIS
To assess the financial burden associated with reinforcement of monopiles, costs were taken into
account for the whole cycle from removal of old turbines and foundations to installing
reinforcement footings and new turbines. Table 4.6 shows the metrics used for estimating the cost
of various activities and materials.
Table 4.6 - Time and cost metrics used for financial calculations

Unit

Value

Footing installation time

hours

18

Vessel cost per hour

£/day (12 hours)

150,000

Concrete cost

£/m3

100

Steel rebar cost

£/kg

1.5

Turbine Cost

£/MW

1,000,000

The reinforcement scenario process for Gwynt Y Mor involves the removal of all 160 turbines,
then the removal of 102 foundations that can no longer fit due larger spacing requirement from
larger rotor diameter. Then the 58 old foundations are reinforced and the new turbines are
installed onto them. The footing installation time is taken from (Halderall & Madabhushi, 2015)
as the design used was nearly identical to this study. It can be seen that the reinforcement presents
a very minor portion of the cost both in terms of material and hours required. New turbine
acquisiton, installation and the removal of old turbines represented the majority of the cost.
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4.3.1

Gwynt Y Mor
Table 4.7 - Cost breakdown of turbines and foundations for Gwynt Y Mor

Category

Unit

Value

Reinforcement Material Cost

£M

29

Total reinforcement installation time

hours

1,044

Reinforcement Installation Cost

£M

13.05

Time to remove monopiles

hours

4,896

Monopile removal cost

£M

61.2

Time to remove turbines

hours

11,520

Turbine removal cost

£M

144

Time to instal new turbines

hours

11,136

Turbine installation cost

£M

139.2

New turbine cost

£M

638

Total hours

hours

28,596

Total cost

£M

995.45

4.3.2

Sherringham Shoal

Table 4.8 shows the breakdown of costs for Sheringham Shoal, where due to a lesser portion of
turbines remaining, the costs of the reinforcement installation and material are disproportionally
lower compared to Gwynt Y Mor.
Table 4.8 - Cost breakdown of turbines and foundations for Sherringham Shoal

Category

Unit

Value

Reinforcement Material Cost

£M

12.5

Total reinforcement installation time

hours

450

Reinforcement Installation Cost

£M

5.625

Time to remove monopiles

hours

2,110

Monopile removal cost

£M

26.4

Time to remove turbines

hours

4,966

Turbine removal cost

£M

62.1

Time to instal new turbines

hours

4,800

Turbine installation cost

£M

60

New turbine cost

£M

275

Total hours

hours

12,326

Total cost

£M

441.625
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4.4 SUMMARY
In this section, the re-use of existing foundations through reinforcement was explored. As
foundations have a design life longer than that of the OWF, reusing them provides a potential to
save the costs of full removal of foundations. The main area of concern are the failure modes of
the monopile foundations, as they determine how the additional loads from higher capacity
turbines must be handled. A flexible monopile-soil system typically fails through plastic yield of
the monopile in bending, thus requiring the reinforcement structure to by providing an extra
restoring force to limit the maximum bending stresses. A rigid monopile-soil system (one that was
analysed for the cases presented in this report) fails through the soil, when the forces exerted on
the soil by the monopile exceed the ultimate soil resistance. Preventing this type of failure
requires a reinforcement structure that spreads the lateral load and bending moment from the
monopile over larger area of soil compared to monopile-only case.
A footing design with skirts was considered that resists the extra lateral forces through friction
with the seabed at its base, horizontal bearing forces from the skirt and the soil, and resits the
extra bending moment through normal bearing forces of the footing’s base against the seabed’s
surface. As the monopile overall and driven lengths vary, it was decided to use a 2.5m layer
where gravel can be laid for additional frictional load where needed. Reinforced concrete was
chosen as it a relatively cheap option and weights less than an equivalent structure of steel.
The layout and financial analysis showed that while the reinforcement is an efficient option in
terms of its cost, the removal of the redundant foundations and old turbines, as well as the
installation of new turbines are the main portion of the cost and emissions. Moreover, the number
of turbines that can be placed is very sensitive to the the grid layout that is site-specific, which
means that in most cases it is difficult to significantly increase the overall wind farm’s capacity.
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5 RECYCLING OF WIND TURBINES ON WIND FARMS
BUILT BETWEEN 2010-2015

(PY)

To develop and solidify the foundation for sustainable offshore wind energy production, recycling
of wind turbine materials play a crucial role to minimise carbon footprint and greenhouse gas
emissions.

5.1 BENEFITS OF LARGER WIND TURBINES
It was previously found that offshore wind farms are implementing higher power-rated turbines;
despite that, more materials are used compared with its equivalent lower power-rated turbines. A
technical study was conducted to investigate the benefits of utilising larger turbines for offshore
energy production to understand its influence on the recycling of wind turbine materials.
Three different turbine models were selected from a journal article (Topham, et al., 2019) for
analysis as it contained material composition data for steel, copper, cast iron, and other materials.
The names of the turbine models, rotor diameters, power ratings, and material compositions are
summarised in Table 5.1.
Table 5.1 - Wind turbine models data. Sourced from (Topham, et al., 2019)
Material composition

Turbine

Rotor

Power rating

model

diameter (m)

(MW)

Steel (T)

Copper (T)

Cast iron (T)

Other (T)

V80-2.0MW

80

2

161.79

1.42

18.00

8.87

SWT-4.0-120

120

4

361.63

3.06

46.00

23.03

V164-8.0MW

164

8

1010.66

8.53

115.00

49.31

To assess the benefits of larger wind turbines, it was evident that the spacing between turbines was
a key influential factor. According to another article (Sun, et al., 2019), the spacing restriction and
layout optimisation of wind farms with different type of wind turbines were investigated. It
highlighted that the spacing could be determined based on the rotor diameter of the turbines and the
type of wind flow operating in a wind farm. Two wind flows were identified to be ‘omnidirectional’
which referred to uniform wind flow from all directions, and ‘directional’ which referred to
significant wind flow from one general direction. In an omnidirectional wind farm, strong winds
come from all directions, and wind turbines would have equal spacing between one another to avoid
wake effects. However, in a directional wind farm, strong winds mainly come from one direction
and wind turbines would have reduced perpendicular spacing with respect to the wind direction,
since wake effects are only significant parallel to the wind direction. It was pointed out that
directional spacing restriction is more practical and realistic, as wind often has a unique direction
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in different geological positions, and the strength of wind is rarely uniform in all directions. In this
technical study two wind farms were investigated to see if the farms provide the same or different
results, which may influence the final conclusion. The illustration of the spacing restriction for wind
turbines in an omnidirectional and directional wind farms are shown in Figure 5.1.

Figure 5.1 - Spacing restriction diagram for (left) omnidirectional and (right) directional wind farms (Sun, et al.,
2019)

Based on Figure 5.1, uniform layouts for the turbines in Table 5.1 were created for a 32MW and
72MW wind farms. The spacing between turbines in an omnidirectional wind farm was calculated
by multiplying the rotor diameter by five. For directional wind farm, by assuming the wind direction
is along the Y-axis, vertical spacing (Y-axis) was calculated the same way as in omnidirectional
wind farms, but horizontal spacing (X-axis) was calculated to be 1.5 times the rotor diameter. For
illustration purposes, the turbine layouts for omnidirectional 32MW wind farm with V164-8.0MW,
SWT-4.0MW, and V80-2.0MW models are visualised as shown in Figure 5.2. The layouts for
omnidirectional 72MW wind farm with the three models are shown in the appendix in section 13.3.
Layouts for both directional wind farms are not included as they were identical as omnidirectional
wind farms, but with less horizontal spacing.
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Figure 5.2 - Omnidirectional turbine layout with turbines: (top-left) V164-8.0MW, (top-right) SWT-4.0MW,
(bottom) V80-2.0MW

It was highlighted from the article (Sun, et al., 2019) that aside from simply creating turbine layouts
for omnidirectional and directional wind farms, further optimisation was applied to determine the
optimum turbine placements. In real world application, optimisation techniques are applied to place
each turbine effectively by considering wind speed at different locations for the maximum power
output of each turbine. One important remark from the article was the use of the Multi-Population
Genetic Algorithm (MPGA) as the optimisation technique. It was stated that a previous study had
validated the effectiveness of applying MPGA in an offshore wind farm optimisation problem. After
applying MPGA in its case studies, the turbines in omnidirectional and directional wind farms
became scattered. However, the required area for the wind farms remained unchanged. Since the
primary objective was to investigate the comparison of small and large turbines, no optimisation
technique was used, and all turbines were assumed to provide maximum theoretical power output:
the influence of wind speed was ignored. The layouts were based on general analysis rather than
case study analysis.
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After the layouts for the wind farms were established, the area required by the different turbine
models and the power output density were used for comparison as key performance indicators. The
indicators may reveal efficient use of area in terms of energy production. The equations used for
calculating total area required (A) and power output density (P) are shown in equations (5.1) and
(5.2) respectively.
𝐴 = (𝑁𝐻 × 𝑆𝐻 + 𝐷) × (𝑁𝑉 × 𝑆𝑉 + 𝐷)
𝑃=

𝑊
𝐴

(5.1)
(5.2)

Where NH and NV are the number of horizontal and vertical spacings, respectively; SH and SV are
the horizontal and vertical spacing distances in metres, respectively; D is the rotor diameter of the
turbine model in metres; and W is the wind farm power capacity in watts.
Figure 5.3 and Figure 5.4 show the total area required and power output density for both
omnidirectional 32MW and 72MW wind farms. It was found that as the power rating of the turbine
model increased, the area required reduced and power output density increased accordingly. In
Figure 5.3, for the 32MW farm, the area required decreased in an approximately linear manner.
However, for the 72MW farm, the gradient of reduction was steeper from SWT-4.0-120 to V1648.0MW model. It was found that the difference in area required between both farms using the V1648.0MW model was the smallest. The power output density in Figure 5.4 reflected similar behaviour
with steeper gradients from SWT-4.0-120 to V164-8.0MW model for both wind farms. It was
observed that for a smaller power capacity wind farm, the increase in power output density was
much greater by using higher rated turbines. The difference in power output density between both
farms using V164-8.0MW model was the largest.

Figure 5.3- Area required comparison for omnidirectional wind farms
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Figure 5.4 - Power output density comparison for omnidirectional wind farms

Figure 5.5 and Figure 5.6 display the total area required and power output density for both
directional 32MW and 72MW wind farms. Generally, the results fitted with all the data descriptions
for omnidirectional wind farms with less total area required and higher power output density
overall. There was one major difference where the values for the SWT-4.0-120 model had the
highest area required and lowest power output density. This interesting phenomenon was caused by
the inefficient layout for the SWT-4.0-120 model. In both wind farms, V80-2.0MW and V1648.0MW models were arranged in a compact-square format which offered the minimum area. In the
case of directional wind farms, the layout inefficiency caused the SWT-4.0-120 model to have a
slightly higher area required and lower power output density than the V80-2.0MW model.

Figure 5.5 - Area required comparison for directional wind farms
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Figure 5.6 - Power output density comparison for directional wind farms

For a more comprehensive analysis, layouts were created for 128MW, 200MW, 288MW, 392MW,
512MW, 648MW, 800MW, 968MW, and 1152MW omnidirectional and directional wind farms.
Figure 5.7 and Figure 5.8 show the area required and power output density for the omnidirectional
wind farms, respectively. Figure 5.7 highlighted that as the power capacity increases, the area
required by all three models increased and the power output density decreased accordingly.
However, it was seen that the difference in area required across all three models became negligible
for high-capacity farms. The effect of inefficient layout of the SWT-4.0-120 model mentioned
previously became more visually evident for high-capacity farms as the lines formed a peak in the
middle. This trend was reflected in Figure 5.8 where the difference in power output density also
became insignificant as the power capacity increased. The behaviours from both figures were the
same for directional wind farms, except that the directional wind farms had sharper peaks for the
SWT-4.0-120 model. Directional wind farms had a much smaller area required and a much higher
power output density, for example, the plot in Figure 5.7 reached almost 100 km2 for the 1152MW
wind farm while the directional 1152MW wind farm only reached almost 30 km2. While the plot in
Figure 5.8 reached around 13 W/m 2, the directional 1152MW wind farm only reached the lowest
at 42.5 W/m 2. The plots for directional wind farms are shown in the appendix in section 13.4.
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Figure 5.7 - Area required for 128MW up to 1152MW omnidirectional wind farms

Figure 5.8 - Power output density for 128MW up to 1152MW omnidirectional wind farms

Due to the large scale of the plots, it was difficult to observe the trend from the turbine models,
hence, the difference in area required and power output density between V80-2.0MW and V1648.0MW models were investigated. The SWT-4.0-120 model was not included due to its biased
inefficient layout effect and the investigation set out to observe the behaviour between low and
high-power capacity turbines. Figure 5.9 and Figure 5.10 show the difference in area required and
power output density for omnidirectional wind farms, respectively. Figure 5.9 highlighted that there
was a maximum difference of 2.1 km2 in area between the two models at 648MW wind farm. The
relationship between increasing wind farm power capacity and turbine power rating was shown to
be a convex quadratic behaviour. Figure 5.10 shows that as the farm power capacity increased, the
difference in power output density decreased non-linearly. The rate of reduction was the fastest for
the smallest farm and slowed towards the largest farm. The maximum difference occurred for the
32MW farm with 13.5 W/m2. Both figures indicated two fascinating remarks: if it was desirable to
minimise area uptake, V164-8.0MW turbines offered the best result with a 648MW farm capacity;
whereas if it was desirable to provide the largest power output density, V164-8.0MW turbines
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offered the best result with a 32MW farm capacity. Offshore wind farm companies are trying to
utilise much larger wind turbines, so that they have options of minimising area uptake at a specific
wind farm capacity, which will always provide the ‘largest’ power output density compared to
smaller turbines.
Again, the same behaviours and reflections were obtained for directional wind farms. However, the
difference in area required only reached the maximum of 0.33 km2 for the 288MW wind farm. The
difference in power output density started off at around 22.5 W/m2 and reached closer to zero for
the 1152MW wind farm. The corresponding plots for directional wind farms are shown in the
appendix in section 13.5.

Figure 5.9 - Difference in area required for varying wind farm capacities between V80-2.0MW and V164-8.0MW
turbines

Figure 5.10 - Difference in power output density for varying wind farm capacities between V80-2.0MW and V1648.0MW turbines

Based on all the results, it was concluded that by implementing larger wind turbines with a greater
power rating, it offered the benefits of taking up a smaller area of the sea and a greater power output
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density. The benefits are shown to be consistent and agreeable in both omnidirectional and
directional wind farms. The effect of the benefits can be applied to other aspects such as:
•

Reduced environmental impact during operation as less area was occupied by the
wind farm.

•

Less travelling time and distance for vessels during the decommissioning of all wind
turbines, which leads to less emissions and operating costs from vessels.

•

Reduced material used and cost for the installation of inter-array grid cables as the
required total length of the cables are reduced for connection.

•

Less area used means less interference with other marine activities, such as fishing.

•

Higher energy production in term of area used.

5.2 WIND TURBINE MATERIALS
A wind turbine is comprised of three rotor blades, a nacelle, a rotor hub, a tower, and foundation.
According to a journal article written by Huang, et al. (2017), wind turbines are comprised of
89.81% ferrous metal, of which 47.58% is reinforcing steel, 38.27% is steel, and 3.96% is cast iron.
Non-ferrous metals accounted for 0.41%, which mainly included aluminium, copper, and lead.
Synthetic materials accounted for 3.2%, and 6.58% of turbines are composed of other materials
which are primarily the water used in the manufacturing process and lubricants used in the cabins.
Table 5.2 summarises the turbine materials used for its components, and Figure 5.11 shows the
material composition data.
Table 5.2 – Materials used for turbine parts/components. Modified from source (Huang, et al., 2017)

Components
Rotor blade
Nacelle
Tower
Foundation
32/150 kV submarine
cable
Offshore substation

Materials
Glass fibre, epoxy resin, PVC
Cast iron, steel, , HDPE, epoxy resin, glass fibre
Steel, alkyd resin
Steel, aluminium
Lead, copper, steel, HDPE
Steel, concrete, cast iron, aluminium
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Figure 5.11 - Material composition of wind turbines. Sourced from (Huang, et al., 2017)

To verify the data used for material usage analysis, the material composition from Table 5.1 was
compared with the data proposed in Figure 5.11 to see if both data matched within a reasonable
range. The purpose of the verification was to ensure the data used for material analysis did not
deviate from literature data too much for an inaccurate assessment. V164-8.0MW model was
selected as it had the largest amount of material. A pie chart for the material composition of V1648.0MW turbine was created for comparison, as shown in Figure 5.12. It was deducted that the
turbine was made up of 85% steel, 10% of cast iron, 4% of ‘Other’ material, and less than 1% of
copper. In Figure 5.11, equivalently it highlighted that a wind turbine comprised of 77% steel
(reinforcing steel and steel), 3.56% of cast iron, less than 0.41% of copper, and 9.78% of ‘other’
materials. It was concluded that data in Table 5.1 matched reasonably well with Figure 5.11, with
the maximum deviation to be 8% from steel, followed by 6.44% from cast iron, and 5.78% from
cast iron.

Figure 5.12 - Material composition of a V164-8.0MW turbine

Since steel was the major material and using the data from Table 5.1, the difference in steel usage
across the three turbine models for 32 up to 1152MW farms was outlined in Figure 5.13. Each wind
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farm has three columns. The first column indicated the steel usage difference between model V802.0MW and SWT-4.0-120, second column was between model SWT-4.0-120, and final column
was between model V80-2.0MW and V164-8.0MW.

Figure 5.13 - Difference in steel usage for various wind farm capacities from 32-1152MW

Figure 5.13 shows that for any farm power capacity, the largest difference in steel usage resulted
from the largest difference in power rating between two turbines. As the farm power capacity
increased, the steel usage increased more rapidly for larger turbines. The rate of increase in steel
usage was the highest for 6MW rating difference, followed by 4MW and finally 2MW. The result
highlighted that the increase in material usage difference was directly proportional to increase in
power rating difference. Since the recycling rates for the known materials (steel, copper, and cast
iron) were assumed to be constant as indicated from Table 5.3 (Andersen, et al., 2014), this
suggested that the amount of waste for the respective materials after recycling would also increase
accordingly.
Table 5.3 - Recycling or disposal rates for turbine materials. Modified from source (Andersen, et al., 2014)

Since the material composition within the category of ‘other’ material was not known, it was
assumed that all the materials beside steel, copper, and cast iron would not be recycled. To justify
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the assumption, according to another source (Jensen, 2019), it displayed a detailed material
composition table for a 60MW wind turbine to evaluate the environmental impact of recycling
turbine materials. The table is shown in Table 5.4. The total mass of material aside from ferrous
metal (steel and cast iron) and copper was 1,071,400 kg. The proportion of composite materials
used in blades and the synthetic plastics (polyethylene, polypropylene, and polyvinylchloride)
accounted for 704,600 kg which was equivalently 66% of ‘Other’ materials. The majority of ‘other’
materials was shown to be not easily recyclable materials. Although recyclable material such as
aluminium with 95% recycling rate and electronics with 50% recycling rate accounted for 21% of
‘other’ materials, it was assumed that all ‘other’ materials were non-recyclable for analysis
simplicity. It also came with the assumption that the ratio of material composition stayed constant
for other power rated turbines.
Table 5.4 - Total potential recyclable materials from a 60 MW wind turbine. Sourced from (Jensen, 2019)

This provided another investigation opportunity to observe the waste production. Figure 5.14
displays the total material waste of V164-8.0MW turbines for 32 to 1152MW wind farms. Since
the ‘other’ materials were not recycled, in any farm power capacity, the ‘other’ materials was the
second dominated waste after steel, despite that steel had 81% higher composition than ‘other’
materials. Cast iron had 6% higher composition but due to is highly efficient recycling rate, cast
iron waste was insignificant compared to ‘other’ materials.
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Figure 5.14 - Total material waste of model V164-8.0MW turbines for 32-1152MW wind farms

Following on the result from Figure 5.14, it was not known if the amount of ‘other’ material would
surpass steel waste beyond 1152MW wind farm. Hence, the result from 32MW to 1152MW wind
farms was extrapolated by numerical method to predict the wastes, without conducting material
analysis or creating more turbine layouts. The predicted values were calculated for 1352MW,
1568MW, 1800MW, 2048MW, and 2312MW wind farm capacities, to keep the number of the
turbines to be square values for consistent arrangement layouts. Figure 5.15 shows the waste
comparison between steel and ‘other’ materials. Cast iron and copper wastes were not included due
to their insignificance compared to steel and ‘other’ materials. The result highlighted that the
difference remained consistent and small, with an average of 275 tonnes of difference. Steel waste
remained larger than 'other’ materials as farm power capacity increased. Although steel waste
would always be the top dominated waste after recycling, ‘other’ materials waste stayed as close
second dominated waste despite being only 4% of usage in a turbine and 6% below cast iron, based
on Figure 5.12. If there were highly efficient recycling methods for the material composition within
‘other’ materials, such as for blade composites and synthetic materials, the waste would be expected
to drop significantly and below cast-iron waste. This meant that almost half of total waste for each
wind farm in Figure 5.14 could be cut.
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Figure 5.15 - The waste of steel and 'other' materials of V164-8.0MW model for beyond 1152MW wind farm

5.2.1

Recycling of Wind Turbine Blades

Wind turbine blades are the most difficult part of a wind turbine to be recycled. Most wind turbine
manufacturers use thermoset matrices combined primarily with glass fibre (Fonte & Xydis, 2021).
Thermoset materials are not easily recyclable. There are various disposal methods used for end-oflife options for wind turbine blades such as landfilling, incineration, and recycling methods. Landfill
is considered as the least preferred option and landfilling of blades are banned in Germany (Jensen,
2019). The recycling methods are categorised into mechanical, thermal, and chemical processes.
New recycling technologies such as high voltage fragmentation are being tested for composites and
could potentially lead to the formation of a fourth category, which is ‘electrical’.
According to another article (Andersen, et al., 2014), it was also mentioned that blades constitute a
major problem for decommissioning. There was a huge uncertainty about the methodology to
decommission them properly and safely. The problem lied in the fibreglass composite. The dust
produced during cutting which creates a hazardous working environment. Fonte & Xydis (2021)
categorised different recycling routes for blade thermoset composites. Figure 5.16 shows a tree
diagram for recycling blade thermoset composites.

Figure 5.16 - Tree diagram of blades recycling routes. Sourced from (Fonte & Xydis, 2021)
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The recycling methods from Fonte & Xydis (2021) were described as follows:
1. Mechanical recycling refers to the process of reducing the composite waste to smaller
particles by using shredding and grinding, with outcomes being resin-rich and fibre-rich
products that can be used as a filler and as reinforcement respectively.
2. Fluidized bed is a complex thermal process involving composite particles fed in a bed of
silica sand sized around 0.85 mm, which is heated with steam between 450 and 550 ̊ C at
a controlled flow rate. Through the process, polymers dematerialize leaving precious
fibres and fillers, which are carried by the steam to a separation step of long fibres and
fillers through the use of sieve separator. Gases continue the journey to a 1000 ̊ C stage
that dissolves the remaining polymer prior final heat recovery and filtration of acid gases.
3. Pyrolysis involves the recovery of the glass fibre by heating composites in the absence of
oxygen to elevated temperatures (450–700 ̊ C) to convert the polymer matrix (epoxy,
polyester etc.) into hydrocarbon gases, oil, wax, tar, and char, thereby allowing the
separation of the polymer matrix from the fibres.
4. Solvolysis is a chemical process where the solvent breaks down the resins i.e., epoxy and
polyester used in thermosets. It can be performed at different temperatures and through
the use of various solvents, but normally it does not require high temperatures as
pyrolysis. Solvolysis temperature and pressure depend on the catalyst, where the addition
of potassium hydroxide reduces the depolymerisation time.
5. Microwave pyrolysis is a relatively new researched method that uses microwaves to heat
the composite throughout to 300–600 ̊ C which reducing the damage on fibres.
There are different advantages and disadvantages for each recycling methods. After the recycling
methods were described in the article (Fonte & Xydis, 2021), the retained key mechanical properties
of the recycled composites were summarised for comparison. In Table 5.5, it is deducted that
solvolysis had retained the highest tensile strength from virgin composites of 75%, followed by
mechanical with 70%, pyrolysis with 52%, and finally fluidised-bed with 50%. In term of Young’s
Modulus, pyrolysis and fluidised-bed were capable of retaining 100% of original stiffness, followed
by mechanical with 90%. The percentage of Young’s Modulus for solvolysis was unknown in
literature due to lack of data. Although there was an uncertainty on solvolysis, it could potentially
be the best method if the retained stiffness was proven to be 100%. Generally, mechanical method
performed decently in term of retained mechanical properties, but it produced short fibres.
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Table 5.5 - Mechanical properties of recycled compared to virgin composites. Sourced from (Fonte & Xydis, 2021)

Fonte & Xydis (2021) also highlighted and summarised the recycling process energy required,
recycling process costs, and economic values of recycled glass fibres, for comparison. Figure 5.17,
and Figure 5.18 show the estimated economic value of recycled glass fibre and process cost per
tonne of material, respectively.
Figure 5.17 highlighted that there are three ways to estimate expected values. Essentially, the first
column was the maximum expected value based on recycled mechanical properties, second was the
minimum expected value based on electricity consumption related costs, and final column was the
minimum expected value based on gas consumption related costs. It is noted that no gas was
involved in the mechanical grinding process. For mechanical grinding, the expected value was
between €0.09/kg and €0.32/kg, which was shown to be the lowest. Fluidised-bed and pyrolysis
had similar average expected values, which were €0.72/kg and €0.71kg, respectively. Fluidised-bed
was shown to be more precise with €0.22/kg between its maximum and minimum expected values,
while for pyrolysis the range was €0.33/kg. This emphasised that the recycled glass fibres from
both pyrolysis and fluidised-bed were more valuable and desirable than mechanical grinding. This
also reflected from Table 5.5, outcomes such as long fibres and stiffness are ranked more
importantly than tensile strength. However, in Figure 5.18, it displays the downsides of fluidisedbed and pyrolysis in term of recycling process costs.
Both fluidised-bed and pyrolysis required a total of €539.95/kg, with €287.75/kg for electricity
consumption and €252.20/kg for gas consumption. Mechanical grinding only required €89.39/kg
purely for electricity: incineration required €170.00/kg. It was mentioned that incineration in
Sweden, Netherlands, and Luxemburg amounted to €140/tonne. Other countries including Denmark
indicated fees between €100/tonne and €120/tonne. Despite this variation in cost for incineration,
mechanical grinding presented a huge economic advantage over incineration in process cost.
To assess the overall cost, it was assumed that each method (including incineration) had a total of
6000tonnes of glass fibre recycled (or incinerated) in one year. The final costs were calculated as
total glass fibre expected values (using average expected values from each method) subtracted by
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corresponding total recycling process costs. Table 5.6 shows the costs for each method. Negative
signs indicate loss of money. The results show that fluidised-bed had the most financial gain,
followed by pyrolysis, mechanical grinding, and finally incineration. Fluidised-bed had £51,129.67
more financial gain than pyrolysis, while pyrolysis had £314,738.11 more than mechanical
grinding. It might be tempted to conclude fluidised-bed was the most beneficial recycling method
in term of cost. However, this was far from the truth in reality. The analysis for Table 5.6 was
unrealistically optimistic, as it was assumed that all recycled glass fibres were successfully sold at
the average expected values in Figure 5.17. Due to the high expected values of recycled glass fibres,
this may greatly reduce the amount to be sold. This may be the main reason why there is a struggle
for recycling wind turbine blades. Due to the huge uncertainty of regaining cost through selling
recycled glass fibres, companies are most likely to focus on total process cost without ‘risking’
more cost. In term of process cost, mechanical grinding would be the best sustainable solution to
avoid incineration.

Figure 5.17 - Estimated economic value of recycled glass fibre for a 6000tonnes/year plant capacity. Sourced from
(Fonte & Xydis, 2021)

Figure 5.18 - Process cost per tonne of recycled material. Sourced from (Fonte & Xydis, 2021)

Page | 5-69

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
Table 5.6 - Costs for various glass-fibre recycling methods assuming 6000tonnes/year

Total glass fibre
expected value
Total process cost
Final cost (negative
sign indicates loss)

Mechanical
Grinding
£1,048,156.94

Fluidised-bed

Pyrolysis

Incineration

£3,681,332.75

£3,630,203.08

/

-£449,828.36
£598,328.58

-£2,717,136.39
£964,196.36

-£2,717,136.39
£913,066.69

-£855,474.00
-£855,474.00

It was concluded that mechanical grinding is the most sustainable and suitable recycling method
for wind turbine blades. However, there are great potential recycling alternatives such as pyrolysis
and fluidised-bed. If the process costs for pyrolysis and fluidised-bed reduce in the future, as a result
of advanced technology or more efficient uses of energy and resources, they could be excellent
sustainable wind turbine recycling methods. Pyrolysis and fluidised-bed would then be used more
commonly in the offshore wind energy production industry. Although there were not enough data
and information on solvolysis, high voltage fragmentation, and microwave pyrolysis for a
comprehensive analysis with the literature considered in this report, they provide potential
sustainable recycling alternatives for more options in the industry.

5.3 RECOVERABLE COST OF RECYCLING
To investigate recycling recoverable cost based on case studies, scrap values of materials were used
to estimate the total recoverable cost through recycling for the scenarios in Figure 1.2. Topham, et
al. (2019) provided an estimation on the recoverable costs from the main resources used in offshore
wind turbines, as shown in Table 5.7. Figure 1.2 highlighted that there are different scenarios for
turbines replacement and installation. For clarity, Table 5.8 summarised the interpretation of each
scenario. It is noted that maximum capacity turbines are the same as higher capacity turbines.
Table 5.7 - Recoverable costs estimation for the main resources used in offshore wind turbines (Topham, et al., 2019)
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Table 5.8 - Interpretation of Re-use scenarios from Figure 1.2

Scenario description

Interpretation

1 a-i) Re-use of foundations; reinstall

Only the old machinery within the nacelle are

same size turbines; replace critical parts

replaced. The new machinery are installed for same

only

size turbines.

1 a-ii) Re-use of foundations; reinstall

The old turbines are replaced. The new same size

same size turbines; replace whole

turbines are installed.

turbines
1 b-i) Re-use of foundations; reinstall

The old turbines are replaced. The new higher

higher capacity turbines; use existing

power rated turbines are installed.

foundations
1 b-ii) Re-use of foundations; reinstall

The old turbines are replaced. The new higher

higher capacity turbines; reinforce

power rated turbines are installed.

foundations
2 a-ii) Remove all and install new;

The old turbines are replaced. The new same size

reinstall same size turbines; replace

turbines are installed.

whole turbines
2 b) Remove all and install new; reinstall

The old turbines are replaced. The new higher

higher capacity turbines

power rated turbines are installed.

Since the same size turbines used by the group for analysis was around 3MW, two new turbine
models were re-selected from the same article (Topham, et al., 2019), which were SWT-3.6-107
(same size turbine) and 6.2M126 (higher capacity turbines). The turbine materials were used and
applied to Sheringham Shoal and Gwynt Y Mor wind farms. The material composition for both
turbines are summarised in Table 5.9 and the key information for the wind farms are summarised
in Table 5.10. It is noted that the data for the ‘other’ materials were not available for the two turbine
models.
Table 5.9 - Material composition for SWT-3.6-107 & 6.2M126 models

Turbine model Steel (T) Copper (T) Cast iron (T)
SWT-3.6-107

280.00

2.77

42.40

6.2M126

546.67

7.10

70.00
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Table 5.10 - Key analysis information

Sheringham Shoal Gwynt Y Mor
Power capacity (MW)

317

576

Number of SWT-3.6-107

88

160

Number of 6.2M126

55

93

By using Table 5.7, Table 5.9, and Table 5.10, the total estimated recoverable costs from recycling
wind turbines for both wind farms in each scenario were calculated. According to the interpretation
of scenarios, all the old turbines replaced and recycled would be the SWT-3.6-107 model. Hence,
the estimated total recoverable costs for each scenario in the same wind farm were the same.
For Sheringham Shoal, the estimated total recoverable cost in each scenario was found to be
£4,643,833. For Gwynt Y Mor, it was found to be 8,443,341. Gwynt Y Mor had 259MW more
power capacity than Sheringham Shoal, which was an 82% increase in regard to Sheringham Shoal.
Interestingly, Gwynt Y Mor had £3,799,508 more recoverable cost which was also an 82% increase
in regard to Sheringham Shoal. This suggested that an increase in recycling recoverable cost had
the same proportion with an increase in wind farm power capacity. If there was a wind farm with
634MW capacity, then the recoverable recycling cost would be approximately doubled compared
to the Sheringham Shoal wind farm. This provided a conclusion that the larger the farm power
capacity, the higher the recoverable cost for recycling the turbine materials. The recoverable cost
could be used to cut down decommissioning costs as mentioned in Topham, et al. (2019).
Another interesting remark was that copper scrap was significantly more valuable than steel and
cast iron. As a result, the recoverable cost of copper was more than cast iron, despite it being 9.5%
less than cast iron in material composition. However, since steel scrap was recycled at a much
higher amount, steel scrap contributed to the largest recoverable cost. A pie chart shown in Figure
5.19, highlighted the recoverable recycling cost contributions from the metals in Gwynt Y Mor.
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Figure 5.19 - Recoverable recycling cost contributions in Gwynt Y Mor wind farm

The scrap values of materials are exposed to constant variation in reality. Depending on the
fluctuation of scrap prices, the amount of recoverable costs for the respective metals could increase
to cut more decommissioning cost.

5.4 ENVIRONMENTAL IMPACT OF RECYCLING – CARBON FOOTPRINT
To investigate the influence of recycling on the environmental impact, based on case studies,
equivalent embodied carbon was used to assess the carbon footprint for the scenarios in Figure 1.2.
The same input data was used again from section 5.3, to calculate the total recyclable materials
removed and new materials required of each scenarios for both wind farms.
Embodied carbon is carbon emissions associated with:
•

Extraction and manufacturing of materials and products.

•

In-use maintenance and replacement.

•

End of life demolition, disassembly and disposal including transportation.

By considering the emissions through these stages within a life-cycle, the total estimated carbon
emissions, in tonnes of CO2 equivalent (TCO2e), was calculated for the scenarios in terms of
recyclable materials removed and new materials required. Every material has its own embodied
carbon factor, given in units of carbon dioxide emission kg per kg of material. A comprehensive
embodied carbon database was created by the Institute of Civil Engineers and provided on a website
(Circular Ecology, 2019). From the database, the values of embodied carbon factors of steel, cast
iron, and copper were selected to be 2.47, 2.03, and 3.81 kgCO2e/kg. Equation (5.3) shows the
calculation of embodied carbon for each material for the scenarios.
𝑇𝐸𝐶 = 𝐸 × 𝑇𝑚

(5.3)

Page | 5-73

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
Where TEC is the total embodied carbon of a material, E is the embodied carbon factor of the
material, and Tm is the total material used.
Table 5.11 shows the final calculation results of embodied carbon for all scenarios in both wind
farms. The total emissions contributed for the scenarios would be the new material required
subtracted by recyclable materials removed. If recycling rate for all materials was 100% efficient,
the values for recyclable materials removed would be the same as new materials required.
Nonetheless, it is deducted that recycling saved up to 95% of embodied carbon from new material
required for scenarios 1 a-i, 1 a-ii, and 2a. For scenarios 1 b-i, 1 b-ii, and 2b, recycling saved up to
85%.
Table 5.11 - Embodied carbon for all scenarios in Sheringham Shoal and Gwynt Y Mor wind farms

Sheringham Shoal

Gwynt Y Mor

Recyclable

New material

Recyclable

New material

materials removed

required

materials

required

(T𝐂𝐎𝟐 𝐞)

(T𝐂𝐎𝟐 𝐞)

(T𝐂𝐎𝟐 𝐞)

(T𝐂𝐎𝟐 𝐞)

1 a-i

>65,924

>69,364

>119,861

>126,117

1 a-ii

65,924

69,364

119,861

126,117

1 b-i

65,924

77,491

119,861

141,306

1 b-ii

65,924

77,491

119,861

141,306

2a

65,924

69,364

119,861

126,117

2b

65,924

77,491

119,861

141,306

Scenarios

The process of recycling is not emission-free. Although the purpose of recycling is to minimise
waste and emission, the processing itself requires energy to transform the material, and the
production of energy for recycling gives off emissions. One interesting remark highlighted in this
study was that in all literatures explored, which include (Andersen, et al., 2014), (Jensen, 2019),
and (Topham, et al., 2019), they only focused on the benefits of recycling, yet no literature was
found to explore the emissions during the recycling process for wind turbine materials. Since
research literatures on this topic were not found, the emissions in recycling were calculated from
the perspective of the energy required to melt down materials. The calculated energy required for
melting was converted to equivalent carbon dioxide emissions. A simple thermodynamic equation
shown in equation (5.4) was used to calculate the melting energy for steel, cast iron, and copper.
Equation (5.4) combined the heat energy needed for reaching melting temperature from ambient
temperature and heat energy needed for melting.
𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑚 × (𝐶∆𝑇 + 𝐿)

(5.4)
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Where 𝑄𝑡𝑜𝑡𝑎𝑙 is the total heat energy required (J), m is the mass of material (kg), C is the specific
heat capacity (J/kg K), ∆𝑇 is the temperature range between melting temperature of material and
ambient temperature, and L is the latent heat of fusion (kJ/kg).
The corresponding melting temperatures (Online Metals, 2021), specific heat capacities (Engineers
Edge, 2021), and latent heat of fusion values (The Engineering Toolbox, 2021) used for calculation
are summarised in the appendix in section 13.6. An ambient temperature of 20 ℃ was used. After
all the heat energies required were calculated, an online greenhouse gas equivalencies calculator
(EPA, 2021) was used for conversion. The final carbon emissions from recycling turbine materials
were shown in Table 5.12.
Table 5.12 - Estimated turbine materials recycling carbon emissions

Emission in recycling turbine materials (T𝐂𝐎𝟐 𝐞)
Scenarios

Sheringham Shoal

Gwynt Y Mor

1 a-i

>5,614

>10,209

1 a-ii

5,614

10,209

1 b-i

6,259

11,413

1 b-ii

6,259

11,413

2a

5,614

10,209

2b

6,259

11,413

The results highlight that comparing the embodied carbons from new materials required to recycling
emissions, the addition of recycling emissions were negligible. The carbon emissions from
recycling for all scenarios were shown to be around 0.08% in regard to its corresponding embodied
carbons from new materials required. It suggested that by using recycling which contributed to
around 0.08% of carbon emissions, it provided the advantage of saving between 85% or 95% of
carbon emissions in regard to carbon emissions (embodied carbon) from installing new same size
or higher rated turbines. However, a detailed net energy analysis of recycling processes for turbine
materials was unknown. There may be other major energy usages in recycling plants which could
significantly increase the recycling emissions, such as cutting, transporting of scraps, or machinery
operation etc. It was assumed that the main emission was generated from energy required to melt
materials alone. The lack of literatures on the investigation of ‘turbine recycling processes
emissions’ bought upon a limitation on this analysis. Overall, it was concluded that recycling
provided excellent reduction of carbon emissions in offshore wind energy production.
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5.5 SUMMARY
From the technical study on benefits of large wind turbines in section 5.1, it was concluded that
large wind turbines take up a smaller area and provide greater power output density. The results are
shown to be consistent and agreeable in both omnidirectional and directional wind farms. The effect
of the benefits can be applied to other aspects, such as reduced environmental impact, less travelling
time and distance during installation and decommission, reduced materials used and cost for the
installation and decommissioning of inter-array grid cables, less interference with marine activities,
and higher energy production in term of area efficiency.
In the material analysis, it was found that the increase in material usage was directly proportional
to the increase in power rating difference. The assumption of composites and synthetic plastics
being the majority composition of the ‘other’ materials was justified through analysing the material
composition of a 60MW turbine from literature by Jensen (2019). Composite and synthetic plastic
wastes were found to be the second largest, regardless of wind farm power capacity, followed by
steel waste. It was suggested that if there are efficient recycling methods for composites and
synthetic plastics, the amount of waste would drop below cast-iron waste and up to half of the total
waste shown would be cut.
From evaluating recycling methods for blades, it was concluded that mechanical grinding is the
best recycling strategy within the literature considered (Fonte & Xydis, 2021). It was revealed that
companies focus on total process cost without ‘risking’ more cost, due to the huge uncertainty of
regaining cost through selling recycled glass fibres. However, many other recycling alternatives
offer more options and potentially huge advantages for recycling in future offshore wind energy
production.
The overall cost of recycling of two case studies, which are Sheringham Shoal and Gwynt Y Mor
from Figure 1.2 were analysed. It was concluded that higher recoverable cost could be obtained for
recycling turbine materials as the larger the farm power capacity. Recoverable cost could be used
to cut decommissioning cost.
The overall environmental impact of the two case studies were also analysed. During the analysis,
it was found that there are a lack of literatures on the topic of recycling emissions. With the suitable
assumptions used in the study, it was ultimately concluded that recycling produced few emissions
and should be used to cut down large amounts of carbon emissions.
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6 RECYCLING OF SUBSTATIONS AND CABLES ON WIND
FARMS BUILT BETWEEN 2010-2015

(TI)

6.1 SUBSTATION AND CABLE MATERIALS
6.1.1

Substation Materials

Offshore wind farms all require an offshore substation to convert the electricity from the turbines
to a higher voltage, before exporting it to shore. These substations are typically comprised of a
foundation and a topside, which are usually floated to the installation site pre-assembled.
Offshore substations most commonly utilise jacket foundations or monopile foundations, composed
of concrete piles and steel foundations. Jacket foundations can often be pulled directly from the
ground, depending on soil conditions, as the piles are much smaller than in the case of a monopile
(Diamons Transmission Partners, 2018). The possible monopile decommissioning and reuse
methods have been discussed in depth in Section 3, so will not be reiterated here. The topside of an
offshore substation is formed of several components; the main components are transformers,
switchgears, and generators. These electrical components are formed primarily of metals (steel, cast
iron, aluminium, and copper), which can all easily be recycled and have high scrap value. These
metals make up nearly the entire substation (not including the concrete foundations) (Harrison, et
al., 2010), so there is very little waste material when decommissioning an offshore substation and
there is reasonable monetary recovery.
6.1.2

Cable Materials

Offshore wind farms have huge amounts of cabling buried in the seabed to transfer electricity and
data between the turbines, offshore substation, and onshore locations. For efficient electricity
transfer, large amounts of copper are used in cables, resulting in their high value per unit length.
Most wind farms that are currently in commission utilise inter array cables that are rated to 33kV,
however more recently commissioned wind farms have opted to install 66kV cables (GoBe
Consultants Ltd, 2018), allowing for larger turbines to pass electricity more efficiently. Large
amounts of fibre optic cables are also bundled together within the same subsea cable unit, allowing
high speed data transfer. Higher voltage cables (sometimes 66kV cable, but particularly 132kV
export cables), require lead sheathing within the insulation due to the increased electronic stress
(Al-Sallami, 2021) and to protect the conductor from corrosion and moisture ingress. This further
increases the value of the cables per unit length.
As offshore cables are not easily fixed or replaced, they are built to withstand long term exposure
to harsh environments, leading to large amounts of insulation required. There are four main types
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of high voltage cables: fluid filled, paper polyethylene laminated fluid filled, mass impregnate nondraining, and cross-linked polyethylene extruded (XLPE). All these cable types are used in various
applications, however, due to the simplicity and overall performance, XLPE is the most common
cable used in offshore, subsea applications (National Grid, 2015). The cross-linked polyethylene
provides better insulation properties compared to that of regular low-density polyethylene, reducing
electrical losses and improving the overall lifespan of the cable, however the cross-linking process
is difficult to reverse commercially, making it hard to recycle (Sekiguchi, et al., 2014). Ethylene
propylene rubber cables (EPR) are a more recent development. These cables do not provide overvoltage performance like that of XLPE, but they provide a similarly low dielectric loss and a far
lower thermal expansion, potentially improving the lifespan of the cables. Unlike XLPE, EPR can
easily be reheated and molded, making it far easier to recycle. XLPE cables are the primary cables
used in the period investigated by this report, so analysis in the following sections will be based off
XLPE cable specifications (Prysmian Group, 2016).
Subsea cables are typically three-core cables, meaning they contain three conductive cores and fiber
optic cabling, bundled within a single insulation housing. This allows a single cable to be laid, rather
than many, reducing seabed disruption and reducing volume by up to 40% (Liu, 2019). This makes
installation quicker and far simpler, while reducing the amount of insulation material required,
having a positive environmental impact. Each core and fiber optic bundle are typically concealed
within insulation and a semiconductive screen. Polypropylene filling is used to fill the empty space
within the wire and provide an extra layer of insulation, then the entire cable section is concealed
within steel wire armoring and a PVC sheath as seen in Figure 6.1.

Figure 6.1 - Three-core XLPE cable composition (Dinmohammadi, et al., 2019)

6.2 RECYCLING AND REUSE FEASIBILITY
6.2.1

Substation Recycling and Reuse

Substation decommissioning can be carried out by reversing the installation process. The substation
will first need to be deenergised and drained of all fluids. Lifting points would then be welded in
the required positions and navigation lights may need to be installed, which can all be done by
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helicopter at a relatively low cost. The foundation connections would then be cut, separating the
topside. Once certification of all lifting points is obtained, the topside can be lifted using a heavy
lift crane barge and floated to shore, followed by the steel foundations (Adedipe & Shafiee, 2021).
Charter costs of heavy lift crane barges (jack-up barges) are very high, however, for substation
decommissioning, they will only be required for two days, minimising the capital expenditure
(CAPEX). Alternate decommissioning methods using smaller cranes would require offshore
disassembly of the topside, which significantly increases complexity and duration of the project, so
these methods are not considered to be viable.
As mentioned previously, offshore substation foundations are composed almost entirely of steel
and cast iron, so recycling methods are very simple and well established. Once the topside arrives
at shore it must first be disassembled, and the separate parts of the assembly can be processed
differently. As the entire assembly is primarily metallic, it can also be recycled easily, once all the
metals are separated (Harrison, et al., 2010). However, when dealing with electrical components,
refurbishment and reuse may prove to be more environmentally and financially beneficial. Table
6.1 is from an existing decommissioning plan from diamond transmission partners for an offshore
substation. The table indicates that most major components can be reused in future applications.
Table 6.1 - Post-decommissioning plan for substation components (Diamons Transmission Partners, 2018)

Assest

Waste Type

Jacket and foundations
from OSP

Steel from topside and
foundations

Main Power Transformers

Steel, iron laminate, copper,
transformer oil

X

X

Gas insulated swtchgear

Copper, electronics

X

X

OSP power cables

Copper

Diesel generators

Steel , copper, electronics

X

X

Reactors

Steel, iron laminate, cooper,
reactor oil

X

X

Auxiliary transformers

Steel, iron laminate, copper,
transformer oil

X

X

SCADA, protection panels

Steel, electronics

Neutral earthing resistor

Steel, copper

X

X

LV swtichboard

Steel, electronics

X

X

Subsea cables

Aluminium, steel

X

Onshore Cables

Aluminium, steel

X

Non-recyclable materials and
fluids

Re-use

Recycle

Disposal

X

X

X

X
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Some studies have shown that transformers could potentially be used for 40-50 years, particularly
if they are not used at full capacity (Lorin, 2004). The heat and electrical flux generated over the
life cycle of the transformers may lead to break down of the laminate or damage to the coil, so to
extend lifespan of the transformer, a condition assessment survey should be carried out followed
by refurbishment before reinstallation. Refurbishment (also known as heavy maintenance) of a
transformer could consist of various tasks, such as recoiling and re-laminating. A study conducted
by ABB investigated the economic investments required by 50 medium (50kV to 240kV)
transformers subjected to no maintenance, light maintenance, and heavy maintenance. The study
demonstrated that heavy maintenance after 15-30 years in service and regular maintenance in
between can result in as much as 51% financial saving when compared to costs associated with
replacement of transformers (Lorin, 2004).
Similar refurbishment and re-installation can easily be carried out for other components, such as
switchgears and generators. Fluids in the substation, such as transformer fluids, can often be refined
many times and reused. Once transformer oils have been refined many times and can no longer be
refined for use in a transformer, they can easily be refined and used as a lubricant oil for other
purposes (CSG, 2021).
An option for reinstallation, which is being considered in modern projects, is offshore modular
substation units. This is similar to a traditional offshore substation, but all the major components
are separated on to separate foundations, as opposed to having all parts assembled in a single topside
assembly. This alternate approach is depicted in Figure 6.2 and can be adjusted to fit the amount of
equipment required for a specific project. Reinstalling decommissioned and refurbished electrical
equipment in these modular substation units can increase ease of maintenance, allowing specific
equipment to be more easily accessed as it is separated on its own foundation. According to
Atlantique Offshore Energy, their modular substation design can reduce delivery times by as much
as 20% as less assembly is required, simplifying the process. It is also claimed that substation
project CAPEX can also be reduced by 20%. This will be largely because smaller crane barges can
be used for installation due to the components being much smaller than a traditional topside
assembly (Russel, 2019).
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Figure 6.2 - Modular substation options from a supplier (Russell, 2019)

Siemens also provide similar modular substations, known as offshore transformer modules (OTMs).
As the name suggests, these are primarily transformer modules and don’t contain other major
equipment, so they are relatively lightweight and compact. The transformers are also filled with
synthetic esters, rather than oils, making them fire resistant and more sustainable (Haddad, 2020).
While maintenance is easier in these modular substations, replacement is also easier, as in the
unlikely case of catastrophic failure, the damaged transformer can simply be replaced by
exchanging the entire topside of a module. There is also potential for temporary transformers to be
put in place while maintenance work is taking place, minimising downtime, and revenue losses.
6.2.2

Cable Recycling and Reuse

As discussed previously, three-core XLPE cables are one of the most common subsea cables
currently in use. The large amounts of copper, steel, polypropylene filling, and PVC within the
cables can easily be recycled, and the relevant processes are well documented. However, the crosslinked polyethylene insulation and the fibre optic cabling are much more difficult to recycle. The
thermosetting and amorphous nature of XLPE is what makes it more difficult to recycle, as it cannot
be simply melted down or reheated because it will lose its mechanical properties. The primary
disposal method of XLPE is landfill or incineration, which both contribute toward CAPEX (AlSallami, 2021). Recycling of the material is possible by crushing the material and compacting it
into new forms, such as cable drums produced by Axjo, but this will also lead to significant material
property loss.
There are new emergent recycling techniques for XLPE that are likely to become more viable largescale solutions in the near future. One of these solutions is continuous devulcanization. XLPE is
often formed by vulcanisation, which forms the cross-links, however this is a reversible process.
Continuous devulcanization is a technique which is currently in use, but not on an industrial scale,
involving removal of the additives in the material which are responsible for the cross-linking. This
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softens the polymer and allows it to be heated and remoulded for different applications. As
companies invest more into this method and bring it to an industrial scale it will become a viable
option for XLPE disposal and recycling.
Another method of recycling XLPE involves combining crushed XLPE with virgin rubber. One
method has been created by the company BOREALIS, who have formed a new version of XLPE
called Borealis XLPE. This uses XLPE scrap and combines it with various other recycled materials
and some virgin materials to produce a form of XLPE, which is a superior insulation material for
transmission and distribution according to a study in 2019 (LCA, 2019). Product testing has shown
Borealis XLPE has excellent thermal resistivity, which leads to lower CO2 loses during the use
phase of the cable as less energy will be lost to the surroundings through heat. The thermal
performance of the material also allows it to be reused or recycled several times, leading to a more
circular economy. The processing stage is also one of the cleanest gas emitters and cheapest of
similar competing materials. Producing regular XLPE with low gas emissions, particularly for high
voltage cables, can significantly increase production time, so Borealis XLPE is a strong, sustainable
option for future cables and recycling old cables (Borealis, 2020). If XLPE is recycled, it will no
longer contribute to CAPEX through landfill or incineration costs and will provide a more
sustainable life cycle.
The final issue in subsea cable recycling comes from the fibre optic cables. Fibre optic cables cannot
currently be effectively recycled and are typically sent to landfill sites. Studies have indicated that
fibre optic cables that arrived at landfill sites 40 years ago are still there and are expected to remain
for up to 500 years (MINIWIZ, 2020). If fibre optic cables are in excellent condition, they can
potentially be reused or sold, however, it is very difficult to find buyers for used fibre optic cables,
especially on a commercial scale. This is because any imperfections in fibre optic cables can result
in significant data loss, so using old fibre optic cables always poses a large risk, so it is unlikely
that the same cables will be reused in future projects. There are companies currently forming
innovative ways to ‘upcycle’ fibre optic cables. One key method being utilised by MINIWIZ (a
Taiwanese company specialising in upcycling commercial waste), who are producing fibre optic
reinforced concrete (FOC). This prevents waste fibre optic being sent to landfill, gives the cable a
scrap value, and creates more business opportunities for companies, once again contributing to a
more circular economy. FOC is estimated to result in a reduction of steel usage in concrete by 28%,
reducing emissions by an estimated 300,000,000 tonnes annually (MINIWIZ, 2020).
There is a small possibility for reuse of existing XLPE cables. This would be significantly beneficial
as CAPEX would be largely reduced as old cables will not need to be decommissioned and new
cables will not need to be bought and installed. Electronic analysis, such as resonance tests, partial
discharge tests and low frequency tests could be used to investigate the condition of the exiting
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cabling (Offshore Wind Programme Board, 2015). If the tests provide positive results, there may
be a potential for reuse of cables. However, cables are one of the most crucial parts of a wind farm
and any failure could lead to huge capital loss, so reusing old cables is associated with a large risk.
The expected lifespan of subsea XLPE cables is approximately 40-60 years, however, advanced
mathematical models (Dinmohammadi, et al., 2019) and experimental results (Alghamdi & Desuqi,
2020) have indicated that, in reality, these cables have an estimated lifespan of 15-30 years. This
decrease is largely because of cable scouring (caused by the tide removing material beneath the
cable) and cable abrasion due to sliding. These wear methods reduce the lifespan of subsea cables
in a way that is unpredictable and must be monitored. Modern windfarms are also increasing in
capacity rapidly and trending toward use of 66kV cables, meaning old cables would be left
redundant. As a result, reuse of old cables is not considered to be a very feasible option. However,
should cable technology make significant advancements to increase their lifespan, cable reuse may
be a more viable option once 66kV cables are installed. When considering export cables, 132kV
are the most common now and are likely to continue to be used in future. There is a possibility of
using 220kV cables in future, which are used in onshore applications. However, 132kV cables
provide sufficient efficiency and power capacity and if the same substation components are to be
refurbished and used again, they will require 132kV cables, so all following analysis in this section
assumes 132kV cables will continue to be used in future applications.

6.3 CABLE DECOMMISSIONING
Preliminary research resulted in some existing decommissioning plans being found for wind farms,
however these plans are relatively vague and do not provide a detailed plan on removal methods.
Some components of a wind farm are relatively straightforward, such as the offshore substations,
as discussed previously, but other components are far more complex and do not have a single
obvious solution. In the case of cable decommissioning, all the existing plans that were analysed
state that the offshore subsea cables will all be left in situ. This section of the report investigates
further various aspects involved with decommissioning these cables, from a financial and
environmental point of view.
6.3.1

Cost of Inter-Array Cable Decommissioning

When considering the decommissioning of subsea cables, two main methods were considered. A
simple solution would be to use the specialised cable lay vessels, but with minor changes, so the
same vessel can be used to remove cables rather than lay them. As cable lay vessels are specialist
vessels, they contain all the required equipment to handle cables, including remotely operated
vehicle (ROV) trenchers and cable carousels. They also usually have dynamic positioning systems,
allowing them to be used in deeper waters, however, most wind farms in the investigated period are
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in relatively shallow waters, so this system is not usually necessary. The second possibility
considered is to use a separate ROV trencher carried by a barge and another crane barge to lift and
store the cables. As the trencher digs up the buried cables, the crane barge can lift and store them
in layers. The cables can be cut into smaller sections and laid lengthways along the barge. If the
cables cannot be stored in this way, a cable carousel could be hired and placed onto the barge for
easier storage. A winch could also be used to pull the cables, rather than lifting them with a crane.
The specific method deployed will depend on the practicality in reality. Cable carousels may not fit
the cables uniformly as the inter-array cables are cut into sections between the turbines, so 90%
capacity was assumed for the purpose of this analysis.
Due to the specialist nature of cable lay vessels, the day rate for charter is typically very high and
often within the range £100,000-£125,000. A crane barge, on the other hand, with low lift capacity
is far cheaper and is typically in the range £15,000-£25,000 a day (Dalgic, et al., 2013). A separate
ROV trencher is also relatively low cost at approximately £10,000 a day, but also requires a barge
to transport it. Many barges currently available are unpropelled and require a tugboat to move them
(CATAPULT Offshore Renwable Energy, 2020). However, for the purpose of this analysis, it is
assumed that all barges used are propelled. This assumption is reasonable as the wind farms in the
investigation period will be decommissioned within the next 20 years, so newer barges will be more
readily available. All vessel charter costs were taken to be the upper limits of the ranges provided,
to provide a conservative estimate for the cost. The Seaway Phoenix was used as an example of a
cable lay vessel and the 8025 barge from Damen was used as an example of a crane barge. The
ROV trencher was taken to be 1000kW, as this is equivalent to the power of the trencher available
on the Seaway Phoenix (Seaway 7, 2020).
Once vessel charter costs had been established, the trenching speeds needed to be considered. Upon
review of numerous ROV trenchers, it is evident that modern 1000kW trenchers can reach trenching
speeds of 600m/hr (Jan De Nul, 2021). This speed can significantly decrease depending on soil
conditions; harder soil takes longer to trench so a 400m/h speed was used in the analysis. Interarray cables are also in sections connecting turbines, so there will also be some time that needs to
be considered to reposition the trencher. The average length of an inter-array cable was taken to be
700m and the time to reposition the trencher was assumed to be 15 minutes. This results in a total
of approximately 2.3 km of cable removal a day, assuming 10 hours of work time a day. Laws allow
individuals at sea to work for up to 13 hours a day (MI News Network, 2021), so it is assumed that
10 hours can be used for cable removal and the remaining three hours would be required for transit
and equipment setup. The wind farm was assumed to be an average of 18km from shore, which
takes 48 minutes for transit at 12 knots, which is the cruise speed of the vessel (Seaway 7, 2020).
Some studies have suggested that cable removal rates will be approximately 1km/day (Al-Sallami,
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2021), however this is likely using slower trenching speeds and less work time each day, so the
removal rate of 2.4km/day was accepted for the following analysis.
Alternate cable removal method are available, such as cable ploughing. Cable ploughs require a
ploughing force which can be provided by a barge and are cheaper and far less power consuming
than ROV trenchers. However, ploughs cannot be used in all soil conditions and cannot be used
when near turbines or substations, so ROV trenchers will be required in these regions (CATAPULT
Offshore Renwable Energy, 2020). Therefore, in this generalised analysis, an ROV trencher was
considered to be the sole cable removal method in order to provide a conservative estimate for
emissions and costs.
Fuel costs were then considered for each vessel. The Seaway Phoenix has 4 Wärtsilä 8L32
generators that provide 3,240 kW of power each. These power the 2 main thrustors (3,300kW each)
and provide auxiliary power as well for all required equipment (Seaway 7, 2020). During cable
removal, 40% power is assumed to provide sufficient power for the carousels, ROV trencher and
other equipment. From the engine specifications, the specific fuel oil consumption (SFOC) was
178.8g/kWh at ISO conditions. Using the SFOC, power requirements and duration of the project,
the total fuel required could be approximated. The Wärtsilä 8L32 generators use high sulphur
bunker fuel (RMK fuel) (Wärtsilä, 2021), which is cheaper than regular diesel, but requires
temperature-controlled fuel bunkers. At the time of writing, the price of RMK in Rotterdam (large
supplier of fuel near to the UK) is $460/tonne (Ship & Bunker, 2021).
The crane barges use smaller CAT C6.6 ACERT Industrial diesel engines (Damen, 2021). The
power required by the crane for each lift was calculated using the weight of the cable sections and
the power during transit was taken to be maximum thrust for all vessels. The fuel consumption for
these engines was found from available tables and was found to be 40L/hr at the required power
output (CATERPILLAR, 1998). These engines use regular diesel, which costs £1.50/L (Ship &
Bunker, 2021) at the time of writing.
Finally, the personnel costs were considered. The personnel required was taken to be 50% of the
accommodation capacity for each vessel, ensuring sufficient staff are available to monitor and
control the required equipment. The daily rate for personnel was calculated using the average salary
of a cargo ship worker and barge deckhands (Total Jobs, 2021). The day rate was increased by 15%
from this value to account for market fluctuations and inflation in the near future. The fuel costs
and personnel costs are relatively low in comparison to the vessel charter costs, so small fluctuations
in these costs were found to be insignificant when considering overall cable removal costs.
Figure 6.3 displays the costs associated with the two methods of cable removal discussed, using all
the assumptions and costs established. To account for fluctuations in fuel price, 10% was added to
the fuel costs. Then 20% was added to the vessel charter costs to account for changes in vessel
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charter rates and uncertainty in the project duration. Figure 6.3 clearly indicates that the use of a
cable lay vessel is the more expensive method, with the difference in CAPEX becoming more
pronounced for larger wind farms.
CAPEX was also calculated for the same vessels under the assumption that they can run through
the night, removing far more cable per day. This method resulted in a significant decrease in cost,
due to the reduced project duration. When compared to the recovered value of copper from the
cables, this method may result in negative CAPEX, providing a revenue stream for the project by
recovering the precious metal. The other method discusses was using a barge and separate ROV,
which, from the figure, can be seen to potentially cost less than using a cable lay vessel. The line
for the cost of a barge and ROV closes matches that of the cost recovered from scrap copper. Due
to the high level of uncertainty in the problem, it cannot be assumed that the expenditure will be
covered by the money recovered from scrap metal, however it is evident that there is unlikely to be
significant investment required to remove cables by this.
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Figure 6.3 - CAPEX and cost recovered from cable removal and recycling

The cable removal rate was then doubled for the barge and ROV method to investigate the
sensitivity of the problem to project duration. The increased project duration resulted in an average
increase of CAPEX of 78% of the copper scrap value as seen in Figure 6.3 (for example, removal
of 150km of cable, cost £15.7 million and the copper value retrieved is equal to £8.8 million). This
cost is significant but may be considered reasonable when taking into account long term effects
(which are discussed later) and the overall project cost of decommissioning a wind farm. According
to a study, the average expected decommissioning cost for a wind farm is approximately
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£250,000/MW (Al-Sallami, 2021). Using this value, the cable decommissioning cost of the London
Array accounts for only 6% of the total decommissioning costs. This is a reasonably low value,
particularly considering that it is a worst-case scenario, using high vessel rates and low removal
speeds. The cost recovered from aluminium cabling is significantly lower, due to the lower metal
density and value. Aluminium cables are also far less common than copper cables. For these
reasons, aluminium cable removal were not analysed in depth.
The cost recovered from cabling was calculating using data supplied by ABB for their three-core
XLPE cabling with a conductor area of 400mm2. Cable size often varies within a wind farm, as the
turbines closer to the substation often utilise smaller cables. The main inter-array cables used in
Sheringham Shoal Offshore Wind Farm weigh 27kg/m (Scira Offshore Energy, 2011), which
equates approximately to a 300mm2 multi-core XLPE cable from ABB (ABB, 2010). The London
Array uses far heavier 42kg/m cables to accommodate higher currents (Institution of Engineering
and Technology, 2015), which equates to a conductor area of approximately 630mm2. When
analysing several wind farms, 400mm2 was considered to be a reasonable average conductor area
for a generalised CAPEX analysis. The value of copper at the time of writing is $9.80/kg and using
current exchange rates, this equates to £7280/tonne (Knoema, 2021). The scrap value was taken to
be 70% of the raw copper value, which is reasonable for bright copper wire according to various
scrap metal buyers. A similar approach in pricing was taken for the steel armouring, although the
quantity of steel and the price of steel are far lower than copper, so it has little impact on the overall
CAPEX analysis.
The scrap price of copper is likely to vary depending on the buyer and as the copper value fluctuates.
However, due to the global pandemic, copper prices have recently spiked and are expected to
remain at a similar value in 10 years as the value drops from the spike and gradually climbs again
(Knoema, 2021). There are conflicting views on this, however, as some analysts believe copper
may double in value within the next three years (Kiderlin, 2021), which would provide a much
greater financial incentive for cable decommissioning. The copper value was not altered to account
for any market change or inflation in this analysis due to the uncertainty of the market direction in
the next few years, largely because of the global pandemic.
6.3.2

Cost of Export Cable Decommissioning

Export cables, as discussed previously, are typically rated at 132kV, and usually have a far higher
metal content than inter-array cables. The conductor area of export was investigated in a similar
way to the inter-array cables, using the weight of various export cables and comparing it to XLPE
data from ABB. The result was an average conductor area of 800mm2. This results in a significant
increase in copper weight. The lead sheathing in the export cables also improves the scrap value of
the cables, making the export cables far more valuable than inter-array cables.
Page | 6-87

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
Due to the high electrical stresses and heat associated with electrical components (cables in
particular), they are often classed as the cause of failure and power loss in a wind farm. Figure 6.4
indicates that electrical faults are the primary cause of failure when investigating cables. Among
cable failures, export cables account for 88% (Strang-Moran & Mountassir, 2018), which would
result in huge loss of revenue. As a result, cable faults also account for the largest and most
insurance claims among offshore wind farms (Buljan, 2021), demonstrating the importance in
maintaining cable integrity and monitoring performance. When taking this into consideration, it
may discourage companies from reusing cables, reinforcing the statement made previously that
cable reuse is unfeasible, but if cables were to be surveyed and reused or simply left in situ, it may
be beneficial for partial removal to take place, replacing the export cables only.

Figure 6.4 - Reported causes of cable failure (Strang-Moran & Mountassir, 2018)

The removal rate for export cables is slightly higher than that of inter-array cables, as the cables are
in one continuous path, rather than separated between turbines. Less fuel is also required as the
vessel does not need to transit to and from the wind farm site. Combining these results in a reduced
CAPEX for export cable removal as seen in Figure 6.5. The significantly increased cable scrap
value illustrated in Figure 6.5 clearly shows the financial benefit of removing export cables. This
result may further encourage partial removal of cables to recover export cables only in order to
avoid the CAPEX associated with removing inter-array cables. The figure indicates that even if the
cable removal rate is doubled, export cables may still provide a revenue income.
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Figure 6.5 - Average CAPEX and savings per km of cable removal

In the long term, cable material retrieved from old cables could potentially be recycled, as discussed
in the cable recycling section, and used to produce new cables with the addition of some virgin
materials. Using the recycled material could potentially lead to a significant reduction in cost for
new cables, as the amount of virgin copper required will be significantly reduced. This future
reduction in cost is not demonstrated in the figures above and is something that should also be
considered when generating plans to decommission cables.
6.3.3

Emissions and Environmental Factors Associated with Cable Removal

Once financial aspects had been considered, environmental aspects needed to be considered to
ensure cable removal is conducted in a sustainable way and to analyse the carbon footprint of the
process. The same two methods that were used in the cost analysis were further investigated in this
section to analyse the total carbon footprint.
The same assumptions and vessel power consumptions values were used as established in the cost
analysis. The carbon dioxide emissions of specific vessels can be difficult to calculate, as there are
many variables to consider. The carbon emissions of an engine varies depending on factors such as
temperature, the power usage over time, and completeness of combustion, though all engines must
comply to certain European standard for emissions. The CAT C6.6 ACERT Industrial diesel
engines on the selected barge comply with EU Stage IIIA equivalent emission standards. These
standards focus primarily on smaller engine emissions, such as NOx, carbon monoxide and
particulate matter. For the carbon equivalent analysis, considering carbon dioxide and smaller
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emissions, an emission factor of 1.27kg/kWh was used (Jakhrani, et al., 2012). This simplifies the
analysis, providing a constant emission value for a given power usage. The analysis result is
sensitive to this emission factor but using this will allow general trends to be observed in the
different methods used.
Once the cable is retrieved, the metal can be extracted and easily recycled without losing the
material properties. Recycling metal produces emissions; however, it reduces the amount of raw
material that needs to be produced from ore. This results in a net saving of emissions and can be
offset from vessel emissions during the cable removal phase. The emission savings for copper,
aluminium and lead are displayed in Table 6.2.
Table 6.2 - Carbon footprint and savings expressed in tonnes of carbon dioxide per tonne of material produced
(Grimes, et al., 2008)

Material
Copper

Primary extraction
Emissions when
Total emissions
emissions
recycling
saving
1.25
0.44 0.81 (65%)

Aluminium

3.83

0.29 3.54 (92%)

Lead

1.63

0.02 1.61 (99%)

Figure 6.6 displays the outcome of the emission analysis of the various methods considered. It can
be clearly seen that cable removal is a highly carbon intensive procedure. This is mainly due to the
ROV trenchers requiring a constant power supply of approximately 1000kW (Seaway 7, 2020) until
all the cable has been removed. The cost analysis had established that cable lay vessels were likely
the more expensive option of the two methods considered, but it also appears to be the most
polluting. These vessels are very large, requiring large amounts of auxiliary power and thrust,
leading to their high levels of emission.
Figure 6.6 also demonstrates how the distance from shore of the wind farm effects the total
emissions. The distance from shore was deemed to be insignificant from a financial point of view,
as the relatively low fuel costs had a negligible impact on the result. However, the distance from
shore can be seen to have a more significant impact on emissions. Doubling the distance from shore
from 9km to 18km results in a 7% increase in carbon equivalent emissions. Running the cable lay
vessels through the night also results in significant emissions drop of approximately 13%, due to
the reduced number of trips to shore.
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Figure 6.6 - Carbon footprint and carbon savings of cable removal and recycling

The removal of cables using the barge and separate ROV method was found to produce fewer
emissions, but the difference in emissions is not as significant as the difference in cost. All methods
of removal were found to produce substantial pollution that will not be recovered from cable
recycling. As seen from Table 6.2, Aluminium is extremely polluting to produce from ore, so
recycling aluminium cables evidently recovers significantly more carbon emissions than copper
cable. Figure 6.7 displays the average vessel emissions per km of cable removal. Once again, the
removal of export cables results in a slightly lower value than for inter-array cables as the fuel usage
is reduced, due to the reduced time for removal and because transit is not required to the wind farm.
The carbon recovered from export cables, however, is significantly higher due to the increased
copper and lead content. From Table 6.2 it can be seen that lead is also very polluting to extract
from ore and, because it is so dense, there is a large mass of lead in export cables.
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Figure 6.7 - Average carbon footprint and carbon savings per km of cable removal

The carbon emissions recovered from cabling only accounts for the metal content of the cables.
Plastic production, such as PVC and XLPE also produce significant carbon emissions during the
manufacturing phase, which can be recovered by recycling the materials in some of the ways
mentioned above. This emission recovery has not been included in the analysis as, depending on
the method used, carbon emissions largely vary and only estimates are currently available for some
of the methods. To provide an insight into the potential emission saving, borealis XLPE is expected
to recover 2 tonnes of CO2 for every tonne of XLPE recycled (Borealis, 2020). Using this value,
carbon recovery from inter-array cables could potentially increase by approximately 18 tonnes per
km. This is a huge increase and may result in cable removal being beneficial for overall carbon
emissions.
The justification provided by many decommissioning plans for leaving cables in situ is that removal
causes a large amount of disruption to the seabed, However, if the same sites are to be used again
for future wind farms, it is very likely that, at some point in time, old cables will need to be removed
as they may interfere with new installations. To fully evaluate the environmental impact of cable
removal, seabed surveys must be conducted, so the extent of habitat development along the cable
route can be examined. Cable removal results in significant sediment suspension and potential
habitat loss, so an in-depth environmental study will need to take place to understand all the effects
in their entirety. There is also very little research conducted into the long-term effects of leaving
cables buried and is something that should be considered when making the decision on how to
decommission cables.
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6.4 SUMMARY
In summary, existing substations can be decommissioned in a similar way to how they were
installed. The topside is cut from the foundations and lifted off, then the foundations can either be
pulled from the ground or the steel foundations can be cut from the concrete, then lifted. Almost
the entire substation can be easily recycled, due to the metal content, however most electrical
components should be reused, saving future costs and emissions. Decommissioned components
should be surveyed and refurbished before being reinstalled in new substations. Modular
substations are likely to be a cost-effective method of future installation as they reduce delivery
times and maintenance costs. Temporary modular units can also easily be floated into place should
they be required urgently. These factors combined will reduce loss of power in future wind farms.
Cables connecting the entire offshore wind farm are a far more complex matter when considering
decommissioning. Among several cable types, three-core XLPE was established to be the most
common in use for the focus period of this report. These cables consist of 4 main components:
conductor cores, fibre optic bundle, insulation, and sheathing. The sheathing is typically made from
PVC, steel amor cable and, in higher voltage cable, lead. The sheathing, along with the conductor
cores (aluminium or copper) can easily be recycled and methods to do so are well documented. The
insulation, in the case of XLPE, is typically sent to landfill or incinerated, however emergent
methods of recycling are likely to become far more prevalent in the future. Two main methods of
recycling XLPE are continuous devulcanization, which is not currently used at a commercial scale,
and creating Borealis XLPE by adding old XLPE to virgin rubbers, which can then be used in future
cables and is more easily recycled. Finally, the fibre optic cables are also sent to landfill, but they
can be upcycled in newly emerging ways as well, such as forming fibre optic reinforced concrete,
reducing steel usage by up to 28% by reducing rebar requirements.
Reuse of cables is not a feasible option now, due to the requirement of higher capacity cables in
future and the expected lifespan of existing cables. Once higher capacity 66kV cables are installed,
provided cable technology makes sufficient advancements in expected lifespan, they may be viable
for reuse.
When considering cable removal methods, two options were considered; the first option was to use
a cable lay vessel and the second was to use an ROV trencher on a barge and a separate crane barge
to lift and store cables. CAPEX analysis indicated that a barge and separate ROV trencher would
be the cheaper of the two methods, with most of the cost being recouped by the scrap value of the
metal recouped. Export cables were found to be significantly more valuable and removal of these
would likely result in a capital gain. If the metal is recycled into new cables, this may reduce
CAPEX even further for future projects. Conducting an environmental analysis revealed that cable
removal is a highly carbon intensive procedure, producing significantly more carbon emissions than
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is saved from recycling the material. Using a cable plough rather than a trencher results in slightly
lower costs and significantly lower emissions, but they cannot be used in all cases, so were not
considered in the analysis. Export cables once again were found to provide a net negative carbon
impact, so removal of these is likely to be beneficial. All analysis is highly sensitive to project
duration and vessel hire costs, so generalised trends and conclusions can be drawn from them, but
capital gain or net negative emissions cannot be ensured.
From these results, use of an ROV trencher and separate barge will be the most cost effective and
environmentally friendly removal method. If possible, the removal should be run 24 hours a day
with an alternating crew in order to reduce project duration, significantly reducing cost and also
having a positive impact on emissions. Emissions would be significantly reduced if a cable plough
can be used for most of the project. However, environmental studies will need to be conducted on
the long-term effects of leaving cables buried and the disruptive effects on the seabed of removal
to make a fully informed decision on if they should be removed at all. The analysis also does not
consider the effects of removing cable transition pieces or concrete mats that protect exposed cables.
These are not accounted for because the analysis is generalised, and these are not required in all
cases. Therefore, case specific studies will need to be carried out before final conclusions can be
drawn. Initial CAPEX and carbon emissions indicate that it would be beneficial for partial removal
of cables, removing export cables only. Buried inter-array cables, however, could interfere with
future projects, so removal (partial or complete removal) may be necessary.
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7 RE-USE OF LARGE-SCALE WIND FARMS:
REPLACEMENT METHOD AND PROCESSES

(SG)

Re-using a wind farm can be extremely beneficial, especially because the leases for wind farm
installations tend to be 50 years, which is longer than the typical life of the components in a wind
farm. This means that the company can provide energy from that site for longer without the need
for additional lease arrangements from The Crown Estate. Reusing the site also has many benefits
in terms of planning, as the site has already been thoroughly investigated (as shown by the
environmental reports for the wind farms around the UK (Scira Offshore Energy Ltd, 2006) (Drew,
2011), meaning there is time and therefore cost savings associated with finding a site and
establishing its conditions.
For this report, in order to establish how the seabed conditions affect the installation and condition
of foundations over time, investigation into the seabed conditions across the UK is required to
understand the variation in the seabed across UK waters as well as looking more locally at two
chosen sites in the UK where wind farms were installed between 2010 and 2015.

7.1 SEABED CONDITIONS AROUND THE UK AFFECTING NEW
FOUNDATIONS
To be able to establish a general understanding of the Seabed conditions around the UK coastline,
the British Geological Survey interactive map was used. Information on hard substrate on the
seabed, the bedrock type, the sediment thickness and composition were available through the
interactive maps.
From the maps, a general understanding of the bedrock types found across the UK, and at the two
sites chosen as case studies, can be made. A summary of the bedrock types found across UK waters,
their general properties and whether they were found at the two case study sites are shown in Table
7.1.
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Table 7.1 – Bedrock types, properties, and if found at Sheringham Shoal (SS) or Gwynt Y Mor (GYM) offshore wind
farms (British Geological Survey, n.d.) (The Geological Society of London, n.d.)

Bedrock

Properties Description

Type

Found at SS
or GYM

Chalk

Soft, fine-grained and easily pulverised

Igneous

Fine-grained and hard to break

Mudstones

Fine-grained clay particles which when compressed form

SS

GYM

shale, which is very easily broken due to lamination
Sandstones

Formed from sediments ad quartz grains so are hard

Limestones

Calcium carbonate mineral, which is hard as it is used in
building structures from stone

Metamorphic

Interlocking crystals which make it hard, unless it is slate

The summary shows that mudstone is a potentially problematic bedrock type due to the shale
formation that occurs when it is compressed. Compression of mudstone is highly likely to occur
due to the weight of the monopile foundations and the turbine itself, which are 1000s of tonnes in
total. Extra care would need to be taken when re-using foundations at Gwynt Y Mor due to this
bedrock.
Bedrock faults are also present across the UK, which could encourage more rock fractures when
drilling new piles for monopile foundations. This could especially be the case when the new
foundations will be drilled within 100m of old foundations. Cracks and faults in the bedrock can
encourage stress concentrations. It could therefore mean that stresses when drilling can create a
fracture in the rock and can compromise the structural integrity of the foundation.
Sediment deposits can affect foundations, especially if the deposits are not mixed well. Sediment
deposits over UK waters vary from soft mud-based deposits, to diamict (unsorted mixture) and sand
and gravel mixes, to firm deposits (British Geological Survey, n.d.). This variation in deposit types
affects how well a monopile foundation can resist movement and forces. The thickness of these
deposits also greatly affect the structural stability of a foundation, as thicker deposits generally
mean that longer monopiles are required to provide the same structural stability. This is because
sediment deposits are not consolidated, meaning they are loose and can be moved by forces
produced by the monopile and wind turbine. The thickness of sediments has affected where UK
wind farms are located, as all but one wind farm in commission are operating in sediments under
50m thick. Figure 7.1 shows the superimposed map of wind farm locations and sediment thickness,
which shows this correlation.
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Figure 7.1 - UK wind farm location map and seabed sediment deposit thickness map superimposed (British Geological
Survey, n.d.) (The Crown Estate, 2021)

To ensure foundations can be re-used, or new foundations can be piled nearby, extensive inspection
should be performed of the area, and cores taken from the area to ensure no local anomalies in the
bedrock or sediments. This should be done as the seabed changes over time, especially when
monopile foundations have been installed due to scour and wildlife making a habitat of the area.
The geological survey maps (bedrock type, bedrock faults, sediment deposit type, and sediment
thickness) used to create this summary are provided in the appendix (section 13.7) for those who
would like to view the UK maps. The appendix also contains more detailed analysis of the seabed
conditions at Gwynt Y Mor and Sheringham Shoal in 13.7.1 and 13.7.2.

7.2 ENVIRONMENTAL IMPACT ASSESSMENT (EIA) OF WORK
To be able to establish the environmental impact of the engineering work for the multiple scenarios,
as the work involves the same work for commissioning and decommissioning, the Environmental
Statement containing the Environmental Impact Assessment (EIA) for commissioning activities
and the EIA in the decommissioning reports were used. Full summaries from both wind farms can
be found in the appendix (section 13.11), but a summary of the key items that were investigated
and mitigated are listed below. Generally, all the items listed are relevant for both commissioning
and decommissioning activities, as vessels are used for both, but there is usually less noise in
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decommissioning due to the absence of piling activities. Therefore, noise-based impacts are not
relevant for decommissioning.
1) Suspended sediment through disturbance of seabed through cable or foundation
installation/removal
a) Decreases water quality and could release contaminants into the soil if present.
b) These changes are of short duration and localised, so have no significant effects.
2) Scour of Seabed from water movement changes
a) Waves and currents would be changes locally around the foundations and can cause scour
b) Scour protection can be installed which provides habitat for benthic species.
3) Seabed benthic habitats
a) Jack-up barges directly affect the seabed but only affect a very small proportion of the
project area.
b) Removing cables by water jetting disturbs seabed and introduces suspended particles but
are short term.
c) Structures and scour protection will provide new surfaces for animal species such as
mussels, barnacles, tubeworms, hydroids, sponges, soft coral and crabs – these increase
biodiversity and habitat complexity locally. Removal of these structures removes those
habitats and therefore the species.
4) Birds
a) Disturbance due to vessel movement and noise may displace and disturb birds.
5) Fish and Shellfish
a) Noise from pile driving may drive fish kilometres from the noise, but after hours the fish
will return to the area. “Soft-start” piling procedure can be used to allow sensitive species
to evacuate.
b) Spoil depositing and suspended sediments can affect fish feeding and breeding, especially
if sediments are above natural background levels and/or contain toxic contaminants.
6) Marine Mammals
a) “Soft-start” piling with acoustic deterrents will be used to drive the mammals away to
prevent permanent effects on the mammals.
b) Increased vessel activity can disturb or harm mammals. The vessels are slow-moving and
produce low-frequency sounds, so the usual response is to avoid the vessel.
7) Contaminants from Vessels
a) Spillages from vessels, such as oil, fuel and lubricants are possible.
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7.3 SCENARIOS FOR LARGE-SCALE WIND FARM RE-USE
It is not easy to know how a farm will be re-used, as there are multiple options depending on the
seabed conditions, whether larger or the same size turbines will be installed. The scenario
breakdown, showing the scenarios that will be covered in this section was shown in Figure 1.2, but
for clarification, the scenario description is repeated in the heading for each scenario.
To be able to understand the environmental impacts of the multiple scenarios, two wind farms from
the 2010-2015 period were selected that were constructed in this time. The two farms selected were
Sheringham Shoal and Gwynt Y Mor for the different locations and sizes over the UK.
To be able to establish the environmental impact of the engineering work for the multiple scenarios,
as the work involves the same work as for commissioning and decommissioning, the Environmental
Statement containing the Environmental Impact Assessment (EIA) for commissioning activities
and the EIA in the decommissioning reports were used.
7.3.1

Scenario 1ai – Replacement of Parts of the Same Size Turbine

This scenario involved leaving the foundations and the turbine in situ but performing maintenance
only on the parts that require maintenance or replacement. The identification of parts can be done
through real observations and data over time on-site and predicting the end-of-life of each part
individually; from this, a schedule of maintenance can be made to optimise the vessel use.
Due to the reduction in the number of parts and weight of them being transported, it means that the
vessels are less likely to need to make so many trips back to the docks, meaning that the emissions
from the transportation vessels will be much less than of Scenario 1aii.
7.3.1.1
7.3.1.1.1

Gwynt Y Mor and Sheringham Shoal
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations and approach
mentioned in the appendix (section 13.8). For this scenario, as only parts are being replaced, the
estimation of a day was used for removal/installation of the parts (see Table 13.2), meaning 2 days
were required for removal and installation/replacement of the parts per turbine. These 2 days are
what was used as the ‘work hours required’ input into equation (13.1). This value was chosen
because it was less than the time required for a full topside replacement. Total power from each
section, as each wind farm was split into sections based on the cabling layout, used the turbine
capacity of 3.6MW (Power Technology, n.d.), which is the same for both wind farms, multiplied
by the number of turbines in that section. The wind farm capacity, which for Gwynt Y Mor wind
farm is 1950 GWh/year (Power Technology, n.d.) and for Sheringham Shoal is 1100 GWh/year

Page | 7-99

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
(Power Technology, n.d.), was used to find the amount of power lost whilst each section is
maintained.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 7680 working hours for the entire Gwynt Y Mor wind
farm and 4224 hours for Sheringham Shoal, working through each section in succession.
For Gwynt Y Mor. it was found that for most sections a 16% farm output loss would be expected
if the entire section of 10 turbines is disconnected at one time, but for the largest section of 40
turbines, a 64.7% loss was calculated. This large wind farm output loss could be problematic for
the national grid, so measures would need to be put in place to ensure the national grid is not affected
by the largest section going temporarily offline for 1920 working hours.
For Sheringham Shoal the sections were more evenly split, meaning the total wind farm output
percentage loss for each section was between 20% and 23%, where each section required between
336 and 384 working hours to complete. For Sheringham shoal, the hours are the shortest because
Sheringham Shoal wind farm is smaller than Gwynt Y Mor.
The full calculations with section breakdowns are shown in the appendix (section 13.9).
7.3.1.1.2

Environmental Impact Analysis and Vessel Emissions of Re-use Scenario

Both locations have similar EIAs, meaning the analysis will be similar as well. It is unlikely that
the foundations will be removed unless they become structurally unsafe, therefore the piling,
foundation removal, and noise impacts associated with foundation installation and removal are not
going to have an impact. Cables may be replaced in this scenario, therefore there is the possibility
of suspended sediments from seabed disturbance if cable replacement occurs. There is likely to be
much less impact on wildlife due to the reduced vessel activity and noise, as large parts are unlikely
to be needed to be transported. If large parts are required to be transported, there would be much
fewer in number than with scenario 1aii. The reduced vessel activity means that the emissions from
the vessels compared to scenario 1aii will be much less and is likely to have the least vessel
emissions out of all the scenarios. The reduced vessel activity will also reduce water movement,
reducing the effects of localised water hydrodynamic changes.
As many EIA impacts are not relevant for this scenario, the impacts can be listed that are relevant:
•

Vessel engine noise which may disturb marine and bird life locally.

•

Accidental spillages from vessels, which are mitigated.

•

Localised hydrodynamic changes due to vessel activity.
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•

If cables are replaced, localised suspended sediment will occur, reducing water quality
locally. There may also be associated noise and vibration from the laying and removal
process.

There are extra benefits of re-using the foundations. Due to foundations re-use, it means that the
benthic marine life that has made the foundations and other scour-preventing material will be able
to continue to thrive and grow, enabling the biodiversity of the local region to increase further. This
also benefits other marine life that feeds on the benthic life or uses the environment for other means.
During decommissioning, it is common to destroy these habitats as many decommissioning reports,
including the one for this wind farm, mention the possibility of removing the foundations and
therefore the habitats to return the site to how it was before the wind farm was commissioned. The
life extension activities of foundation re-use enables the continuation of these newly created
habitats.
7.3.2

Scenario 1aii – Re-use of Foundation with Replacement of the Same Size Turbine

This scenario of re-using the wind farm re-uses the monopile foundations, assuming that inspection
reveals no problems with the structural integrity of the monopile foundations, and the same size
turbine above the foundation is installed onto the current foundation, replacing the old turbine.
7.3.2.1
7.3.2.1.1

Gwynt Y Mor
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations mentioned in the
appendix (section 13.8). For this scenario, the turbine removal time and installation time were used,
where the installation time was the full wind turbine installation time minus the foundation
installation time; The total number of days was calculated to be 2.4 days. These 2.4 days are what
was used as the ‘work hours required’ input into equation (13.1). As before, the turbine capacity of
3.6MW (Power Technology, n.d.) and wind farm capacity of 1950GWh/year (Power Technology,
n.d.) was used in the calculations for Gwynt Y Mor. The full calculations, which include section
calculations, can be found in Table 13.5 in the appendix, but the key data will be mentioned in this
section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 9216 working hours for the entire Gwynt Y Mor wind
farm. This is larger than for the parts replacement scenario. For Gwynt Y Mor, it was found that for
most sections a 16% farm output loss would be expected if the entire section of 10 turbines is
disconnected at one time, but for the largest section of 40 turbines, a 64.7% loss was calculated.
This large wind farm output loss could be problematic for the national grid, so measures would
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need to be put in place to ensure the national grid is not affected by the largest section going
temporarily offline for 2304 working hours.
7.3.2.1.2

Environmental Analysis of Re-use Scenario

7.3.2.1.2.1 Environmental Impact Analysis
The EIA of this scenario for this wind farm will exclude any piling-based noise activities in the
commissioning section of the EIA table in the appendix (13.11.1 in Table 13.14). It is unlikely that
any sediment will be disturbed during the engineering work as the foundations are not being
disturbed. The main parts of the EIA that apply to this scenario are the vessel impacts and impacts
to birds because of those vessels. There may be a small amount of sediment disturbance due to the
jack-up vessels, which has the potential to release contaminants in the sediments, but the sediment
impacts occur in <0.1% of the total site area.
Seabed impacts will only be relevant if cable installation is performed if the cables have degraded,
which may be required for the second life-extension maintenance task, as 40 years of use will likely
have passed, which is considered to be the lifetime of the cables mentioned in 6.2.2.
Due to foundations re-use, it means that the benthic marine life that has made the foundations and
other scour-preventing material will be able to continue to thrive and grow, enabling the
biodiversity of the local region to increase further. This also benefits other marine life that feeds on
the benthic life or uses the environment for other means. During decommissioning, it is common to
destroy these habitats as many decommissioning reports, including the one for this wind farm,
mention the possibility of removing the foundations and therefore the habitats to return the site to
how it was before the wind farm was commissioned. The life extension activities of foundation reuse enables the continuation of these newly created habitats.
7.3.2.1.2.2 Vessel Emissions
Due to the same size turbines being installed, it means that an assumption can be made about the
vessels being used for this scenario; the vessels used during commissioning would be the same used
for those during decommissioning and re-use. The decommissioning report (Drew, 2011) contained
the names of the vessels used during the construction, and information on the load capacities and
speed of the vessel could be found through the Seaway 7 website and Marine Traffic website. A
summary of this information is shown in Table 7.2.
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Table 7.2 - Gwynt Y Mor Vessel Information
Stanislav Yudin - (Seaway 7, 2021), Friedrich Ernestine (offshoreWind.biz, n.d.),
Sea Jack (Marine Traffic, n.d.), Sea Worker (Marine Traffic, n.d.)

Vessel Name

Vessel Type

Transit
speed
(knots)
10

Transit
Speed
(km/h)
18.52

Time to
travel 14km
(hours)
0.76

Jack-up

Carrying/
Load
capacity
660t at
97.82m
2500t at
78.04m
1000t at 25m

Stanislav
Yudin (Seaway
Yudin)

Heavy Lift
(crane)

Friedrich
Ernestine
Sea Jack
Sea Worker

7.5

13.89

1.01

Tug/Platform
platform

3626t
1815t

5.1
6

9.45
11.11

1.48
1.26

Carbon emissions for the vessel trips to and from the site can be estimated, knowing the distance
from the shore to the site is 14km (Power Technology, n.d.). To be able to do this, the emission
limits for marine engines were used, and the worst-case scenario taken. Figure 7.2 is an excerpt
from this page, showing the NOx limits.

Figure 7.2 - NOx emissions limits for Marine Engines (International Maritime Organization , 2020)

The only vessel with engine power information was the Seaway Yudin vessel, which could be used
to estimate the vessel emissions. Figure 7.3 displays the relevant information from the specification
document. There are only power figures stated in this source, and no engine revolution speed which
is needed to know which emissions standard is relevant to use in Figure 7.2; therefore, the worstcase value was used in the Tier III category as the North Sea is located in the Emission Controlled
Area (International Maritime Organization , 2020).
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Figure 7.3 - Seaway Yudin Engine Specifications (Seaway 7, 2021)

The following formulas (equations (7.1) to (7.5) (7.5)) were used to calculate emissions. Where in
equation (7.1), 3.4 is the worst-case NOx emission limit, in g/kWh from Figure 7.2, 298 is the
conversion factor of NOx to CO2 equivalent (Climate Change Connection, 2020), and where 1.852
is the conversion factor from knots to km/h in equation (7.2).
𝐶𝑂2 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠(𝑔𝐶𝑂2𝑒𝑞) = 𝑡𝑜𝑡𝑎𝑙 𝑡ℎ𝑟𝑢𝑠𝑡 𝑝𝑜𝑤𝑒𝑟(𝑘𝑊) × 3.4 × 298
(7.1)
𝑇𝑖𝑚𝑒 𝑡𝑜 𝑟𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒(ℎ) =

𝑘𝑚 𝑡𝑜 𝑠𝑖𝑡𝑒
𝑉𝑒𝑠𝑠𝑒𝑙 𝑠𝑝𝑒𝑒𝑒𝑑 (𝑘𝑛𝑜𝑡𝑠) × 1.852

(7.2)

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝 (𝑔𝐶𝑂2𝑒𝑞) = 𝐶𝑂2 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 × 𝑇𝑖𝑚𝑒 𝑡𝑜 𝑟𝑒𝑎𝑐ℎ 𝑠𝑖𝑡𝑒
(7.3)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑝𝑠 =

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 × 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠
𝑠ℎ𝑖𝑝 𝑑𝑒𝑐𝑘 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑

(7.4)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑗𝑜𝑏 (𝑔𝐶𝑂2𝑒𝑞)
= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑝𝑠 × 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝 × 2

(7.5)

The total thrust power for this vessel is 8270kW, therefore the emissions for every hour of travel is
8379.2kgCO2eq. The 14km trip for the Yudin vessel to Gwynt Y Mor would release 6368kgCO2eq.
For the entire maintenance task, the number of round trips needs to be found. The weight of the
parts the ships will need to be carrying is known through the decommissioning report – 300tonnes
(Drew, 2011); this is saving 700tonnes from a full new foundation. We can use this to estimate the
number of round trips two vessels will need to take to replenish the whole wind farm. For 160
turbines at the Gwynt Y Mor wind farm (Power Technology, n.d.), taking the carrying capacity of
the platform vessels which will be carrying the turbine parts which is 5441 tonnes (Table 7.2), it
means that both vessels can carry 18 turbines and a bit extra. This means that the boats will need to
take a round trip every 18 turbines, meaning 9 round trips for both vessels are required. The
emission total for a single vessel will be 114627kgCO2eq, or 115 tonnes of CO2 equivalent.
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The emissions from the vessel can be compared with those of a coal-fired power station for the
same period of time. The average coal-fired power station emissions were available through the UK
Parliament, and a coal-fired power station without carbon capture storage technology emits
approximately 850gCO2eq/kWh (Houses of Parliament- Parliamentary Office of Science and
Technology, 2011). The figure that this value was found is shown in Figure 7.4.

Figure 7.4 - Fossil Fuel Electricity Carbon Footprints
(Houses of Parliament- Parliamentary Office of Science and Technology, 2011)

Multiplying the emissions per kilowatt-hour by the power of the engines of the vessel, 8270kW, the
values of emissions can be compared; this value comes to 7029.5kgCO2eq for one hour of
operation. The same value for the vessel was 8379.2kgCO2eq, meaning that the vessel emits more
than a coal-fired power station for its duration of operation on site.
The emissions estimate for the vessel is unlikely to be the true value as the vessel will be spending
part of its time on full power, travelling between the dock and the site, but it will also spend some
time idling whilst the turbine parts are loaded and unloaded. The emissions for this wind farm was
estimated using a crane-based ship, not a transportation vessel, so the emissions are likely to differ
from those calculated here.
7.3.2.2
7.3.2.2.1

Sheringham Shoal
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations and method
mentioned in the appendix (section 13.8). For this scenario, the turbine removal time and
installation time were used, where the installation time was the full wind turbine installation time
minus the foundation installation time; The total number of days was calculated to be 2.4 days.
These 2.4 days are what was used as the ‘work hours required’ input into equation (13.1). As before,
the turbine capacity of 3.6MW (Power Technology, n.d.) and wind farm capacity of 110GWh/year
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(Power Technology, n.d.) was used in the calculations for Sheringham Shoal. The full calculations
can be found in Table 13.8 in the appendix, but the key data will be mentioned in this section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 5068.8 working hours for the entire wind farm, working
through each section in succession.
For Sheringham Shoal the sections are more evenly split than Gwynt Y Mor, meaning the total wind
farm output percentage loss for each section was between 20% and 23%, where each section
required between 403 and 461 working hours to complete.
7.3.2.2.2

Environmental Analysis of Re-use Scenario

7.3.2.2.2.1 Environmental Impact Analysis
Similarly with Gwynt Y Mor, the EIA of this scenario for this wind farm will exclude any pilingbased noise activities in the commissioning section of the EIA table in the appendix (13.11.2 in
Table 13.15). It is unlikely that any sediment will be disturbed during the engineering work as the
foundations are not being disturbed. The main parts of the EIA that apply to this scenario are the
vessel impacts and impacts to birds and fish because of those vessels. There may be a small amount
of sediment disturbance due to the jack-up vessels, which has the potential to release contaminants
in the sediments, but when the seabed was sampled, no contaminants were found, so this impact is
highly unlikely to occur.
Seabed impacts will only be relevant if cable installation is performed if the cables have degraded,
which may be required for the second life-extension maintenance task, as 40 years of use will likely
have passed, which is considered to be the lifetime of the cables mentioned in 6.2.2.
Due to foundations re-use, it means that the benthic marine life that has made the foundations and
other scour-preventing material will be able to continue to thrive and grow, enabling the
biodiversity of the local region to increase further. This also benefits other marine life that feeds on
the benthic life or uses the environment for other means. During decommissioning, it is common to
destroy these habitats as many decommissioning reports, including the one for this wind farm,
mention the possibility of removing the foundations and therefore the habitats to return the site to
how it was before the wind farm was commissioned. The life extension activities of foundation reuse enables the continuation of these newly created habitats.
7.3.2.2.2.2 Vessel Emissions
Similarly to Gwynt Y Mor, due to the same size turbines being installed, it means that an assumption
can be made about the vessels being used for this scenario; the vessels used during commissioning
would be the same used for those during decommissioning and re-use. The environmental report
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(Scira Offshore Energy Ltd, 2006) contained the names of the vessels used during the construction,
and information on the load capacities and speed of the vessel could be found through the Seaway
7 website and Marine Traffic website, summarised in Table 7.3.
Table 7.3 - Sheringham Shoal Vessel Information
Svanen - (Marine Traffic, n.d.), Oleg Stranshnov - (Seaway 7, 2021),
Endeavour - (Marine Traffic, n.d.), Leviathan - (Marine Traffic, n.d.)

Vessel Name

Vessel Type

Carrying/
Load capacity

Transit
speed
(knots)

Transit
Speed
(km/h)

Time to
travel 17km
(hours)

Svanen

Crane

7871t
deadweight

5.9

10.9

1.6

Oleg Strashnov
(Seaway
Strashnov)

Heavy LiftCrane

5000t at 100m

12

22.2

0.8

Endeavour

Container
(platform)

9137t
deadweight

19

35.2

0.5

Leviathan

Bulk Carrier

182421t
deadweight

12.4

23.0

0.7

800t at 130m

Carbon emissions for the vessel trips to and from the site can be estimated, knowing the distance
from the shore to the site is 17km (Power Technology, n.d.). The same NOX emission limit value
of 3.4 was used from Figure 7.2 for this analysis, but due to different vessels being used, different
thrust power was used. The power and propulsion data is shown in Table 7.4 for the Seaway
Strashnov vessel, which was the only vessel with engine information available.
Table 7.4 - Seaway Strashnov Engine Information (Seaway 7, 2021)

The same calculations as for Gwynt Y Mor were used for this vessel and farm. The total main thrust
power for this vessel is 11000kW, therefore the emissions for every hour of travel is
20562kgCO2eq. The 17km trip for the Strashnov vessel to Sheringham Shoal would release
8916kgCO2eq. For the entire maintenance task, the number of round trips needs to be found. The
weight of the parts the ships will need to be carrying is known through the decommissioning report
– 300tonnes (Drew, 2011). We can use this to estimate the number of round trips two vessels will
need to take to replenish the whole wind farm. For 88 turbines at the wind farm (Power Technology,
n.d.), taking the carrying capacity of the platform vessels which will be carrying the turbine parts
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which is 191558 tonnes (Table 7.3), it means that the boats could carry the whole old and new
turbines at once, which does not seem realistic. This means that the boats will only need one round
trip. The emission total for a single vessel will be 17832kgCO2eq, or 18 tonnes of CO2 equivalent.
This is 2.8% of the emissions for Gwynt Y Mor, whereas the farm is almost twice the size of
Sheringham Shoal, meaning these emissions calculations do not seem realistic. The reason behind
the poor calculations for this section is because of the large carrying capacity of the Leviathan ship,
but no engine data was available for it. A more generalised calculation on vessel emissions for
various wind farm sizes is found in 7.4 – Vessel Emissions Technical Study.
7.3.3

Scenario 1bi and ii – Re-use of Foundation with Potential Reinforcement with
Replacement of a Larger Size Turbine

This scenario involves re-using the foundations, removing the current turbine above the foundations
and installing a new turbine on those original foundations which is of a larger capacity. If the
foundations are not reinforced, there will be a limit on how much larger the turbine may become,
due to the foundation not being new and the foundation not being designed for a heavier turbine
and larger forces acting upon the foundation. If the foundations are sufficiently structurally capable
to support the required larger turbine, then the seabed will not be disturbed; if the foundations
require reinforcement, then there will be seabed activity with drilling/piling small monopiles for
reinforcement.
7.3.3.1
7.3.3.1.1

Gwynt Y Mor and Sheringham Shoal
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations mentioned in the
appendix (section 13.8). For this scenario, the same calculations were used as for scenario 1aii. This
is because the installation of higher capacity turbines should be of a similar time. Total power from
each section used the turbine capacity of 3.6MW (Power Technology, n.d.), which is the same for
both wind farms, multiplied by the number of turbines in that section. The wind farm capacity,
which for Gwynt Y Mor wind farm is 1950 GWh/year (Power Technology, n.d.) and for
Sheringham Shoal is 1100 GWh/year (Power Technology, n.d.), was used to find the amount of
power lost whilst each section is maintained. The full calculations, which include section
calculations, can be found in Table 13.5 and Table 13.8 in the appendix, but the key data will be
mentioned in this section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 9216 working hours for the entire Gwynt Y Mor wind
farm and 5068.8 hours for Sheringham Shoal, working through each section in succession.
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For Gwynt Y Mor, it was found that for most sections a 16% farm output loss would be expected
if the entire section of 10 turbines is disconnected at one time, but for the largest section of 40
turbines, a 64.7% loss was calculated. This large wind farm output loss could be problematic for
the national grid, so measures would need to be put in place to ensure the national grid is not affected
by the largest section going temporarily offline for 2304 working hours.
For Sheringham Shoal the sections were more evenly split, meaning the total wind farm output
percentage loss for each section was between 20% and 23%, where each section required between
403 and 461 working hours to complete. For Sheringham shoal, the hours are shorter than Gwynt
Y Mor because Sheringham Shoal wind farm is smaller than Gwynt Y Mor.
7.3.3.1.2

Environmental Impact Analysis and Vessel Emissions of Re-use Scenario

The EIA impacts vary depending on whether the foundations will require reinforcement, as without
reinforcements, there will be no piling activity, whereas with reinforcements there will be piling
activity. From the EIA summaries in the appendix (13.11 in Table 13.14 and Table 13.15), both
mention substantial mitigation measures relating to mitigating the impact on marine mammals
especially due to the loud noises that occur during monopile piling. If reinforcing small monopiles
are required, then similar piling noise activity will occur, so the same mitigation measures will be
required to prevent significant impacts on the environment.
Mitigation measures for piling in both EIA reports include ‘soft-start’ hammering, which allows
species to move away without experiencing damage before the full intensity noise levels begin. The
Sheringham Shoal report also mentions monitoring positions of marine mammals, using auditory
deterrents if they get too close, physical barriers, and noise muffling with bubble curtains.
Larger turbines may mean that the current cables may not be sufficient for the higher capacity
turbines, even though the overall farm capacity may be the same. This means that the current cables
may need to be replaced. As the foundations are not moving, it means that the same trench may be
used to lay the new cables that the current cables are laying, reducing the impact on the seabed from
sediment disturbance. Nevertheless, the installation of new cables, which is best installed in the
same trenches as the original, will produce sediment-based impacts on water quality and also
potentially release contaminants in the sediments.
Due to the activities of this scenario, all impacts from the EIAs are relevant for this scenario,
summarised in 7.2, with full detail in the appendix (section 13.11).
Due to foundations re-use, it means that the benthic marine life that has made the foundations and
other scour-preventing material will be able to continue to thrive and grow, enabling the
biodiversity of the local region to increase further. This also benefits other marine life that lives in
those habitats or feeds there. During decommissioning, these habitats tend to be destroyed as many
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decommissioning reports, including the one for this wind farm, mention the possibility of removing
the foundations, returning the site to how it was before the wind farm was commissioned. The life
extension activities of foundation re-use enables the continuation of these newly created habitats.
Vessel emissions are likely to be larger than those estimated for scenario 1aii in section 7.3.2, due
to the larger turbines being installed. Larger turbines means that fewer turbines can be carried by
the vessels at one time, resulting in more trips taking place. If reinforcement parts also need to be
transported, then the vessels will need to make more trips due to the increased amount of material
needing to be transported, increasing the emissions. There is a possibility of this not being the case
as larger turbines will require a larger spacing, meaning fewer new turbines are needed even though
the parts themselves will be heavier. Therefore, it is unclear if the number of trips the vessels will
need to make will be the same, fewer, or more than in scenario 1aii. A conclusion on this can only
be made on a case-by-case basis, as it depends on the current turbine spacing, the larger turbine
capacity being installed and whether foundation reinforcements are required.
7.3.4

Scenario 2a – Replacement of Foundation with Replacement of the Same Size
Turbine

This scenario differs from all the others previously as the foundations are being replaced. This
scenario is the partner-scenario to Scenario 1aii – Re-use of Foundation with Replacement of the
Same Size Turbine, but with the installation of new foundations instead of foundation re-use.
7.3.4.1
7.3.4.1.1

Gwynt Y Mor
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations mentioned in the
appendix (section 13.8). For this scenario, the full turbine and foundation removal time and
installation time were used from Table 13.2; The total number of days was calculated to be 8.6 days.
These 8.6 days are what was used as the ‘work hours required’ input into equation (13.1). As before,
the turbine capacity of 3.6MW (Power Technology, n.d.) and wind farm capacity of 1950GWh/year
(Power Technology, n.d.) was used in the calculations for Gwynt Y Mor. The full calculations,
which include section calculations, can be found in Table 13.5 in the appendix, but the key data
will be mentioned in this section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 33024 working hours for the entire Gwynt Y Mor wind
farm. This is the largest number of hours than for scenarios in 1. For Gwynt Y Mor, it was found
that for most sections a 16% farm output loss would be expected if the entire section of 10 turbines
is disconnected at one time, but for the largest section of 40 turbines, a 64.7% loss was calculated.
This large wind farm output loss could be problematic for the national grid, so measures would
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need to be put in place to ensure the national grid is not affected by the largest section going
temporarily offline for 8256 working hours.
7.3.4.1.2

Environmental Analysis of Re-use Scenario

7.3.4.1.2.1 Environmental Impact Analysis
The foundations being replaced will mean that all of the installation-based environmental impacts
will be relevant, especially as new foundations will be installed and the old ones removed. This
means that this method has both the noise impact from pile driving of new foundations as well as
the sediment disturbances from cable laying and foundation removal. The full EIA summary can
be found in section 7.2, with the full breakdown in the appendix in 13.11.
Currently, it has not been possible to remove an old foundation and use the same piling hole to
install a new same-sized monopile, but this may become possible using the full monopile removal
methods mentioned in section 3. Assuming this method is not found when the wind farm is under
maintenance, then new locations of foundations will be found, affecting more areas of the seabed
than purely decommissioning or installation, as both are occurring simultaneously.
The new foundations are not being installed in the locations of the old ones, meaning additional
seabed will be affected due to the laying and/or re-laying of cables. This means that there will be
much more seabed impact through the potential repositioning or laying of new cables. The current
cables may be repositioned, requiring cables to be relayed and extended if necessary; they also may
need to be removed and replaced, requiring removal and laying processes. If new cables are needed,
there is the likelihood of the old cables needing to be removed as they would interfere with the new
cabling. To minimise the seabed and sediment disruption and suspension, it would be best to remove
the old cables and relay the new cables in the same trenches as best as possible, only dredging new
trenches when absolutely required. This will minimise the amount of sediment disturbed, and hence
the suspended sediment and water quality impacts associated with these activities, mentioned in the
summaries in section 7.2.
There is also the additional impact of the removal of the foundations, which provided a home for
benthic life when they were installed. This would provide additional disruption to the life that lives
upon the foundations and scour protection. To minimise this impact, the scour protection could be
re-used if possible, or even left in situ.
7.3.4.1.2.2 Vessel Emissions
Vessel emissions are going to be higher than those of replacing the same turbine size from the
addition of the foundation weight from both the decommissioned foundations and the new
foundations being installed, which was not present in the foundation re-use scenarios.
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The increase in emissions can be calculated from the vessels as the weight of the foundations that
will be installed is known, as they are the same size as the current foundations installed. The total
mass of the turbine including the foundation is 1000tonnes (Drew, 2011). As the boat capacities,
together, is 5441 tonnes (Table 7.2), it means the boats can carry 5 full turbines and a bit extra at
one time, meaning 32 round trips are required.
The vessels during transit will release 8379.2kgCO2eq for every hour of travel, therefore the total
emissions for a vessel for this scenario are 536317kgCO2eq or 536tonnes of CO2eq. From section
7.3.2.1.2.2, the coal-fired power station equivalent emission amount is 7029.5kgCO2eq, and the
vessel emissions for the foundation re-use scenario was calculated to be 115 tonnes of CO2
equivalent. This increase from 115 tonnes to 536 tonnes of CO2 equivalent just by adding the old
foundation removed section and the new foundation to what the vessels will be carrying is more
than a four-fold increase. This shows how much re-using the foundations will save on emissions
from vessels. As there are two vessels, the amounts calculated would double as well.
7.3.4.2
7.3.4.2.1

Sheringham Shoal
Construction Time and Process for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations and method
mentioned in the appendix (section 13.8). For this scenario, the turbine removal time and
installation time were used, where the installation time was the full wind turbine installation time
minus the foundation installation time; The total number of days was calculated to be 8.6 days.
These 8.6 days are what was used as the ‘work hours required’ input into equation (13.1). As before,
the turbine capacity of 3.6MW (Power Technology, n.d.) and wind farm capacity of 110GWh/year
(Power Technology, n.d.) was used in the calculations for Sheringham Shoal. The full calculations,
which include section calculations, can be found in Table 13.8 in the appendix (section 13.1), but
the key data will be mentioned in this section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 18163 working hours for the entire wind farm, working
through each section in succession; This is higher than all scenarios in 1.
For Sheringham Shoal the sections are more evenly split than Gwynt Y Mor, meaning the total wind
farm output percentage loss for each section was between 20% and 23%, where each section
required between 1444 and 1651 working hours to complete.
7.3.4.2.2

Environmental Analysis of Re-use Scenario

7.3.4.2.2.1 Environmental Impact Analysis
The EIA for Sheringham Shoal is likely to be very similar, if not the same, as for Gwynt Y Mor.
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The foundations being replaced will mean that all the installation-based environmental impacts will
be relevant, especially as new foundations will be installed and the old ones removed. This means
that this method has both the noise impact from pile driving of new foundations as well as the
sediment disturbances from cable laying and foundation removal. The full EIA summary can be
found in section 7.2, with the full breakdown in the appendix in 13.11.
Currently, it has not been possible to remove an old foundation and use the same piling hole to
install a new same-sized monopile, but this may become possible using the full monopile removal
methods mentioned in section 3. Assuming this method is not found when the wind farm is under
maintenance, then new locations of foundations will be found, affecting more areas of the seabed
than purely decommissioning or installation, as both are occurring simultaneously.
The new foundations are not being installed in the locations of the old ones, meaning additional
seabed will be affected. There is also the additional impact of the removal of the foundations for
benthic life, mentioned previously. This would provide additional disruption to the life that lives
upon the foundations and scour protection. To minimise this impact, the scour protection could be
re-used if possible, or even left in situ.
7.3.4.2.2.2 Vessel Emissions
Vessel emissions are going to be higher than those of replacing the same turbine size from the
addition of the foundation weight from both the decommissioned foundations and the new
foundations being installed, which was not present in the foundation re-use scenarios. This means
that the same vessel may not be able to carry as many parts of the turbines as for the same size
replacement, and there is the addition of the foundations. Therefore, there is likely to be more trips
to the site fully laden, and there may be the possibility of using a larger ship, which will have larger
engines and therefore more polluting. Overall, this scenario will result in the highest pollution for
the same sized turbine scenarios from the vessel transportation, so will result in emissions of those
of greater impact than a coal-fired power station without carbon capture technology.
Due to the inability to provide realistic calculations for Sheringham Shoal in terms of vessel
emissions in Scenario 1aii, no calculations will be performed for the fam in this scenario as well.
7.3.5

Scenario 2b – Replacement of Foundation with Replacement of a Larger Size
Turbine

This scenario is similar to scenario 1b in section 7.3.3, but with the installation of new foundations
rather than re-using the previously installed ones.
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7.3.5.1
7.3.5.1.1

Gwynt Y Mor and Sheringham Shoal
Construction time for Re-use scenario

The time for the maintenance of this scenario was calculated using the equations mentioned in the
appendix (section 13.8). For this scenario, the same calculations were used as for 2a. This is because
the installation of higher capacity turbines should be of a similar time. Total power from each
section, as each wind farm was split into sections based on the cabling layout, used the turbine
capacity of 3.6MW (Power Technology, n.d.), which is the same for both wind farms, multiplied
by the number of turbines in that section. The wind farm capacity was used in the calculations,
which for Gwynt Y Mor wind farm is 1950GWh/year (Power Technology, n.d.) and for Sheringham
Shoal is 110GWh/year (Power Technology, n.d.). The full calculations, which include section
calculations, can be found in Table 13.5 and Table 13.8 in the appendix, but the key data will be
mentioned in this section.
The total hours to perform the removal and installation of this scenario, using the values mentioned
in the previous paragraph, was found to be 33024 working hours for the entire Gwynt Y Mor wind
farm and 18163 hours for Sheringham Shoal, working through each section in succession.
For Gwynt Y Mor. it was found that for most sections a 16% farm output loss would be expected
if the entire section of 10 turbines is disconnected at one time, but for the largest section of 40
turbines, a 64.7% loss was calculated. This large wind farm output loss could be problematic for
the national grid, so measures would need to be put in place to ensure the national grid is not affected
by the largest section going temporarily offline for 8256 working hours.
For Sheringham Shoal the sections were more evenly split, meaning the total wind farm output
percentage loss for each section was between 20% and 23%, where each section required between
1444 and 1651 working hours to complete. For Sheringham shoal, the hours are shorter than Gwynt
Y Mor because Sheringham Shoal wind farm is smaller than Gwynt Y Mor.
7.3.5.1.2

Environmental Analysis of Re-use Scenario

7.3.5.1.2.1 Environmental Impact Analysis
The process of removing the old turbines and foundations and installing new larger foundations and
turbines match the process of the previous scenario in section 7.3.4, therefore all the EIA impacts
in the summary in section 7.2 are of relevance here, especially those relating to monopile
installation and cable installation (see 13.11 for the full EIA breakdown).
The new foundations are not being installed in the locations of the old ones, meaning additional
seabed will be affected. There is also the additional impact of the removal of the foundations for
benthic life, mentioned previously. This would provide additional disruption to the life that lives
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upon the foundations and scour protection. To minimise this impact, the scour protection could be
re-used if possible, or even left in situ.
The installation of larger turbines will mean that new cables will need to be laid, both due to the
new locations of the turbine foundations as well as each turbine having a larger capacity. This means
that there will be much more seabed impact through the laying of new cables, and the likelihood of
the old cables needing to be removed as they would interfere with the new cabling. To minimise
the seabed and sediment disruption and suspension, it would be best to remove the old cables and
relay the new cables in the same trenches as best as possible, only dredging new trenches when
absolutely required. This will minimise the amount of sediment disturbed, and hence the suspended
sediment and water quality impacts associated with these activities, mentioned in the EIA
summaries in section 7.2.
7.3.5.1.2.2 Vessel Emissions
It is unclear whether pollution will be the same, less, or more than the equivalent scenario with the
same sized turbines in the previous section. This is because even though the weights of the new
turbines are larger, there may be a reduced number of trips due to the reduced number of larger
turbines required as larger turbines required larger spacing between each turbine. There may be
some cost savings associated with doing both decommissioning and commissioning on the same
site at the same time, but the exact amount is not known. A conclusion on this can only be made on
a case-by-case basis, as it depends on the current turbine spacing and the larger turbine capacity
being installed.
This scenario will be the most polluting in terms of vessel emissions than all other scenarios. Within
the foundation re-use scenarios, the scenario with the larger turbine installation was the most
polluting; the same relationship will occur within the foundation replacement scenarios. As this
scenario also replaces the foundations, which the scenario 1s did not have, it means that this scenario
will be the most polluting of all the scenarios. This is because this scenario requires the most weight
to be transported due to the larger turbine combined with the additional new and removed
foundations.
7.3.6

Summary

The foundation re-use methods are preferable in terms of environmental impact when compared to
foundation replacement scenarios as they are much less polluting in terms of vessel movements.
The most preferred method would be to keep the current installation in use for as long as possible,
performing part replacements when necessary. This is because this method required the least
amount of vessel transportation. Part replacements also take the least amount of time to perform
than the other scenarios, as shown in Table 7.5, meaning that the impact to the local environment
and the climate is much lower than with the other methods. There also is likely to be cost savings
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associated with vessel hire time, part purchasing and employer wages. Therefore, on the financial
and environmental fronts, the part-replacement choice is preferable to all other scenarios, with the
foundation replacement scenarios being the worst choice.
A summary of the total hours for each scenario and wind farm is shown in Table 7.5. For the same
scenarios, Sheringham Shoal has the lower values because the wind farm itself is smaller than
Gwynt Y Mor, but the trend is the same for both farms. Please see the beginning of section 7.2 for
the explanation of the scenario numbers meaning.
Table 7.5 - Summary of Construction Hours for each scenario for both Gwynt Y Mor and Sheringham Shoal wind farms

Scenario Gwynt Y Mor Hours Sheringham Shoal Hours
1ai

7680

4224

1aii

9216

5069

1bi

9216

5069

1bii

9216

5069

2a

33024

18163.2

2b

33024

18163.2

Even though, as shown through analysis of these scenarios, there is a scenario with less
environmental impact, the amount of vessel emissions are not ideal as for the few scenarios where
vessel emissions could be calculated, a coal-fired power station without carbon capture technology
emitted less than those vessels for the time period that the vessels would be running for. Therefore,
for the future of the renewal of wind farms, it is important that vessel emissions be reduced further.
A discussion on the use of low-emission vessels in wind farm installation and decommissioning is
discussed in 7.5.

7.4 VESSEL EMISSIONS TECHNICAL STUDY
Vessel emissions for Gwynt Y Mor and Sheringham Shoal were estimated using the vessels used
in the installation of the wind farm, where only one vessel had engine information available per
wind farm. The only vessel that had engine information available was not the transport vessels,
meaning that the calculations which were designed for the transportation are not representative of
the actual emissions of the transport vessels. This technical study shows the vessel emissions trend
depending on the wind farm size and the transport vessel used. The vessel engine data was sourced
from the transportation vessels from the Seaway 7 company; the vessels are Albatross, Eagle,
Falcon, Hawk, and Osprey.
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To ensure the results are consistent over the different vessels and for different wind farms,
calculations were performed for multiple wind turbine sizes: 3.6MW, 6MW and 8.25MW. The
equations below were used to calculate the emissions for each wind farm size. The transport vessel
emissions value is multiplied by two because of the two trips to count as a single round trip of
carrying the material; one trip from the shore to the site and another trip from the site back to the
shore.

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑉𝑒𝑠𝑠𝑒𝑙 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠(𝑘𝑔𝐶𝑂2𝑒𝑞)
=

(7.6)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 × 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑡𝑜 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡(𝑡𝑜𝑛𝑛𝑒𝑠)
×2
𝑚𝑎𝑥 𝑑𝑒𝑐𝑘 𝑙𝑜𝑎𝑑 𝑝𝑒𝑟 𝑎𝑟𝑒𝑎 × 𝑓𝑟𝑒𝑒 𝑑𝑒𝑐𝑘 𝑎𝑟𝑒𝑎

× 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝

Where:
𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑡𝑟𝑖𝑝(𝑔𝐶𝑂2𝑒𝑞)

(7.7)

= (𝐸𝑛𝑔𝑖𝑛𝑒 𝑡ℎ𝑟𝑢𝑠𝑡𝑒𝑟 𝑝𝑜𝑤𝑒𝑟(𝑘𝑊) × 3.4 × 298)
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑠ℎ𝑜𝑟𝑒(𝑘𝑚)
×(
) × 10−3
𝑆𝑝𝑒𝑒𝑑(𝑘𝑛𝑜𝑡𝑠) × 1.852

Equations (7.6) and (7.7) are the same equations as for the Gwynt Y Mor and Sheringham Shoal
vessel emissions calculations in 13.8 (equations (13.1), (13.2) and (13.3)) but slightly modified to
suit the input data. The constants used in equation (7.7) are explained in Table 7.6, where the NOx
limit and NOx-to-CO2eq multiplier is the same value as in 7.3.2.1.2.2, and the site distance is
chosen to be that of the distance to shore of Gwynt Y Mor wind farm (Power Technology, n.d.).
Table 7.6 - Constants used in vessel emissions calculations

NOx Limit (g/kWh)

3.4

NOx-to-CO2eq multiplier

298

Knots to km/h

1.852

Site Distance from shore

14

(km)

The engine and carrying capacity information for the 5 vessels are summarised from the Seaway 7
website in Table 7.7, with the emissions per trip calculation for each vessel in the last row. The
emissions per trip value is independent of the wind farm size or material to be carried, therefore can
be linked to the vessel. To ensure no confusion for the units of ‘Max Deck Load’, the ‘mt’ does not
mean milli-tonne, but metric tonne.
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Table 7.7 - Heavy transportation vessel engine and carrying capacity information from Seaway 7 fleet
Albatross Specification sheet: (Seaway 7, 2021), Eagle specification sheet: (Seaway 7, 2021), Falcon specification
sheet: (Seaway 7, 2021), Hawk specification sheet: (Seaway 7, 2021), Osprey specification sheet: (Seaway 7, 2021)

Seaway Vessel Name

Albatross Eagle Falcon Hawk Osprey

Max Deck Load (mt/m^2)

30

20

20

30

30

Free Deck Area (m^2)

5400

4700

4700

8700

6900

Engine Thrusters (kW)

3234

1510

1510

2000

2000

Cruising Speed (knots)

13

13

13

12

13

890

890

1277

1178

Emissions per Trip (kgCO2eq) 1905

For further calculations, it was assumed that a full removal/installation of the wind farm was done,
meaning the foundation weights, as well as the turbine weights, are included. For the 3.6MW
turbine weights, the values were found in the Gwynt Y Mor decommissioning report (Drew, 2011),
where the support tower weight is 80 tonnes, the rotor weight is 95 tonnes, the nacelle weight is
125 tonnes and the monopile foundation weight for 3.6MW turbines is 1000tonnes. The emissions
for each vessel with respect to the number of turbines in the wind farm is shown in Figure 7.5,
where the breakdown of the values that was calculated to be plotted is in the appendix in Table
13.10.

GHG Emissions for Transportation
Vessels (kgCO2eq)

3.6MW Turbine
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Osprey

Figure 7.5 - 3.6MW vessel emission calculations per number of turbines

There is a consistent trend between all of the vessels, where the smaller the number of turbines, the
smaller the emissions, which is to be expected. There is a variation between the rate of increase per
turbine number increase, with the albatross vessel having the largest increase rate and the hawk
Page | 7-118

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
vessel having the smallest increase rate. The vessel variation is due to a combination of the vessel
engine power for thrust and the vessel carrying capacity. It is worth noting that the Eagle and the
Falcon vessels have the same specifications for the input parameters, meaning that the values
overlap.
For the 6MW turbines, the turbine tower head weight is 360tonnes (Siemens, 2011), the monopile
foundation weight is 810 tonnes (Deme Group, n.d.) and the tower mass is 670 tonnes (Equinor,
n.d.). The emissions for each vessel with respect to the number of turbines in the wind farm is
shown in Figure 7.6, where the breakdown of the values that were calculated to be plotted is in the

GHG emissions for Transportation
Vessels (kgCO2eq)

appendix in Table 13.11.
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Figure 7.6 - 6MW vessel emission calculations per number of turbines

The trend for the 6MW turbines is the same as the 3.6MW turbines showing an increase in emissions
with a larger number of turbines, and the rate of increase differing for each vessel; although the
amount of emissions is generally larger for this turbine size than the 3.6MW turbines.
For the 8.25MW turbines, the turbine weight is 1000tonnes (Dillinger, n.d.) and the monopile
weight is 970 tonnes (Dyneema, n.d.). The emissions for each vessel with respect to the number of
turbines in the wind farm is shown in Figure 7.7, where the breakdown of the values that were
calculated to be plotted is in the appendix in Table 13.12.
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Total GHG emissions for Transportation
Vessels (kgCO2eq)

8.25MW Turbine
9000
8000
7000
6000
5000
4000
3000
2000
1000
0
0

50

100

150

200

Number of Turbines
Albatross

Eagle

Falcon

Hawk

Osprey

Figure 7.7 – 8.25MW vessel emission calculations per number of turbines

The trend for the 8.25MW turbines is the same as for all the previous turbine sizes showing an
increase in emissions with a larger number of turbines, and the rate of increase differing for each
vessel, although the amount of emissions is slightly larger for this turbine size than the 6MW
turbines.
It is difficult to compare the graphs for the different turbine sizes against each other, to be able to
reach a conclusion about which turbine size is better for vessel emissions; therefore, a set wind farm
size was chosen, and the equivalent number of wind turbines required to fulfil that capacity was
used to calculate the relevant emissions for each vessel. A 576MW capacity wind farm was chosen,
meaning 160 3.6MW turbines, 96 6MW turbines, and 70 8.25MW turbines were required to fulfil
that capacity. The relevant vessel emissions calculations are plotted in Figure 7.8, where for all
vessels the largest vessel emissions are for the removal of the 3.6MW turbines, followed by the
6MW and the fewest emissions being for the 8.25MW turbines. All 8.25MW values are
approximately 35% smaller than the equivalent 3.6MW values. This shows that the larger the
turbine, the more environmentally friendly the transport is in terms of vessel emissions. The exact
values used to plot this graph is in the appendix in Table 13.13.
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Figure 7.8 - 576MW capacity wind farm vessel emissions calculations for different vessels and turbine capacities

This technical study, therefore, recommends that for transportation, it is more environmentally
friendly to install larger turbines with a larger capacity. Hence, for the life extension of a wind farm
where new turbines will be installed, it is recommended that larger turbines be installed to replace
the previous wind turbines that have reached the end of life.

7.5 USE OF LOW-EMISSION VESSELS

(OW, TI)

Fossil fuel driven vessels are having significant impacts on the environment, as highlighted by the
previous section. Further to this, with the emergence of electric cars and hydrogen-powered
vehicles, it is safe to assume that at the time of decommissioning of future wind farms, low emission
vessels will be in development and even operational. Therefore, a bit of research was performed
into what the possible options of the low-emission vessels look like and what impact they could
have economically and environmentally. There were four options examined:
•

Methanol

•

Renewable Natural Gas (RNG)

•

Hydrogen

•

Nuclear

7.5.1

Methanol

Methanol is the most viable option currently available to replace diesel-powered vessels. This is
because when used as a primary fuel, methanol can reduce CO2 emissions by 10% (Koutsourakis,
2021). Furthermore, methanol can also be blended with current fossil fuels (i.e. petrol or diesel) to
reduce a vehicles air pollution from exhaust emissions and improve combustion efficiency (Dolan,
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2019). The graph in Figure 7.9 shows the impact different percentages of methanol blended into
petrol can have on the different emissions released.

Figure 7.9 - Reduction in vehicle emissions with methanol blended in gasoline on a test vehicle (the Citroen-Dongfeng
2006) (Dolan, 2019)

‘M#’ where the # is representing the percentage of methanol blended into the fuel, i.e. M10 means
10% of the fuel is methanol. Figure 7.9 clearly shows that for an increase in the methanol used,
there is a decrease in the amount of CO2, THC and NOx released. Therefore, it is already possible
to reduce the greenhouse gases emitted in the decommissioning of a wind farm without changing
anything about the vessels themselves, but by using fuels that have a higher percentage of methanol
in them instead. Further to this, methanol has the potential to be a future carbon-neutral fuel if it
can be produced renewably through biomass/biogas or renewable electricity (Koutsourakis, 2021).
A maintenance ship used to transport maintenance crews to wind turbines has already been
developed by Robert Allan Ltd with support from the Carbon Trust. The ship is called the RApptor
2400 Crew Transfer Vessel (CTV) and it runs completely off methanol. As a fuel methanol actually
provides similar benefits in terms of CO2, NOx, SOx, and particulates production compared to
natural gas, except it does not require any pressurisation of fuel tanks or cooling capabilities. This
allows capital cost to be saved as no extra equipment is required for storing the fuel over diesel.
The whole vessel was converted to run on methanol by ScandiNAOS, with both its engines meeting
the IMO Tier III emissions limits without any additional after-treatment (Workboat365, 2021). An
image of the vessel can be seen below in Figure 7.10.
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Figure 7.10 – CGI image of Low Carbon Wind Farm CTV (Workboat365, 2021)

Furthermore, methanol is 1900x safer for the environment and marine wildlife than petrol if the
vessel using it were to capsize or have to dump so its fuel into the ocean. This is because the lethal
concentration in water to cause health concerns for methanol is 15,400mg/l while for petrol it is
65mg/l, highlighting a significant benefit to both the environment and the safety of the crew (Dolan,
2019).
7.5.2

Renewable Natural Gas (RNG)

Liquefied natural gas (LNG) is one of the cleanest burning fossil fuels currently available. It
provides similar power output to diesel while producing: no sulphur dioxide, an 80% reduction in
nitrogen oxide (NOx), a 25% reduction in carbon dioxide and a 97% reduction in carbon monoxide
while also reducing particulate matter and soot (Elengy, 2018). LNG requires a specific fuel system
and engine, so an initial investment is required, but LNG costs less than diesel, so this cost can be
recouped.
Although LNG is a clean-burning fuel, it is still a fossil fuel, which is not a renewable source.
Renewable natural gas (RNG), which can also be liquefied, is a type of biogas that can be used by
LNG engines, allowing for a seamless transition (Alternate Fuels Data Center, 2017). RNG can be
obtained from various sources, such as livestock and landfill waste. This results in a further carbon
dioxide reduction of approximately 75% (Kinetrex Energy, 2020), leading to the fuel being
regarded as carbon neutral or carbon negative, depending on the source.
7.5.3

Hydrogen

The other option to reduce the emissions of a vessel is to use hydrogen. Hydrogen can be used as
fuel through the use of hydrogen fuel cells. Hydrogen fuel cells work where each cell consists of
two electrodes, separated by a polymer membrane electrolyte, and is coated with a platinum catalyst
layer. When the hydrogen fuel is fed in, the catalyst at the negative electrode separates molecules
into protons and electrons, the latter passing through an external circuit, thereby creating a flow of
electricity. Individual fuel cells can be combined in a fuel-cell stack to produce enough electricity

Page | 7-123

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
to power a ship. The benefit of using hydrogen is that there is no combustion, it simply converts
fuel into electricity, with heat and water as the only by-products (MS Amlin, 2020).
The use of hydrogen currently is not very popular, as the methods to produce it are still not cheap
enough or readily available to everyone. These methods can be seen below (U.S. Department of
Energy, 2016):
•

Electrolysis – splitting water into hydrogen and oxygen using electricity

•

Biomass conversion – via either thermochemical or biochemical conversion to
intermediate products that can then be separated or reformed to hydrogen

•

Solar conversion – solar-generated heat for high-temperature chemical cycle hydrogen
production or through biological or electrochemical systems

Hydrogen is a far more efficient fuel per unit weight than diesel or gasoline, producing nearly three
times more energy per kilogram. The only problem with vessels moving to the use of hydrogen,
other than the issues with producing it, is the storage of it where storing hydrogen in a 350 Bar tank
is 95% worse volumetrically than Liquefied Natural Gas (LNG). This is because to storge hydrogen,
it needs to either be stored as a gas, which will require a large highly pressurised container, or as a
liquid, which would require a lot of cooling as hydrogen only becomes a liquid at 20oK. This high
amount of cooling would require the vessel to have a large number of extra heat exchangers built
into the tank to overcome this, which drives up the complexity and the cost, making hydrogen less
economically viable.
A study was performed on the impact on cargo vessels if they moved to hydrogen. The results can
be seen below in Table 7.8.
Table 7.8 - Table of results from a study into hydrogen-powered cargo vessels (C. Raucci, 2015)

Density (kg/m3)
Mass of fuel for voyage
(Tonnes)
Volume of tanks with fuel
Mass of tanks (kg)
Containers Displaced
Volume of containers lost (m3)

Heavy
Fuel
Oil
1010
421.1

Liquid
Natural
Gas
470.0
485.1

Compressed
Hydrogen (350
BAR)
23.3
140.4

Liquid
Hydrogen

416.9
0
0
0

1195
450
96
1258

12142
8584
372
4878

3120
972
180
3123

53
140.4

As shown by Table 7.8, the use of hydrogen in any form compromises the amount of space on a
vessel available to carry containers and thus it can be reasoned that this effect would also affect the
vessels decommissioning a wind farm. This impact on carrying capacity would then result in longer
decommissioning times due to the increase in the number of trips required to move the components
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back to shore if the vessels remained at their current size. In order to overcome this, considerably
larger ships would need to be built and developed to house the larger fuel tanks or cooling
equipment which would be a significant capital cost.
Hydrogen-powered vessels are currently being produced on a small scale in the form of inland
waterway barges. These barges are smaller than what would typically be used for wind farm
decommissioning but are already in use in countries such as France and Denmark, with many orders
being placed by other countries for new vessels or to convert old diesel vessels. Larger vessels
encounter issues such as very long refuelling times and potentially not enough power for highcapacity barges. Some vessels, such as the Energy Observer research ship, utilise hydrogen
generators and desalinators to refuel the hydrogen tanks without stopping, although these cannot
produce large quantities in a short period. However, the decommissioning period of the investigated
wind farms is as late as 2040, meaning there is plenty of time for advancements to be made in
maximising cargo weight and reducing refuelling times for hydrogen-powered vessels.
7.5.4

Nuclear

A brief study into nuclear power was conducted, there is only one commercial ship that currently
uses nuclear power. This ship is the Russian Seymorput and it is a cargo ship built in 1988
(VesselFinder, 2021). An image of the ship can be seen below in Figure 7.11.

Figure 7.11 - Image of the Sevmorput (VesselFinder, 2021)

The other scenarios in which nuclear power is used on vessels are military, mainly the U.S. aircraft
carriers. This highlights that nuclear is only really viable for ships that are constantly on the move
and are not stationary for long periods of time. Furthermore, nuclear power requires such a huge
capital investment along with a large safety risk, for the purposes of decommissioning wind farms,
this technology is just not economically or environmentally viable.
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8 TURBINE GRID SPACING INVESTIGATION DURING
RENEWAL/DECOMMISSIONING

(JH)

In this section, an investigation into the optimum grid spacing for offshore wind farms has been
conducted, particularly in scenarios where a wind farm is to be totally decommissioned and a new
farm built on the same site using higher capacity turbines. For the analysis, the Sheringham Shoal
site was selected with various array layouts being explored to see which layouts appear to produce
optimum results.

8.1 FUTURE TURBINE CHARACTERISTICS
To devise a suitable decommissioning strategy for the scenarios that involve installing higher
capacity turbines, the capacity and size of these turbines must be known. This is because the size
and power of the turbine will end up affecting the cost, total power output, environmental impact,
and many other aspects. In order to produce a comprehensive analysis of these scenarios, a method
of predicting the turbine characteristics has been adopted.
This estimation was achieved by firstly looking at the commission year and type of turbine used for
every UK wind farm. By plotting the average turbine capacity of turbines installed in the UK against
the year of commission, the trend can be observed, this is shown in Figure 8.1. The average turbine
capacity for each year was simply calculated by looking at all the wind farms commissioned for
each year and the capacity of turbines used for each farm. For example, in the year 2015, three wind
farms were commissioned, Gwynt Y Mor, Humber Gateway and, Westermost Rough. Gwynt Y
Mor contained 160 3.6MW turbines, Humber gateway with 73 3.5MW turbines and Westermost
Rough using 35 6MW turbines. Using this information, the average turbine capacity for the year
2015 was calculated:
(160 × 3.6) + (73 × 3.45) + (35 × 6)
= 3.87 𝑀𝑊
160 + 73 + 35

(8.1)

A somewhat linear relationship can be seen in Figure 8.1, showing that the capacity of the turbines
used is roughly increasing with each year. By assuming a windfarm design life of 20-25 years and
taking into consideration the years that Gwynt Y Mor and Sheringham Shoal were commissioned
(2015 and 2012), this figure can be used to produce an estimate of the most commonly used wind
turbines and their capacities come decommissioning. It can be deduced that between the years 20352040, it is likely that wind turbines will have a capacity of around the value of 10MW.
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Average Turbine Capacity Per Year
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Figure 8.1 - Average turbine capacity per year for all UK offshore wind farm

Another characteristic of wind turbines that governs the entire design of the wind farm is the rotor
diameter, as this determines the spacing between turbines and therefore, the total number of turbines
that can fit within the allotted space, this will be discussed further in a later section. Similarly to the
capacity, this is an unknown variable, as we simply cannot know for sure what the rotor diameter
of turbines will be at the time of decommissioning. However, using the predicted turbine capacity
of 10 MW and looking at the relationship between turbine capacity and rotor diameter, again, an
estimate can be made.

Turbine Capacity vs Rotor Diameter
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Figure 8.2 - Relationship between turbine capacity and rotor diameter for the most commonly used turbines in the UK
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Figure 8.2 shows this relationship for ten of the most commonly used wind turbines in UK offshore
wind farms including three Vestas, five Siemens, one Samsung and one Repower model. A clear
linear relationship can be observed which can be used to calculate an estimate of the rotor diameter
of the approximated 10 MW turbines.
14.352 × 10 + 58.917 = 202 𝑚

(8.2)

So, for the scenarios involving installing higher capacity turbines at the renewal stage, the turbines
will be assumed to have a capacity of 10 MW and a rotor diameter of 200m.

8.2 SHERINGHAM SHOAL SITE ANALYSIS
As previously discussed, one of the biggest uncertainties involved in the scenarios where the
replacement turbines are of a larger capacity is the unknown characteristics of the replacement
turbine itself. These characteristics have large consequences on the redesign of the wind farm,
particularly in the case of scenario 2b. This is because, in scenario 2b, it is assumed that the
foundations are removed and new ones installed, meaning the site is essentially free for a complete
redesign. Whereas, for the other two scenarios involving the reinstallation of higher capacity
turbines (scenarios 1bi and 1bii), it is assumed that the foundations are to be reused, greatly reducing
the freedom of where new turbines can be placed as they must place in positions where foundations
already exist.
Using the previously estimated capacity and rotor diameter of 10 MW and 200m, a comprehensive
analysis of the various possible grid spacings has been achieved for the Sheringham Shoal site. One
aspect that this analysis fails to account for however is the effect of turbine spacing on the efficiency
of turbines. By taking this into account with the analysis results, optimum array layouts have been
determined for the installation of higher capacity turbines. This analysis does not look into the
removal of the existing turbines and foundations and only looks into the installation of new ones,
so the cost and time of removing the foundations and turbines will not be reflected in the results of
this analysis.
8.2.1

Methodology

Firstly, the geometry of the Sheringham Shoal site will be introduced and the parameters used in
the analysis defined. The site is in the shape of a parallelogram with side lengths of 7.51 km and
6.36 km as shown in Figure 8.3. Due to this relatively simple site geometry, the number of turbines
within the array can be defined as the number of columns multiplied by the number of rows, where
the number of columns is the number of turbines on the 7.51 km sides and the number of rows is
the number of turbines on the 6.36 km sides. Figure 8.3 is the array layout currently in place at
Sheringham Shoal, with 11 columns and 8 rows resulting in a total of 88 turbines. With the site
geometry now defined; the input parameters can also be defined.
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Figure 8.3 – Current layout and geometry of Sheringham Shoal site with labelled columns and rows (Scira Offshore
Energy, 2014)

8.2.1.1

Input Parameters

Table 8.1 displays all of the input parameters used in this analysis. The number of rows a and
columns b are the main independent variables that will be changed in this analysis, all other
variables can be changed for further analysis and optimisation of the renewal strategy but have not
been for this analysis. The distance to the port c from the site is needed to determine the distance,
time and, therefore, cost of the vessels that transport the foundations and turbines to the site, for
Sheringham Shoal, this is 17km (Scira Offshore Energy Ltd, 2006). The vessel size d determines
the number of trips that the vessel must take and so affects the cost and time of the process where
for this analysis, the input variable of four refers to the number of turbines it can install when fully
loaded. So, the vessel can install four foundations and turbines before it must return to the port to
be restocked. Two vessels were assumed as the number of vessels e in this analysis. The time for
installation f refers to the time taken for an entire turbine to be installed including the foundation.
Research has shown that the time taken to install the foundation and turbine has been decreasing
over the years, with it now sitting at roughly 1 day/MW, including time spent waiting for bad
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weather (Lacal-Arántegui, et al., 2018), although this trend may continue and the time required may
reduce further by the time this renewal will take place, for simplicity, 1 day/MW will be used (note
that one day is being taken as one working day in this analysis, being 12 hours).
Table 8.1 – All input parameters used for the excel spreadsheet analysis

Input variables for Sheringham Shoal
a) Number of rows
b) Number of columns
c) Distance to port (km)
d) Vessel size (no. of turbines)
e) Number of vessels
f) Time for installation/MW (s) (h)
g) Rotor diameter d (m)
h) Turbine capacity (MW)
i) Vessel speed (m/s)
j) Time to load 1 turbine (s) (h)
k) Vessel cost (£/d)
l) Turbine cost (£/MW)
m) Foundation cost (£/MW)
n) Inter-array cable cost (£/km)
o) Export cable cost (£/km)
p) Design life (years)
q) Site width (km)
r) Site length (km)
s) maintenance cost as a percentage of the original investment

3-7
4-10
17
4
2
43200s 12h
200
10
6
14400s 4h
150,000
1,000,000
400,000
300,000
500,000
25
7.51
6.36
2%

The rotor diameter g and turbine capacity h are input as 200 m and 10 MW as previously discussed.
A general vessel speed of 12 knots (Ahn, et al., 2017), roughly equating to 6m/s for the vessel speed
i, and a vessel daily hire rate of £150,000/day for vessel cost k is used in this analysis (LacalArántegui, et al., 2018). Time taken to load turbine/foundation materials onto the vessel j was also
considered at 4 hours per turbine. The input cost of turbines l and foundations m were also per MW,
with turbines costing £1,000,000/MW and foundations costing £400,000/MW (GonzalesRodriguez, 2017). An advantage of having these input values per MW is that it allows for the costs
and times to adjust accordingly based on the input capacity of the turbine. For this analysis, just one
turbine capacity is being analysed, but if various capacities of turbines were to be input, the results
from the spreadsheet would naturally correct themselves. The cables were split into two categories,
inter-array cable costs n and export cable costs o, with export cables being more expensive than
inter-array cables at £500,000 per km compared with £300,000 per km (The Research Council of
Norway, 2010). An estimate can be made for the inter-array cable length based on the number of
turbines which can be used in conjunction with the price per unit length to determine the total cost
of inter-array cables. An assumed design life p of 25 years was used (Scira Offshore Energy, 2014),
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which can be used together with the assumed turbine maintenance cost s of 2% of the initial
investment per year to estimate the total maintenance costs over the renewed wind farms design life
(Wind Measurement International, n.d.). Finally, the site’s dimensions are defined as the width q
and length r as previously discussed.
8.2.1.2

Calculations

The total cost of the renewal strategy can effectively be split into three parts; turbine and foundation
costs, electrical cable costs and vessel costs. It is assumed that the cost of the vessel covers all of
the installation costs as well as aspects like the crew and machinery costs. By calculating each
section individually and summing them, the total capital cost of the renewal strategy can be
determined. Another aspect that is covered in the analysis is the maintenance costs over the renewed
wind farms design life. This is an important aspect that can be overlooked as the costs are not
immediately apparent. In this section, the parameters will be referred to as they are labelled in Table
8.1, for example, the ‘number of rows’ is a.
8.2.1.2.1

Turbine and Foundation Costs

To calculate the cost of the turbines and foundations CTF the number of turbines and foundations is
needed which can be defined as the product of the number of rows and columns ab, this definition
will be used throughout this section. Multiplying this by the combined total cost of one turbine and
foundation will give you the total cost of all turbines and foundations for the given input parameters.
As the costs of the turbines and foundations are defined per MW, by summing these inputs together
then multiplying by the power capacity of the turbine h, the total cost per set of turbine and
foundation is calculated. The complete formula is shown in equation (8.3).
𝐶𝑇𝐹 = (𝑎𝑏(ℎ(𝑖 + 𝑚)))
8.2.1.2.2

(8.3)

Electrical Cable Costs

Calculating the cost of the export cables can be done very simply, as we have the cost per km for
the export cable and the distance to shore which will roughly equate to the distance that the export
cable must cover. The cost calculation for the inter-array cables on the other hand is more
complicated, as there is no clear optimum layout for the cables and so the distance is difficult to
define. The methodology adopted to overcome this problem is to calculate an average distance davg
between turbines in the array and assume that the average distance between turbines will be the
distance of inter-array cable required per turbine. This method provides a conservative estimate for
the total distance of inter-array cable required. Each turbine within all possible array layouts will
have a maximum of 6 turbines within its immediate vicinity. Due to the symmetrical geometry of
the array, this equates to a total of 3 distances. Figure 8.4 shows these distances d1, d2 and, d3 for a
turbine A in a layout containing five columns and four rows.
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Figure 8.4 – Distances d1, d2 and d3 for a turbine A within the array

d1 and d2 are simple calculations as we know the side distances and these distances run parallel with
the sides. Simply dividing the side distances q and r by the number of columns b and rows a
subtracted by one will provide the answer.
𝑞
𝑏−1
𝑟
𝑑2 =
𝑎−1
𝑑1 =

(8.4)
(8.5)

Distance d3 is more complicated as it does not run parallel with any already defined distances. By
looking at the polar coordinates of outer corners, it is possible to determine the interior angles of
the parallelogram, these being 47° and 133°. Using the 47° angle and the two distances d1 and d2,
it is possible to calculate the distance d3 through the use of the cosine rule.
𝑑3 = √𝑑1 2 + 𝑑2 2 − 2 × 𝑑1 × 𝑑2 × cos (43)

(8.6)

With each distance now defined the previously mentioned average distance davg can be calculated
as:
𝑑𝑎𝑣𝑔 =

𝑑1 +𝑑2 +𝑑3
3

(8.7)

Now all the parameters are in place to calculate the total cost of the cables CC. The complete formula
is shown in equation (8.8).
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𝐶𝐶 = (𝑐 × 𝑜) + (𝑎𝑏 × 𝑑𝑎𝑣𝑔 × 𝑛)
8.2.1.2.3

(8.8)

Vessel Costs

Due to the daily rate cost of the vessel, to calculate the total vessel cost, the number of days that the
vessel is required needs to be calculated and multiplied by this daily rate. To do this, the vessels
time has been split into two sections, time spent travelling to and from the site and time spent within
the site. Firstly, the calculations for travelling to and from the site will be explained. In this part,
the total time taken by the vessel will be the sum of the time taken to travel to and from the site and
the time taken to load the vessel at the port. Initially, the distance travelled by the vessel(s) dt is
calculated by essentially multiplying the distance to the shore by the number of trips to the site the
vessel(s) takes, then multiplying again by two, as the vessel(s) must travel from the site back to the
port. The number of trips to the site required can be expressed as the total number of turbines divided
by the vessel size, then rounded up. The complete formula is shown in equation (8.9), note that in
the spreadsheet the function ROUNDUP is used to round up the number of trips to the nearest
integer.
𝑑𝑡 = (2𝑐 ×

𝑎𝑏
)
𝑑

(8.9)

Now that the distance travelled by the vessel(s) has been defined, the total time required for the
vessel(s) when outside of the site tt can be calculated. The time spent in transit will simply be the
distance travelled dt divided by the speed of the vessel i. The time spent loading the vessel is slightly
more complicated. As previously mentioned, the time taken to load the turbines is defined per
turbine, so this time must be multiplied by the number of turbines that are being loaded onto the
vessel resulting in the time that a vessel spends at the port loading. This must also then be multiplied
by the number of times the vessel(s) stops for loading at the port which will simply be the previously
mentioned rounded up number of trips to the site. The complete formula is shown in equation (8.10)
note, this formula calculates the time in seconds.
𝑡𝑡 =

𝑑𝑡 × 1000
𝑎𝑏
+ (𝑗 × 𝑑 ×
)
𝑖
𝑑

(8.10)

The same approach was then made for the time taken by the vessel(s) within the array, where the
total time is the sum of the time spent in transit and the time spent installing the foundations and
turbines. Again, firstly the distance da is calculated in order for the time spent in transit to be
calculated. As there are many routes that the vessel(s) can take, an assumption was made – the
vessel(s) travels across the array in a zig-zag manner travelling along the rows of the array, as shown
in Figure 8.5. The distance of this route will simply be the top/bottom edge length q multiplied by
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the number of rows as it travels across every row, plus the left/right side length r. The complete
formula is shown in equation (8.11).

Figure 8.5 – The assumed route taken by vessels

𝑑𝑎 = (𝑞 × 𝑎) + 𝑟

(8.11)

Now the total time ta can be calculated by summing the time taken in transit, which is the distance
travelled divided by the speed of the vessel, with the time taken to install all of the foundations and
turbines. As the time taken for installation f is defined per MW in the input parameters, this must
be multiplied by the capacity of the turbines h to get the time taken per turbine, then this is
multiplied by the total number of turbines ab. The complete formula is shown in equation (8.12).
𝑡𝑎 =

𝑑𝑎 × 1000
+ (𝑎𝑏 × 𝑓 × ℎ)
𝑖

(8.12)

Summing both calculated times will then provide the total time required for the vessel(s) ttotal. At
this stage, the number of vessels e is considered, and it is assumed that the time is split evenly
among all vessels. For this analysis, two vessels were assumed, so the total time was divided by
two. The times’ units are currently in seconds and must be converted to working days so that the
vessel cost can be calculated. This is done by dividing the total time by the number of seconds in a
working day (assuming a 12-hour working day). Like the number of trips, this value is rounded up
as the cost of the vessel is a daily rate, meaning even if the vessel is only required for one hour of
the last day, the charge will apply for the whole day. The complete formula is shown in equation
(8.13).
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𝑡𝑡𝑜𝑡𝑎𝑙 =

(𝑡𝑡 + 𝑡𝑎 )
1
×
𝑒
60 × 60 × 12

(8.13)

Finally, with the total time required for the vessels in days ttotal having been calculated, the total cost
of the vessels and installation CV can be determined by simply multiplying the time by the daily
vessel rate k and the number of vessels e. The complete formula is shown in equation (8.14).
𝐶𝑉 = 𝑡𝑡𝑜𝑡𝑎𝑙 × 𝑘 × 𝑒
8.2.1.2.4

(8.14)

Maintenance Costs

In this analysis, the maintenance costs per turbine per year are defined as a percentage of the initial
turbine investment. With this in mind, the maintenance cost per turbine per year can be calculated
by applying the percentage s to the cost of one turbine. This can then be multiplied by the number
of turbines ab and the assumed design life p to determine the expected total maintenance costs
throughout the renewed wind farms design life CM. The complete formula is shown in equation
(8.15).
𝐶𝑀 = 𝑠 × 𝑖 × ℎ × 𝑎𝑏 × 𝑝
8.2.1.2.5

(8.15)

Total Costs

With all aspects of the costs having been accounted for, the total cost of the renewal strategy Ctotal
can be calculated by simply summing all four costs. Additionally, the total cost per unit MW CMW
can be calculated by dividing the total cost of the farm Ctotal by the overall power capacity of the
farm, being the number of turbines ab multiplied by the turbine power capacity h. The complete
formulas are shown in equations (8.16) and (8.17).
𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑀 + 𝐶𝑉 + 𝐶𝐶 + 𝐶𝑇𝐹
𝐶𝑀𝑊 =
8.2.2

𝐶𝑡𝑜𝑡𝑎𝑙
𝑎𝑏 × ℎ

(8.16)
(8.17)

Results and Discussion

By implementing these calculations into an excel spreadsheet and changing the row and column
input values, the effect that different array spacings have on the total cost, cost per unit MW and,
total capacity can be observed. Furthermore, a breakdown of the costs for each layout scenario can
be performed to see exactly where the discrepancies in costs come from. One important aspect that
this analysis fails to account for however is the negative effect that having turbines too close to each
other has on their efficiencies, reducing the total power output of the farm. This will be discussed
in detail later.
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Table 8.2 – Results from analysis including cost, capacity, cost per unit power and normalised distances

Grid
(RxC)
3x4
3x5
4x4
4x5
4x6
5x5
4x7
5x6
5x7
6x6
5x8
6x7
6x8
7x7
6x9
7x8
6x10
7x9

Number
of
turbines
12
15
16
20
24
25
28
30
35
36
40
42
48
49
54
56
60
63

Distance Between Turbines
in Terms of Rotor
Diameter g
Average
Smallest
13.38
11.74
12.33
9.39
10.83
9.38
9034
8.04
8.62
7.51
8.12
7.04
8.22
6.26
7.21
6.18
6.69
5.87
6.50
5.63
6.37
5.36
5.88
5.03
5.49
4.76
5.42
4.69
5.24
4.66
4.97
4.25
5.06
4.17
4.67
4.02

Cost
(£m)
265.04
328.30
348.10
431.21
514.71
534.98
598.11
638.58
742.45
762.94
846.50
887.02
1011.32
1032.22
1136.07
1176.50
1260.32
1321.56

Capacity
(MW)
120
150
160
200
240
250
280
300
350
360
400
420
480
490
540
560
600
630

Cost Per Unit
Power
(£m/MW)
2.2086
2.1886
2.1756
2.1560
2.1446
2.1399
2.1361
2.1286
2.1213
2.1193
2.1162
2.1120
2.1069
2.1066
2.1038
2.1009
2.1005
2.0977

Table 8.3 – Cost breakdown for each of the analysed array layouts in terms of total cost and percentage cost

Grid
(RxC)

Vessel
%

3x4
3x5
4x4
4x5
4x6
5x5
4x7
5x6
5x7
6x6
5x8
6x7
6x8
7x7
6x9
7x8
6x10
7x9

£m
7.1%
7.2%
7.2%
7.3%
7.3%
7.3%
7.3%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%
7.4%

18.9
23.7
25.2
31.5
37.8
39.3
43.8
47.1
54.9
56.4
62.7
65.7
75
76.8
84.6
87.6
93.6
98.4

Cost Breakdown
Turbine &
Cables
Foundation
%
£m
%
£m
63.4%
168
6.8%
64.0%
210
6.0%
64.3%
224
5.4%
64.9%
280
4.6%
65.3%
336
4.1%
65.4%
350
3.9%
65.5%
392
3.7%
65.8%
420
3.4%
66.0%
490
3.0%
66.1%
504
3.0%
66.2%
560
2.8%
66.3%
588
2.6%
66.4%
672
2.4%
66.5%
686
2.4%
66.5%
756
2.2%
66.6%
784
2.1%
66.6%
840
2.1%
66.7%
882
2.0%

Maintenance

18.1
19.6
18.9
19.7
20.9
20.7
22.3
21.5
22.6
22.5
23.8
23.3
24.3
24.4
25.5
25.2
26.7
26.2

%
£m
22.6%
60
22.8%
75
23.0%
80
23.2%
100
23.3%
120
23.4%
125
23.4%
140
23.5%
150
23.6%
175
23.6%
180
23.6%
200
23.7%
210
23.7%
240
23.7%
245
23.8%
270
23.8%
280
23.8%
300
23.8%
315
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A broad selection of array layouts was used in this analysis, ranging from 12 turbines in a 3x4
layout, to 63 turbines in a 7x9 layout. The selected layouts were chosen based on the rationale of
maximising the smallest distance between any two turbines. For example, the layout 10x6
containing 60 turbines was not selected as this resulted in the distance between turbines d3 to be
3.13g where g is the turbine rotor diameter. Contrastingly, the layout 6x10 containing the same
number of turbines produces a smallest distance between turbines of 4.17g. The data in Table 8.2
and Table 8.3 show the results from this analysis using the previously defined input parameters and
changing the number of rows and columns.

Overall Cost vs Number of Turbines
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Figure 8.6 – Total cost against number of turbines within an array

Figure 8.6 displays the relationship between the total cost of the wind farm and the number of
turbines for a given array layout. There is a clear linear relationship that can be observed here, with
the cost of the project increasing linearly as the number of turbines increases. This is expected and
most likely comes as a result of the chosen method of turbine and foundation costing as well as the
method for maintenance costing. In the methodology, it was explained that investment costs of the
foundations and turbines were done per unit per MW. This is effectively a linear proportional
relationship as a and b are the only variables in equation (8.3) with h, i and m all being constant.
The same can be said for the maintenance cost calculation, which is simply the product of five
variables (considering ab as a single variable) where four of them are constants, forming a linear
proportional relationship. When considering that the foundation, turbine, and maintenance costs
make up over 85% of the overall cost for all array layouts, it is no surprise that the overall costing
relationship also follows this apparent linear proportional trend.
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Cost Breakdown for 3x4
Array - 12 turbines

Cost Breakdown for 7x9
Array - 63 turbines
7.4%

7.1%
22.6%

23.8%

2.0%

6.8%
63.4%

vessel
cables

66.7%

turbine & foundation

vessel

turbine & foundation

maintanence

cables

maintanence

Figure 8.7 – Pie charts displaying the percentage cost breakdown for array 3x4 containing 12 turbines and array 7x9
containing 63 turbines

Stacked Column Chart Breakdown of all Array Layout
Costs
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Figure 8.8 – Total cost breakdown of all analysed array layouts in the form of a stacked bar chart

The pie charts in Figure 8.7 display the percentage cost breakdown for the analysed array layouts
with the most and least turbines. Even with such a large difference in the number of turbines for
each scenario, the cost breakdown is relatively similar. The largest difference between the two
layouts comes from the percentage cost covered by the cables, where for wind farms containing a
large number of turbines, the percentage of cost spent on cables is a lot less than that for smaller
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wind farms. This is because as the number of turbines within a layout increases, although the
distance of cable required and therefore the cost also increases, the other three cost components,
turbines & foundations, vessel, and maintenance increase at a greater rate. This can be quantified
by looking at the different component costs for the 3x4 and 7x9 in Table 8.3. For the turbine &
foundation, vessel, and maintenance, there is an increase of over 400% from the original cost in the
3x4 layout to the 7x9 layout. Whereas for the cable costs, the increase is a lot smaller at around
45% from the original cost in the 3x4 layout. This trend can also be observed in
Figure 8.8 which shows the total breakdown of costs for each of the analysed layouts in the form
of a stacked column chart. It can be seen that as the number of turbines increases, the turbine &
foundation, vessel, and maintenance columns also noticeably increase, but the cables column seems
to stay roughly the same size.

Cost/MW vs Number of Turbines
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Figure 8.9 – Cost per unit power against the number of turbines within an array

Possibly the most significant result from this study is the analysis of the cost per unit MW for the
investigated array layouts. Just analysing the total costs of the various layouts provides little
information on which layouts may be superior as the cheapest option will be the option with the
fewest turbines which therefore likely produces the least amount of power. Theoretically, the most
superior array layout will be the one that produces the most power at the cheapest cost, i.e., the
layout with the smallest cost per unit MW. Figure 8.9 shows the relationship between the number
of turbines and the cost per unit MW. This relationship shows a clear curve favouring the layouts
containing more turbines. When directly comparing the layouts with the most and least turbines,
the layout containing the fewest number of turbines costs £110,900/MW more. Having established
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that the turbine, foundation, and maintenance costs all follow proportional linear relationships, it
can be deduced that the cause of this trend is due to the cost of the cables or vessel(s) or both.

Cost/MW vs Number of Turbines
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Figure 8.10 – Individual comparison of cost per unit power for the cables and vessel

To investigate this further, the cost per unit MW for the cables and vessel(s) were plotted as shown
in Figure 8.10. It can be seen from this figure that the cost per unit MW for the vessel(s) stays
almost entirely constant no matter the number of turbines suggesting a proportional linear
relationship between total cost and the number of turbines, like the foundation, turbine, and
maintenance costs. On the surface, this may seem surprising due to the complexity involved within
the calculation of vessel costs, however, when the calculation is broken down, over 95% of the time
spent by the vessels is installing the foundations and turbines for all grid layouts. The calculation
for this time is, again, a linear proportional relationship, justifying the apparent linear
proportionality of the vessel costs. It can also be seen in the figure that the cost per unit MW trend
shown by the vessel matches the cost per unit MW trend observed in the total cost, confirming that
the cable cost is what is causing the change in cost per unit MW for different turbine numbers.
Purely based on the results from this analysis in Table 8.2, Table 8.3 and, Figure 8.9 it would be
deemed that using an array layout containing a large number of turbines would be optimal as they
produce the best cost per MW. However, as was briefly mentioned previously, an important aspect
that this analysis fails to consider is the negative effect on a turbines power output that having
turbines too close to one another has. Consequently, to produce a valid conclusion to the analysis,
this issue should be addressed.
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8.2.2.1

Turbine Spacing Effect

A model in a study by (Meyers & Meneveau, 2012) discovered that the optimum average turbine
spacing may be considerably higher than that of what is commonly used in current and past wind
farms. Research into the efficiency and optimisation of individual turbines has been prevalent, yet
the interaction between turbines in wind farms has only just started receiving significant attention.
Due to this lack of research, companies have often opted for relatively compact arrays and small
turbines spacings as the farm will have greater capacity and an apparent smaller cost per unit power,
as was discovered in my analysis. However in actuality, often is the case that reducing the spacing
between turbines has an adverse effect on the power extracted per turbine, and therefore, reducing
the cost per unit power of the farm as a whole. This comes as a result of an increase in the surface
roughness of the atmospheric boundary layer (ABL), located at a height of roughly 1km, reducing
the effective wind velocity at turbine hub height.
Figure 8.11 shows the reduction of wind velocity for downstream turbines caused by the wakes of
upstream turbines and the increased surface roughness of the ABL. In the ‘full wake’ position, the
power output of the farm is 40% lower than the theoretical capacity, and that is with relatively large
distances between turbines of 7d where d is the rotor diameter.

Figure 8.11 – Contour of the streamwise velocity at hub height for a wind farm at the wind angle 270˚ (Porté-Agel, et
al., 2013)
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This article proceeds to investigate the optimal and smallest turbine spacing as a function of a,
where a is a cost ratio between turbines and used land surface. By assuming a typical value range
for this ratio, say 100-1000, it is possible to determine a range for what is likely to be the optimum
and minimum turbine spacing for the wind farm.
Figure 8.12 shows this relationship, whereby using the assumed cost ratio, the optimum turbine
spacing will be in the range of 7-15, and the smallest turbine spacing should be in the range of 512 assuming a normalised power of 95%. The majority of wind farms in the UK currently use
spacings that are smaller than these ranges. Also, the results from my analysis contradict these
optimum and minimum spacings, with the cheapest option being the layout with the smallest turbine
spacing at 4.67 on average and 4.02 at its smallest, both falling outside of the desired ranges. Seen
as though my analysis does not consider the reduction in turbine efficiency caused by wake effects,
this was expected.

Figure 8.12 – (a) optimal turbine spacing as a function of the ratio α (b) smallest turbine spacing as a function of α for
various normalised powers (Meyers & Meneveau, 2012).

One problem with the model in this study is that it assumes the wind farm is of an infinite length,
which of course is not the case for Sheringham Shoal, in fact, Sheringham Shoal is relatively small
when compared with some of the large-scale projects being commissioned at the moment. Another
study by (Stevens, 2016) elaborated on this research by considering the length of the wind farm and
how it affects the results. These results were presented graphically and can be seen in
Figure 8.13. It can be seen from these results that when the number of rows is greatly reduced, the
optimum turbine spacing also decreases. This should be considered when making an informed
decision for smaller farms like Sheringham Shoal where for this analysis the number of rows ranges
from 3-10 depending on the chosen layout. Assuming a cost ratio of 500 in this instance would
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result in the optimum grid spacing being around 7-8 normalised lengths, correlating to an array
layout of 5x6 according to the analysis results in Table 8.2

Figure 8.13 – (a) optimal wind turbine spacing for a farm with 3 and a farm with 500 rows as a function of α. (b)
optimal turbine spacing as a function of the number of turbine rows for different values of the cost ratio α. (Stevens,
2016)

The assumed values of the cost ratio of turbine costs to land costs in these instances are based on
onshore wind farms which may pose some uncertainty towards the validity of this conclusion.
Assuming that offshore land is of a similar price to onshore land, this ratio would certainly be larger
for offshore projects, as the cost of turbines and foundations (including installation) is much larger
for offshore projects, this would, in turn, result in a larger value for the optimal turbine spacing.
Say the cost ratio was 2500 rather than 500, the optimal spacing increases to around 10-12 according
to Figure 8.13. However, the cost of offshore land is not well documented and general values could
not be found. This also does not take into consideration factors other than cost for offshore land like
vessel routes or environmental restrictions that prevent the land from being developed on, especially
for a busy coast like the UK. For these reasons, the presumption of a similar cost ratio to onshore
wind farms was used.
8.2.3

Summary

To summarise this analysis purely based on the costing study, a conclusion that having as small of
a turbine spacing as possible could be drawn, however, this fails to account for the reduction in
power output from individual turbines when they are placed too close together. A conclusion that
can be drawn from the costing study alone is the likely governing effect of the cost of cables in
terms of cost per unit power. It was determined that the three other costing sections (vessel, turbine
& foundations and, maintenance) all roughly scale linearly and proportionally as the number of
turbines increase, but for the cost of cables, although it does increase with the number of turbines,
it doesn’t to the same extent as the other three costs, resulting in the apparent small optimum grid
spacing that is observed.
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To determine a valid optimum grid spacing, this adverse effect on power output that close grid
spacing has must be considered. After reviewing some existing literature on the problem (Meyers
& Meneveau, 2012) (Stevens, 2016), it is apparent that the optimum turbine spacing considering
the turbine wake effects can be determined as a function of the costing ratio α referring to the ratio
between the cost of turbines (and foundations and installation) and the cost of the land used. By
assuming a typical value for this ratio and considering the farm's length, the optimal turbine spacing
for the redevelopment of Sheringham Shoal is likely to be 7-8 times the rotor diameter of the
turbines translating to an array layout of 5x6 (30 turbines). One aspect worth noting that may hinder
the validity of this conclusion is that the assumption of the cost ratio is based on typical values for
onshore windfarms. It is unclear whether offshore wind farms would also possess these typical
values due to the uncertainty of the land cost as well as other factors like vessel routes and
environmental restrictions for a busy coast like the UK. For a complete conclusion of the optimum
turbine spacing to be established, full extensive knowledge and understanding of the costs and
restrictions of the site must be known in order to determine a valid cost ratio α.
The conclusions and results obtained from the analysis are subject to considerable assumptions and
limitations. Firstly, a large number of assumptions were made within the calculations which may
disregard some costs or overestimate others:
•

The assumption that the distance to shore equates to the distance to the port

•

Assumption of the inter-array cable length

•

Assumption of the route taken by vessels within the array

•

The assumption that all of the cables will need replacing, including export cables

•

The assumption that using multiple vessels will reduce the time proportionally

•

The assumption that vessel costs start the moment they are required (no transportation costs
from where they are initially situated)

•

The assumption that the vessel reaches full speed immediately

•

The assumption that the vessel costs cover crew costs, installation costs etc...

•

Project management and other miscellaneous costs are not accounted for

The vast majority of these assumptions have a negligible effect on the total overall cost and are
therefore beneficial for the simplicity of the analysis. Additionally, there are general assumptions
made within this analysis like the assumption that the allotted wind farm space stays the same.
Finally, there are the previously discussed assumptions and limitations associated with the cost
assumed ratio α.
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9 SUSTAINABILITY
Sustainability has been a main focus of this report, as the project’s main aim is to reduce the
environmental impact of wind farm decommissioning and renewal activities. One of the ways to
reduce the environmental impact is to reduce carbon emissions during the life cycle of the wind
farm, which links to the achievement of goals 7 and 13 of the United Nations Sustainable
Development Goals (UN SDGs) (2015). Carbon reduction through reusing materials, recycling and
reducing emissions during maintenance are key ways to reduce the overall carbon footprint of a
wind farm during its life cycle. The reuse and recycling of materials, as well as upcycling materials
that cannot be reused in their original purpose, link to the achievement of sustainable consumption,
goal 12 of UN SDGs (2015). The project has also considered multiple life cycles through the reuse
scenarios to establish the life cycle impact on the environment through carbon emissions. Multiple
aspects have been considered: from the embodied carbon of new materials brought to site and the
waste material’s impact, to the carbon emissions from the transportation and lifting vessels
themselves during operation. As well as considering the carbon impact, the impact on wildlife was
also considered for each life cycle, which aims to protect sea life, linking to goal 14 of the UN
SDGs (2015). All of these approaches aim to provide a solution for reducing the environmental
impact of wind farm installation, decommissioning, and re-use; aiming to help move the wind
energy sector further towards meeting goals 7, 12, 13 and 14 of the UN SDGs (2015).
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10 PROJECT PROPOSALS
To be able to find the best re-use scenario in relation to emissions and cost, the methods mentioned
previously in sections: 3.4, 5.3, 5.4, 7.4, and 8.2 were repeated for the analysis. The analysis was
performed for Gwynt Y Mor and Sheringham Shoal wind farms to ensure the same conclusion was
found for both. The summary tables of cost and emissions are shown below. Please refer to the copy
of Figure 1.2 for the scenario breakdown below in Figure 10.1.
Foundation
Scenario

1) Re-use of
Foundations

2) Remove All
and Install New

b) Reinstall
higher capacity
turbines

a) Reinstall same
size turbines

i) Replace ciritical
parts only

i) Use existing
foundations

ii) Replace whole
turbine

ii) Reinforce
foundations

a) Reinstall same
size turbines

b) Reinstall
highercapacity
turbines

Replace whole
turbine

Figure 10.1 - Copy of Project Scenario Breakdown

Table 10.1 and Table 10.2 show the emissions for each re-use scenario for both wind farms, where
the lowest emissions values are coloured in green and the largest emissions in red. For both farms
there is the same trend, where the re-use scenario where there is part replacement is the lowest,
closely followed by the scenario where the same size turbine top-section is replaced. The worst
scenario for emissions is where the foundations are replaced and higher capacity turbines are
installed.
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Table 10.1 - Emissions comparison table for all re-use scenarios for Gwynt Y Mor
Category (TCO2eq)

Gwynt Y Mor Re-use Scenario
1ai

1aii

1bi

1bii

2a

2b

Recyclable materials removed - Cable (embodied carbon)

12887

12887

14410

14410

12887

14410

Recyclable materials removed- Turbine (embodied carbon)

<119,861

119861

119861

119861

119861

119861

New materials required - Turbine (embodied carbon)

<126,117

126117

141306

141306

126117

141306

New materials required - Cable (embodied carbon)

25400

25400

30570

30570

25400

30570

Emissions from recycling materials - Turbine

<10209

10209

11413

11413

10209

11413

Emissions from recycling materials - Cable

5558

5558

5558

5558

5558

5558

Vessel Transport Emissions

2

2

5

>5

10

12

Vessel Removal and Lifting

Vibrating Hammer

5140

14942

Operation Emissions for

Hydraulic Pressure

18559

36487

Foundations

Diamond Wire Cutter

2431

6482

326171

381041

Total Emissions (TCO2eq)

<300034

300034

323123

323118

Table 10.2 - Emissions comparison table for all re-use scenarios for Sheringham Shoal
Category (TCO2e)

Sheringham Shoal Re-use Scenario
1ai

1aii

1bi

1bii

2a

2b

Recyclable materials removed - Cable (embodied carbon)

7044

7044

7044

7894

7044

7894

Recyclable materials removed- Turbine (embodied carbon)

<65924

65924

65924

65924

65924

65924

New materials required - Turbine (embodied carbon)

<69364

69364

77491

77491

69364

77491

New materials required - Cable (embodied carbon)

7625

7625

9212

9212

7625

9212

Emissions from recycling materials - Turbine

<5614

5614

6259

6259

5614

6259

Emissions from recycling materials - Cable

3020

3020

3020

3020

3020

3020

Vessel Transport Emissions

1

2

4

>4

8

9

Vessel Removal and Lifting

Vibrating Hammer

2085

6158

Operation Emissions for

Hydraulic Pressure

9688

3565

Foundations

Diamond Wire Cutter

3565

16546

173937

196079

Total Emissions (TCO2eq)

<158593

158593

169804

169804

Table 10.3 and Table 10.4 show the estimated costs for each re-use scenario for both wind farms,
where the lowest emissions values are coloured in green and the largest emissions in red. It can be
seen from the tables that the trend is the same for costs as it is for emissions, where the cost is lowest
for scenario 1ai and the highest for 2b.
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Table 10.3 – Cost comparison table for all re-use scenarios for Gwynt Y Mor

(£Millions)

Gwynt Y Mor Re-use Scenario
1ai

1aii

1bi

1bii

2a

2b

Cost from Recycling Materials (Turb )

-8.4

-8.4

<-8.4

-8.4

-8.4

-8.4

Cost from Recycling Materials (Sub+cable)

-20.4

-20.4

-20.4

-20.4

-20.4

-20.4

Cost of Turbine

<576

576

624

638

576

696

Cost of Monopile

0

0

0

29

230.4

278.4

Cost of Cables

76.3

76.3

85.1

85.1

76.3

85.1

Cost of Vessels (including installation)

96

115.2

283.2

357.5

412.8

412.8

Total Cost

<719.5

738.7

963.5

1,080.7

1,266.7

1,443.5

Table 10.4 - Cost comparison table for all re-use scenarios for Sheringham Shoal

(£Millions)

Sheringham Shoal Re-use Scenario
1ai

1aii

1bi

1bii

2a

2b

Cost from Recycling Materials (Turb )

<-4.6

-4.6

-4.6

-4.6

-4.6

-4.6

Cost from Recycling Materials (Sub+cable)

-11.1

-11.1

-11.1

-11.1

-11.1

-11.1

Cost of Turbine

<316.8

316.8

343.2

275

316.8

384

Cost of Monopile

0

0

0

12.5

126.7

153.6

Cost of Cables

41.7

41.7

46.6

46.6

41.7

46.6

Cost of Vessels (including installation)

52.8

63.5

122.1

154.2

227.1

412.8

Total Cost

<395.5

406.2

496.1

472.5

696.5

795.5

Therefore, a clear conclusion can be made that the optimal method of wind farm
renewal/decommissioning in terms of economic and environmental impact is part replacement. If
part replacement is not feasible, replacing the turbine above the foundation with the same size
turbine is the next best solution.
For many decommissioning scenarios in the future, it is very unlikely that the choice of method will
be an open one and many of the scenarios discussed simply will not be possible. However, having
said this, the conclusion of this report presents a hierarchy of sorts in terms of economic and
environmental impact for the different possible scenarios of decommissioning. Using this hierarchy
to make a decommission strategy decision for any particular wind farm based on the methods
available, should result in the optimum solution to reduce the economic and environmental effect.
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11 PROJECT PROPOSAL LIMITATIONS
Throughout the report, multiple assumptions have been made to be able to continue the analysis.
Small, calculation-based assumptions have been stated at the relevant points within the report, but
some assumptions made in the report have relevance on a grander scale and influence the project
proposals. Here, the assumptions/limitations with relevance to the project proposals will be stated
and discussed, showing their significance to the proposals and how the assumptions/limitations may
affect them.
One of the first assumptions/limitations of the report is the fact that monopile foundations were the
only foundation type considered for the analysis. As mentioned in the report, there are multiple
types of foundations, such as jacket, gravity, and floating; but these other foundation types are not
as common as monopiles. This means that the proposals mentioned in the previous section are only
relevant for monopile foundation wind farm sites, which is the vast majority. Although, sections
may also be relevant for jacket foundations due to their similarities at the seabed.
For many parts of the report, an assumption is made about the lifetime of the monopile foundations
and turbine parts. Through natural processes and changes in sea conditions and locations, it is
unlikely that the lifetime of the turbine parts or foundations are going to fail at exactly the time
stated, as often those estimates are conservative, but the part could also fail earlier than expected
due to unexpected loading conditions or faults in the material itself. Also, as offshore wind farms
are a relatively new engineering technology, a very limited number of wind farms have been
decommissioned at this moment. All farms that have been decommissioned have been for different
reasons and have had very different lifetimes, resulting in a lot of uncertainty around the governing
decommissioning factors and the lifetimes of these projects. Therefore, the lifetime could be longer
or shorter than expected in this analysis, so that should be considered when performing the re-use
scenarios. Monitoring of the condition of the parts, as recommended in section 7, should be
performed to prevent sudden unexpected failures earlier than expected, and can allow parts to be
used beyond their expected life if their condition is good. This variability in conditions and lifetime
means that the proposals will not necessarily be fully correct for certain specific cases.
The construction time and decommissioning time of the sections of the turbines and foundations
were estimated using graphs that used data from current wind farms to plot trends in 13.8, which
was used in the main report. The graphs presented in that section have a large scatter around the
trend lines, meaning the trend itself is not statistically definitive and has a large error potential. This
means that the construction and decommissioning times used in the report could be wrong, resulting
in the analysis of cost and emissions being potentially inaccurate, finally leading to the project
proposals not necessarily being fully correct. As the same times were used consistently over the
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report, it would mean that the trend between the scenarios of cost and emissions should be
consistent, but the actual values themselves could be not accurate due to the error potential of the
construction and decommissioning times used.
For all the re-use scenarios used throughout the report, it was assumed that the area of the farm
would not change. Each offshore wind farm has agreed on an area of construction from The Crown
Estate, which may or may not include the entire area of the wind farm that has been constructed,
therefore there is a chance that the wind farm may be able to expand beyond the current site
boundaries. This report assumed that the site boundaries remain the same, meaning that the
proposals will not be valid if the area of the wind farm changes its construction area during re-use.
There were multiple assumptions associated with cost estimates in the report, linking to the project
proposals. Labour costs, which include on-site labour as well as project management, were not
included in the cost estimates in the ‘Project Proposals’ section, as the labour costs would be a very
small percentage of the total costs, so was therefore deemed insignificant. Monopile costs were
estimated using a value of cost per MW, but as found throughout the research in the project,
monopiles can vary between each wind farm and even within the same wind farm due to varying
seabed conditions. Thus, this estimate will not be accurate for individual cases but gives a good
generalisation of cost for the proposals. Vessel costs were calculated assuming the same vessel was
used for every farm, so the cost was consistent over each farm for accurate comparisons. It is known,
although, that each farm, including Gwynt Y Mor and Sheringham Shoal, used different vessels.
Each vessel has different hire costs at different times, so the exact values of vessel hire will not be
the same as those mentioned in the proposals and will depend on the current vessel market at the
time and the type of vessel used.
For all re-use scenarios, there was an assumption made about the seabed conditions in order to
perform the analysis. This assumption that the seabed and foundations were structurally sound, and
no problems or faults had developed during the current life of the wind farm. This means that some
scenarios proposed may not be possible for individual cases due to the seabed changing from its
original conditions.
For the re-use of the wind farms, the removal of the currently installed monopiles is required for
some scenarios: one method of this was for full removal using hydraulic pressure. It was assumed
for the estimations of pressure required, that the monopiles were fully sealed. The estimation of
pressure has ramifications for power and cost used in the analysis leading up to the proposals. It is
not known if the current monopiles installed are fully sealed at the base, as it depends on many
factors, so there is a possibility of a tight seal not being present which would require a greater
pressure. This, therefore, has implications on the cost and emission estimates for this removal
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method as higher required pressure equates to greater costs and greater power requirements,
potentially affecting the proposal outcome.
For multiple scenarios, cable removal might be required. The rate of cable removal used in the
analysis leading up to the proposal was estimated, as values of rate of cable removal varied between
each source. This variation was because the rate of removal depends on the sediment type and
therefore would affect vessel use time, leading to changes in total vessel hire costs and emissions,
affecting the project proposal based on the best costs and emissions. Details on the estimations
made are explained in the report section where the assumption is made.
A couple of limitations feature in the material turbine recycling section of the report. One limitation
was that the recycling rate for the blades of a turbine was not found. This meant that the analysis
for blade recycling could not be performed in as much detail as expected, so this is an area that
could be improved in future work. Another limitation was regarding the emissions from recycling.
It is known that the actual emissions from the recycling process will be larger than that stated in
section 5, as the analysis did not include energy losses associated with the melting process which
occurs during recycling, as the analysis purely included the energy required to melt the mass of
material. This means that the benefit of recycling compared to buying new materials from raw
materials is not fully accurate, but the trend should be unaffected if losses are a small fraction of
the full energy required. This may affect the project proposals if the trend is affected due to energy
losses from melting being larger than expected.
The last limitation of the report is related to optimising the turbine spacing. Turbine spacing for the
studies in sections 5.1 and 7.4 were not optimised fully, as it was found that optimisation is very
complex, depending on a multitude of variables, and taking a long time which the project time
frame did not allow. Therefore, there is scope for further analysis of turbine spacing using
optimising algorithms mentioned in these sections in future work.
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13 APPENDICES
13.1 APPENDIX 1 - TABLE OF REGULATIONS
Legislation

Date

Link to Legislation

Entered
Coast Protection Act

1949

https://www.legislation.gov.uk/ukpga/Geo6/12-13-14/74

Health and Safety at Work

1974

https://www.hse.gov.uk/legislation/hswa.htm

1989

https://www.imo.org/

1990

https://www.legislation.gov.uk/ukpga/1990/43/contents

Water Resources Act

1991

https://www.legislation.gov.uk/ukpga/1991/57/contents

Convention for the

1992

https://www.ospar.org/convention

1994

https://www.legislation.gov.uk/uksi/1994/1056/contents/

Act
International Maritime
Organisation (IMO)
Environmental Protection
Act

Protection of the Marine
Environment of the NorthEast Atlantic (the ‘OSPAR
Convention')
Waste Management
Licensing Regulations
United Nation Convention

made
1997

on the Law of the Sea

https://www.un.org/depts/los/convention_agreements/te
xts/unclos/unclos_e.pdf

(UNCLOS)
Energy Act

2004

https://www.legislation.gov.uk/ukpga/2004/20/contents

Marine and Coastal Act

2009

https://www.legislation.gov.uk/ukpga/2009/23/contents

Scotland Act

2016

https://www.gov.scot/binaries/content/documents/govsc
ot/publications/agreement/2017/03/offshore-renewabledecommissioning-concordat/documents/concordatbetween-sg-beis-offshore-decommissioningpdf/concordat-between-sg-beis-offshoredecommissioningpdf/govscot%3Adocument/Concordat%2Bbetween%2B
SG%2Band%2BBEIS%2B%2BOffshore%2BDecommissioning.pdf
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Electricity Works

2017

https://www.legislation.gov.uk/ssi/2017/101/contents

Offshore Marine

2017

https://www.nature.scot/professional-advice/protected-

Conservation (Natural

areas-and-species/protected-species/legal-

Habitats etc.) Regulations

framework/offshore-marine-regulations-2017

13.2 APPENDIX 2 – TABLE OF MONOPILE SPECIFICATIONS FOR DIFFERENT
WIND FARMS
Wind Farm
Belwind
Horns Rev 2
Horns Rev 1
Samsø
Anholt
EnBW Baltic 1
Borkum Riffgrund 1
Amrumbank West
DanTysk
Riffgat
Lely
Prinses Amalia
Egmond aan Zee
Bockstigen
Utgrunden 1
North Hoyle
Kentish Flats
Scroby Sands
Robin Rigg
Rhyl Flats
Barrow
Gunfleet Sands
Teesside
Burbo Bank
Sheringham Shoal
Lincs
Gwynt Môr
Greater Gabbard
Walney Phase 2
London Array

Water depth
(m)
15 to
24
9
to
17
6
to
14
10 to
13
15 to
19
16 to
19
23 to
29
20 to
25
21 to
31
18 to
23
5
to
10
19 to
24
18
6
7
to
10
7
to
11
5
5
to
10
4
to
13
6
to
12
15 to
20
0
to
15
8
to 16.5
2
to
8
17 to
22
8.5 to 16.3
12 to
28
20 to
32
24 to
30
0
to
25

Max water Diameter Length Driving
Weight
depth (m)
(m)
(m)
length (m) (t)
24
5
72
48
550
17
3.9
40
23
280
14
4
42
28
230
13
4.5
45
32
300
19
5
54
35
630
19
4.3
37
18
215
29
5.9
66
37
700
25
6
70
45
800
31
6
65
34
730
23
6
70
47
720
10
3.7
30
20
89
24
4
54
30
320
18
4.6
60
42
250
6
2.1
21
15
43
10
3.65
33.7
23.7
165
11
4
25
14
250
5
4
38
33
247
10
4.2
42
32
200
13
4.3
35
22
310
12
4.7
40
28
235
20
4.75
60
40
530
15
5
50
35
423
16.5
5
48
31.5
160
8
5
52
44
400
22
5.2
61
39
530
16.3
5.2
48
31.7
480
28
6
70
42
700
32
6
60
28
700
30
6
68
38
805
25
7
85
60
650
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13.3 APPENDIX 3 – TURBINE LAYOUTS FOR OMNIDIRECTIONAL WIND
FARMS

(PY)

Figure 13.1 - Omnidirectional turbine layout with V1648.0MW turbines.

Figure 13.2 - Omnidirectional turbine layout with SWT4.0MW turbines.

Figure 13.3 - Omnidirectional turbine layout with V80-2.0MW turbines.

13.4 APPENDIX 4 – AREA REQUIRED & POWER OUTPUT DENSITY PLOTS FOR
DIRECTIONAL WIND FARMS

(PY)

Figure 13.4 - Area required for 128MW up to 1152MW directional wind farms.
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Figure 13.5 - Power output density for 128MW up to 1152MW directional wind farms.

13.5 APPENDIX 5 – DIFFERENCE IN AREA REQUIRED & POWER OUTPUT
DENSITY PLOTS FOR DIRECTIONAL WIND FARMS

(PY)

Figure 13.6 - Difference in area required between V80-2.0MW & V164-8.0MW turbines in directional wind farms.

Figure 13.7 - Difference in power output density between V80-2.0MW & V164-8.0MW turbines in omnidirectional wind
farms.
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13.6 APPENDIX 6 – SPECIFIC HEAT CAPACITY, MELTING TEMPERATURE,
(PY)

AND LATENT HEAT OF FUSION VALUES

Table 13.1 - Values used for materials in heat energy equation. Sourced from (EngineeringToolbox, 2021), (Online
Metals, 2021) & (Engineers Edge, 2021).

Melting temperature

Specific heat capacity

Latent heat of fusion

(°∁)

(J/kg K)

(kJ/kg)

Steel

1510.0

481.5

247

Cast iron

1165.5

460.5

247

Copper

1084.0

376.8

206

Material

13.7 APPENDIX 7 – UK SEABED GEOLOGICAL MAPS

(SG)

For initial understanding of the seabed conditions across the UK, the British Geological Survey
interactive maps were used, which contain information about bedrock type, bedrock faults,
sediment types and sediment thicknesses. Sediment is known as quaternary deposits in these maps.
There are multiple different types of bedrock faults across the UK bedrock around the coast, shown
in Figure 13.8. There are a few regions without bedrock faults along the south and east coasts.

Figure 13.8 - Bedrock Faults UK Map (British Geological Survey, n.d.)

As shown in Figure 13.9, the majority of bedrock over UK waters is tertiary interbedded further
from the coast, but vary dramatically near the coast between multiple types.
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Figure 13.9 - UK bedrock summary (British Geological Survey, n.d.)

Figure 13.10 shows the sediments types across UK waters, which are very variable, and no real
pattern can be found.
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Figure 13.10 - UK sediment deposits summary map (British Geological Survey, n.d.)

Sediment thicknesses vary across the UK waters, but generally, the sediments are thinner nearer the
coast.
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Figure 13.11 – UK sediment deposit thicknesses (British Geological Survey, n.d.)

To understand how these sediments and bedrock may affect wind farm installation, the map of
current installed and planned wind farms from The Crown Estate (The Crown Estate, 2021) were
superimposed on the British Geological Survey maps above to establish any links. The
superimposed map for bedrock is shown in Figure 13.12, the map for sediment types if shown in
Figure 13.13, and the map for sediment thicknesses is shown in Figure 13.14.
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Figure 13.12 - UK wind farm location map and bedrock map superimposed (British Geological Survey, n.d.) (The
Crown Estate, 2021)

For both bedrock and sediment types, no correlation is seen between the wind farm locations. This
means that the bedrock type and deposit type do not affect the locations of wind farms.
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Figure 13.13 - UK wind farm location map and sediment deposit type map superimposed (British Geological Survey,
n.d.) (The Crown Estate, 2021)
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Figure 13.14 - UK wind farm location map and seabed sediment deposit thickness map superimposed (British
Geological Survey, n.d.) (The Crown Estate, 2021)

There is a correlation between the sediment thicknesses and wind farm locations, as almost all of
the wind farms are located in sediment thicknesses below 30m. There is only one wind farm,
Hornsea 1, which is located in the deepest sediment category shown by this map of a thickness
greater than 50m. It was not clear how this wind farm was constructed that was different to other
wind farms from research.

13.7.1 Gwynt Y Mor Wind Farm Seabed Conditions
The layout of the Gwynt Y Mor wind farm can be found on the Crown Estate Website. To overlay
the wind farm layout on the seabed condition maps, the coastline was used in both maps to ensure
scaling and positioning were correct. The bedrock superimposed map is shown in Figure 13.15, the
sediment types map is shown in Figure 13.16, and the sediment thickness map is shown in Figure
13.17.
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Figure 13.15 - Gwynt Y Mor bedrock type and faults map (British Geological Survey, n.d.) (The Crown Estate, 2021)

The bedrock across the Gwynt Y Mor site is completely mudstone and halite stone. Mudstone, as
mentioned in the previous section, is potentially problematic due to shale creation when under
pressure. There is a lot of bedrock faults across the coastal area, but there is only one fault that
crosses the wind farm site. There are no obvious changes in the grid spacing around that fault line,
meaning the fault in the bedrock have not affected the structural integrity of the foundations.

Figure 13.16 - Gwynt Y Mor sediment type map (British Geological Survey, n.d.) (The Crown Estate, 2021)
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The sediment type on the Gwynt Y Mor wind farm site is a mixture of sand and gravel in different
ratios. According to the British Geological Survey website, the sand and gravel mix variations are
well mixed, meaning the consistency of the sediments is consistent over the area and as you drill
into the sediments (British Geological Survey, n.d.).

Figure 13.17 - Gwynt Y Mor sediment thickness map (British Geological Survey, n.d.) (The Crown Estate, 2021)

The sediment thickness over the majority of the site is between 5 and 20 metres, with a small section
of it nearer the coast being thicker at 20-30 metres. This is a similar thickness to what is experienced
over other parts of the UK coastline, meaning t is not unusual and it is known how to deal with the
sediment thickness.
Even though the maps give the impression that the seabed is consistent over the area and that there
should not be any difficulties if the current foundations were to be re-used or if new foundations
were to be drilled nearby to current foundations, there still should be extensive inspection performed
of the area and especially around the current foundations for shale formations at the bedrock. There
should also be cores takes of the areas that would be used to install new foundations, as was
performed during the site commissioning, to ensure there are no local anomalies.
13.7.2 Sheringham Shoal Wind Farm Seabed Conditions
The approach for creating the superimposed seabed condition maps are the same as for Gwynt Y
Mor, where the Crown Estate map is overlayed on the seabed map from the British Geological
Survey. The coastline was used in both maps to ensure scaling and positioning were correct. The
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bedrock superimposed map is shown in Figure 13.15, the sediment type map is shown in Figure
13.16, and the sediment thickness map is shown in Figure 13.17.

Figure 13.18 - Sheringham Shoal Bedrock map (British Geological Survey, n.d.) (The Crown Estate, 2021)

The entire area of the wind farm, including the surrounding areas are a chalk bedrock. As mentioned
in the bedrock properties table (Table 7.1), chalk is a soft rock that can be easily pulverised. This
means that drilling into the rock is relatively easy, but it does provide support. The fact that the
bedrock is consistent over the entire wind farm means that there is no need to have varying
foundations to meet the varying bedrock conditions, which can save money and make the processes
more efficient.
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Figure 13.19 - Sheringham Shoal sediment type map (British Geological Survey, n.d.) (The Crown Estate, 2021)

The sediment type across the entirety of the site, as with Gwynt Y Mor, is a variation of sand and
gravel in various ratios. As mentioned in the Gwynt Y Mor section, these mixtures of sand and
gravel are well mixed, meaning the consistency and properties of the sediment is consistent over
the area and through the thickness of the sediments.

Figure 13.20 - Sheringham Shoal sediment thickness map (British Geological Survey, n.d.) (The Crown Estate, 2021)

The sediment thickness across the Sheringham Shoal site varies from 5 metres to more than 50
metres in thickness. This means that in order to ensure the foundations meet the bedrock, or for the
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foundation to pass through enough sediment for structural security, that foundation piles will need
to be longer for the thicker sediment depths, as the sediments are loose, providing less structural
support than the bedrock.
As with Gwynt Y Mor, there still should be extensive inspection performed of the area, and cores
be taken of the area to ensure no local anomalies in the bedrock or sediments. This should be done
as the seabed changes over time, especially when monopile foundations have been installed due to
scour and wildlife making a habitat of the area.

13.8 APPENDIX 8 – CONSTRUCTION TIME ESTIMATION METHODOLOGY
(SG)
To calculate the time required for the construction, an estimate for the time required to install and
remove a monopile foundation and the turbine needed. A paper (Lacal-Arántegui, et al., 2018) on
offshore wind farm installation contained graphs showing the installation times for various turbine
specifications per MW, which we were able to use to estimate current removal and installation
times. Figure 13.21 and Figure 13.22 show the graphs used to find the values for monopile and
turbine installation times in Table 13.2.
To provide the best estimate of full wind farm installation using Figure 13.21, the trend lines were
followed as well as taking into consideration the location of the points specifically for monopile
foundations, shown as blue diamonds in the figure. As the times for wind farm installation with
monopile foundations are usually the shortest amounts of time, the lower trend line was used, and
a value of 1day/MW was taken from this figure.

Figure 13.21 - Installation rate evolution for full wind farm installation (Lacal-Arántegui, et al., 2018)
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The estimated value for foundation installation was taken from Figure 13.22, using the points
associated with the 3-4MW monopiles, as both Gwynt Y Mor and Sheringham Shoal use 3.6MW
turbines. Due to the scatter associated with this diagram, it was difficult to come to a secure value,
but a value of 3 days for each foundation was chosen, as that is where the purple bubbles in the
figure are around after 2013.

Figure 13.22 - Installation time for all foundations over the year installed (Lacal-Arántegui, et al., 2018)

The values from these graphs, as well as estimations for removal, which were assumed to be the
same as installation, are summarised in Table 13.2.
Table 13.2 - Summary of installation and removal times for the relevant processes

Installation/Removal Process

Days

Monopile Foundation Installation Time

3

Turbine and Monopile installation time

1 per
MW

Removal of turbine time (not foundation)

3

Estimated Removal of MP Foundation time

2

Estimated Part installation/removal time

1

These values were used in the calculations to estimate the time required to perform the maintenance
for each scenario. Each wind farm is laid out differently in terms of cabling, meaning that an
individual approach is required to minimise the energy production losses during the maintenance
period. To reduce the energy production losses, the wind farms were split into sections, where each
section is disabled individually to be worked on. Diagrams explaining the sectioning is shown in
Figure 13.23 and Figure 13.24. The sectioning is based on where there is cabling on one ‘circuit’
to the substation.
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Figure 13.23 - Gwynt Y Mor original turbine layout (Seafish, 2021) and sections for the analysis

Figure 13.24 - Sheringham Shoal original turbine layout (Scira Offshore Energy, 2014) and sections for analysis

Page | 13-184

Offshore Wind Turbine Farms Decommissioning and Renewal: Group 2
In order to calculate the total hours of maintenance and lost output from the wind farm for each
scenario, the following equations were used in an excel document.

𝐻𝑜𝑢𝑟𝑠 𝑡𝑜 𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒 𝑎𝑛𝑑 𝑖𝑛𝑠𝑡𝑎𝑙𝑙 𝑛𝑒𝑤

(13.1)

= 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑏𝑖𝑛𝑒𝑠 × 𝑤𝑜𝑟𝑘 𝑑𝑎𝑦𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 × 24
𝐺𝑊ℎ 𝑙𝑜𝑠𝑡 = 𝐻𝑜𝑢𝑟𝑠 𝑡𝑜 𝑑𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒 𝑎𝑛𝑑 𝑖𝑛𝑠𝑡𝑎𝑙𝑙 𝑛𝑒𝑤 × 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊)

(13.2)

× 10−3
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑓𝑎𝑟𝑚 𝑜𝑢𝑡𝑝𝑢𝑡
=

(13.3)

𝐺𝑊ℎ 𝑙𝑜𝑠𝑡
𝐻𝑜𝑢𝑟𝑠 𝑡𝑜 𝐷𝑖𝑠𝑚𝑎𝑛𝑡𝑙𝑒 𝑎𝑛𝑑 𝑖𝑛𝑠𝑡𝑎𝑙𝑙 𝑛𝑒𝑤
𝑇𝑜𝑡𝑎𝑙 𝐹𝑎𝑟𝑚 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ×
365 × 24

13.9 APPENDIX 9 – GWYNT Y MOR AND SHERINGHAM SHOAL
CONSTRUCTION HOURS AND CAPACITY LOSS CALCULATIONS

(SG)

For clarification, the key input table is included here to re-iterate the key information that was used
as inputs for the calculations later on in this section. Equations (13.1) (13.2) and (13.3) used data
from Table 13.3 to calculate the values of the tables below.
Table 13.3 - Key Input Information for Calculations
Sources: (Lacal-Arántegui, et al., 2018) (Power Technology, n.d.) (Power Technology, n.d.)

MP Foundation Installation Time (days)

3

MP+turbine installation time (days/MW)

1

Removal of turbine (not foundation)

3

Removal of MP Foundation (days)

2

Estimated Part removal time (same as installation) 1
Wind Turbine Power (MW)

3.6

Gwynt Y Mor Farm Capacity (MW)

576

Sheringham Shoal Capacity (MW)

316.8

Gwynt Y Mor Output per year (GWh/year)

1950

Sheringham Shoal Output per year (GWh/year)

1100
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13.9.1 Gwynt Y Mor Calculations
Table 13.4 - Gwynt Y Mor Scenario 1ai construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

remove and

during

total farm output

Cable

in the

from

install new

dismantling

for the number

Section

Section

Section

turbine parts

and

of hours lost for

(MW)

(not

installation

maintenance (%)

foundation) (h)

(GWh)

Number

1

10

36

480

17.28

16.17

2

10

36

480

17.28

16.17

3

10

36

480

17.28

16.17

4

10

36

480

17.28

16.17

5

10

36

480

17.28

16.17

6

10

36

480

17.28

16.17

7

5

18

240

4.32

8.09

8

5

18

240

4.32

8.09

9

10

36

480

17.28

16.17

10

10

36

480

17.28

16.17

11

10

36

480

17.28

16.17

12

10

36

480

17.28

16.17

13

10

36

480

17.28

16.17

14

40

144

1920

276.48

64.69

Total

160

576

7680

475.2
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Table 13.5 - Gwynt Y Mor Scenario 1aii construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

dismantle and

during

total farm output

Cable

in the

from

install new

dismantling

for the number of

Section

Section

Section

turbine above

and

hours lost for

(MW)

foundation (h)

installation

maintenance (%)

Number

(GWh)
1

10

36

576

20.736

16.17

2

10

36

576

20.736

16.17

3

10

36

576

20.736

16.17

4

10

36

576

20.736

16.17

5

10

36

576

20.736

16.17

6

10

36

576

20.736

16.17

7

5

18

288

5.184

8.09

8

5

18

288

5.184

8.09

9

10

36

576

20.736

16.17

10

10

36

576

20.736

16.17

11

10

36

576

20.736

16.17

12

10

36

576

20.736

16.17

13

10

36

576

20.736

16.17

14

40

144

2304

331.776

64.69

Total

160

576

9216

570.24
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Table 13.6 - Gwynt Y Mor Scenario 2a construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

dismantle and

during

total farm output

Cable

in the

from

install new

dismantling

for the number of

Section

Section

Section

turbine above

and

hours lost for

(MW)

foundation (h)

installation

maintenance (%)

Number

(GWh)
1

10

36

2064

74.304

16.17

2

10

36

2064

74.304

16.17

3

10

36

2064

74.304

16.17

4

10

36

2064

74.304

16.17

5

10

36

2064

74.304

16.17

6

10

36

2064

74.304

16.17

7

5

18

1032

18.576

8.09

8

5

18

1032

18.576

8.09

9

10

36

2064

74.304

16.17

10

10

36

2064

74.304

16.17

11

10

36

2064

74.304

16.17

12

10

36

2064

74.304

16.17

13

10

36

2064

74.304

16.17

14

40

144

8256

1188.864

64.69

Total

160

576

33024

2043.36
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13.9.2 Sheringham Shoal Calculations
Table 13.7 – Sheringham Shoal Scenario 1ai construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

remove and

during

total farm output

Cable

in the

from

install new

dismantling

for the number

Section

Section

Section

turbine parts

and

of hours lost for

(MW)

(not

installation

maintenance (%)

foundation) (h)

(GWh)

Number

1

8

28.8

384

11.0592

22.94

2

7

25.2

336

8.4672

20.07

3

7

25.2

336

8.4672

20.07

4

8

28.8

384

11.0592

22.94

5

7

25.2

336

8.4672

20.07

6

7

25.2

336

8.4672

20.07

7

7

25.2

336

8.4672

20.07

8

8

28.8

384

11.0592

22.94

9

8

28.8

384

11.0592

22.94

10

7

25.2

336

8.4672

20.07

11

7

25.2

336

8.4672

20.07

12

7

25.2

336

8.4672

20.07

Total

88

316.8

4224

111.9744
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Table 13.8 - Sheringham Shoal Scenario 1aii construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

dismantle and

during

total farm output

Cable

in the

from

install new

dismantling

for the number of

Section

Section

Section

turbine above

and

hours lost for

(MW)

foundation (h)

installation

maintenance (%)

Number

(GWh)
1

8

28.8

460.8

13.27104

22.94

2

7

25.2

403.2

10.16064

20.07

3

7

25.2

403.2

10.16064

20.07

4

8

28.8

460.8

13.27104

22.94

5

7

25.2

403.2

10.16064

20.07

6

7

25.2

403.2

10.16064

20.07

7

7

25.2

403.2

10.16064

20.07

8

8

28.8

460.8

13.27104

22.94

9

8

28.8

460.8

13.27104

22.94

10

7

25.2

403.2

10.16064

20.07

11

7

25.2

403.2

10.16064

20.07

12

7

25.2

403.2

10.16064

20.07

Total

88

316.8

5068.8

134.3693
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Table 13.9 - Sheringham Shoal Scenario 2a construction hours and capacity loss calculations

Inter-

Number of

Total

Hours to

GWh lost

Percentage of

Array

Turbines

Power

dismantle and

during

total farm output

Cable

in the

from

install new

dismantling

for the number of

Section

Section

Section

turbine above

and

hours lost for

(MW)

foundation (h)

installation

maintenance (%)

Number

(GWh)
1

8

28.8

1651.2

47.55456

22.94

2

7

25.2

1444.8

36.40896

20.07

3

7

25.2

1444.8

36.40896

20.07

4

8

28.8

1651.2

47.55456

22.94

5

7

25.2

1444.8

36.40896

20.07

6

7

25.2

1444.8

36.40896

20.07

7

7

25.2

1444.8

36.40896

20.07

8

8

28.8

1651.2

47.55456

22.94

9

8

28.8

1651.2

47.55456

22.94

10

7

25.2

1444.8

36.40896

20.07

11

7

25.2

1444.8

36.40896

20.07

12

7

25.2

1444.8

36.40896

20.07

Total

88

316.8

18163.2

481.4899
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13.10 APPENDIX 10 – VESSEL EMISSIONS TECHNICAL STUDY RAW DATA
TABLES

(SG)

Table 13.10 -3.6MW turbine vessel emissions calculations per turbine number at the wind farm

Number of

Total emissions for wind farm (kgCO2eq)

Turbines

Albatross

Eagle

25

764.49956

615.1788 615.1788 317.9097 370.0087

35

1070.29938 861.2503 861.2503 445.0736 518.0121

45

1376.09921 1107.322 1107.322 572.2375 666.0156

55

1681.89903 1353.393 1353.393 699.4014 814.0191

65

1987.69886 1599.465 1599.465 826.5653 962.0225

75

2293.49868 1845.536 1845.536 953.7292 1110.026

85

2599.2985

95

2905.09833 2337.679 2337.679 1208.057 1406.033

105

3210.89815 2583.751 2583.751 1335.221 1554.036

115

3516.69798 2829.822 2829.822 1462.385 1702.04

125

3822.4978

135

4128.29762 3321.965 3321.965 1716.713 1998.047

145

4434.09745 3568.037 3568.037 1843.876 2146.05

155

4739.89727 3814.108 3814.108 1971.04

165

5045.6971

175

5351.49692 4306.251 4306.251 2225.368 2590.061

Falcon

Hawk

Osprey

2091.608 2091.608 1080.893 1258.029

3075.894 3075.894 1589.549 1850.043

4060.18

4060.18

2294.054

2098.204 2442.057
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Table 13.11 -6MW turbine vessel emissions calculations per turbine number at the wind farm

Number of Turbines Total emissions for wind farm (kgCO2eq)
Albatross Eagle

Falcon

Hawk

Osprey

25

1082.061

870.7146 870.7146 449.9646 523.7046

35

1514.885

1219

45

1947.71

1567.286 1567.286 809.9362 942.6682

55

2380.534

1915.572 1915.572 989.922

65

2813.358

2263.858 2263.858 1169.908 1361.632

75

3246.183

2612.144 2612.144 1349.894 1571.114

85

3679.007

2960.429 2960.429 1529.879 1780.596

95

4111.831

3308.715 3308.715 1709.865 1990.077

105

4544.656

3657.001 3657.001 1889.851 2199.559

115

4977.48

4005.287 4005.287 2069.837 2409.041

125

5410.305

4353.573 4353.573 2249.823 2618.523

135

5843.129

4701.859 4701.859 2429.809 2828.005

145

6275.953

5050.144 5050.144 2609.794 3037.486

155

6708.778

5398.43

165

7141.602

5746.716 5746.716 2969.766 3456.45

175

7574.426

6095.002 6095.002 3149.752 3665.932

1219

5398.43

629.9504 733.1864

2789.78

1152.15

3246.968
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Table 13.12 -8.25MW turbine vessel emissions calculations per turbine number at the wind farm

Number of Turbines Total emissions for wind farm (kgCO2eq)
Albatross Eagle

Falcon

Hawk

Osprey

25

1158.511

932.2324 932.2324 481.7555 560.7054

35

1621.915

1305.125 1305.125 674.4577 784.9876

45

2085.32

1678.018 1678.018 867.16

55

2548.724

2050.911 2050.911 1059.862 1233.552

65

3012.128

2423.804 2423.804 1252.564 1457.834

75

3475.533

2796.697 2796.697 1445.267 1682.116

85

3938.937

3169.59

95

4402.341

3542.483 3542.483 1830.671 2130.681

105

4865.746

3915.376 3915.376 2023.373 2354.963

115

5329.15

4288.269 4288.269 2216.075 2579.245

125

5792.554

4661.162 4661.162 2408.778 2803.527

135

6255.959

5034.055 5034.055 2601.48

145

6719.363

5406.948 5406.948 2794.182 3252.092

155

7182.767

5779.841 5779.841 2986.884 3476.374

165

7646.172

6152.734 6152.734 3179.586 3700.656

175

8109.576

6525.627 6525.627 3372.289 3924.938

3169.59

1009.27

1637.969 1906.398

3027.809

Table 13.13 - Vessel Emissions for a 156MW capacity wind farm for 3.6MW, 6MW and 8.25MW turbines

Number of Turbines Total emissions for wind farm (kgCO2eq)
Albatross Eagle

Falcon

Hawk

Osprey

160

4892.797

3937.144 3937.144 2034.622 2368.055

96

4155.114

3343.544 3343.544 1727.864 2011.026

70

3243.83

2610.251 2610.251 1348.915 1569.975
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13.11 APPENDIX 11 – ENVIRONMENTAL IMPACT ASSESSMENT (EIA)
SUMMARIES OF GWYNT Y MOR AND SHERINGHAM SHOAL

(SG)

13.11.1 Gwynt Y Mor Commissioning and Decommissioning EIA
The Gwynt Y Mor EIA is shown in Table 13.14. The information was sourced from (CMACS
Ltd., 2005) and (Drew, 2011)
Table 13.14 - Gwynt Y Mor environmental impact assessment for commissioning and decommissioning activities
summary table (CMACS Ltd., 2005) (Drew, 2011)

Environmental

Installation/Commissioning

Category

Impact

Suspended

•

Sediment

•

Sediment is released

Decommissioning Impact

•

during foundation and

is small in magnitude when compared

cable installation.

to the natural variability.

Sediment transport will

•

not significantly change.
•

The creation of suspended sediments

The sediments are temporary and
localised, so have negligible impact

These changes are of short
duration, so have no
significant effects.

Scour of Seabed

If scour is seen from the

Not covered

monitoring postcommissioning, scour
protection will be installed.
Hydrodynamic

Localised changes will occur

changes (waves,

around the project area.

•

Engineering plants and vessels will be
on the site, located at a limited

tides, etc.)

number of locations at a given time.
•

A short duration will be at each
location, so is temporary and localised
in its impact.

•

No other additional impacts than in
the operational phase

Water Quality

No significant impacts from

There may be suspended sediments and

seabed disturbance during

contaminants during this phase. See
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Environmental

Installation/Commissioning

Category

Impact

Decommissioning Impact

installation due to rapid

‘Seabed Habitats’ row for more

dispersal of sediments after

information

disturbance.
Birds

•

Few birds fly through the

•

area and use it.
•

Disturbance to bird species using the
area could arise from the movement of
vessels and because of

Some birds may be

decommissioning activity.

displaced.
•

Short term increase in vessel
movements, but the disturbance to
bird species is low

•

Flight lines could be disturbed, but the
extra distance to fly around is not
considered a significant impact

Seabed benthic

•

habitats

•

•

Jack-up barges directly

•

affect the seabed, but only

seabed, but only affect <0.15% of the

affect <1% of the project

project area (0.07-0.012km2 of a site

area

area of 79km2)

Scour effects are

•

Removing cables by water jetting

localised, so bring no

disturbs seabed and introduces

significant effects

suspended particles. The cable lengths
are 195-320km long.

Seabed sediments rapidly

o

disperse to natural

•

Jack-up barges directly affect the

The recovery of the habitats is

background levels after

rapid and affects a limited

disturbances stop.

area, so is a low significance.
o

The cables across the

Suspended sediments are

‘beach zone’ will cause

intermittent and temporary, so

temporary disturbance,

are of negligible significance

but recovery of those
areas is expected to be
rapid.

•

Contaminants may be released
accidentally, but these effects are
negligible.
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Environmental

Installation/Commissioning

Category

Impact
•

Structures and Scour

Decommissioning Impact

•

Noise levels are less than those at

protection will provide

construction, so will have no impact

new surfaces for animal

on benthic communities

species such as mussels,

•

barnacles, tubeworms,

Scour protection removal will result in
a loss of biodiversity, due to the loss

hydroids, sponges, soft

of the artificial reef habitat.

coral and crabs – these

o

increase biodiversity and

Removal is gradual over 2-3
years, so allows a gradual

habitat complexity locally.

change back to the original
life. The biodiversity effect is
of negligible significance.
o

Few turbines have scour
protection, so has limited
impacts locally.

Fish and

•

Shellfish

Noise of pile driving may

•

drive fish kilometres from
the noise, but after hours

Suspended sediments can create
avoidance responses.

•

Spoil disposal can smother shellfish.

•

Spoil can deter fish spawning if at

the fish will return to the
area.
•

procedure will be used,

•

Spoil and suspended sediments are

which starts at a low

small-scale and temporary effects, so

intensity and gradually

will have no long-term effects, so is of

builds up to allow

low significance.

sensitive species to
evacuate
•

high concentrations.

“Soft-start” piling

•

Scour protection removal is gradual,
so fish can readjust and disperse. It

Electromagnetic fields of

will cause a small localised fish

the cables can affect some

production fall, but the effects are

fish species, such as rays.

highly localised and will not have a

More research is required

detectable effect on the Liverpool Bay

to understand the effects.
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Environmental

Installation/Commissioning

Category

Impact

Decommissioning Impact

population. The effect of this is of
negligible significance.
Marine

•

Mammals

Porpoises, deals,

and it is intermittent and temporary,

found in the Liverpool

so will have a low significance.
•

Noise can change the behaviour of

The “soft-start” piling

mammals and cause phycological

with acoustic deterrents

damage.

will be used to drive the

•

mammals away
•

Noise is less than during construction,

dolphinsand whales are

Bay area
•

•

The key frequencies of mammals do
not overlap with those from

Changes to mammal

decommissioning, s effects will be of

behaviour occur during

low significance.

the noise, but normal
behaviour quickly
resumes after the noise
stops.

•

Increased vessel activity can disturb
or harm mammals. The vessels are
slow moving and produce low
frequency sounds, so the usual
response is to avoid the vessel.
Vessels are also intermittent and are
small scale compared to regular
shipping activities, so is of low
significance.

Climate Change

Not covered

Negligible effect on the existing physical
environment

Contaminated
Sediments

Not covered

Plume modelling showed low
concentrations of contaminants in the sand
and gravel sediments. The contamination
would be temporary, intermittent and
transient in nature, so the impact is
negligible
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Installation/Commissioning

Category

Impact

Contaminants

Not covered

from Vessels

Decommissioning Impact

Spillages from vessels, such as oil, fuel
and lubricants are possible. Monitoring
and reporting of an event will occur, and
the dilution effect in water and sediments
mean the effect is considered of negligible
significance.

13.11.2 Sheringham Shoal Commissioning and Decommissioning EIA
The EIA for both commissioning and decommissioning activities for Sheringham Shoal are in the
Table 13.15 below. The information was sourced from an Environmental Statement report (Scira
Offshore Energy Ltd, 2006).
Table 13.15 - Sheringham Shoal environmental impact assessment for commissioning and decommissioning activities
summary table (Scira Offshore Energy Ltd, 2006)

Environmental

Commissioning Impact

Category
Hydrodynamics

Decommissioning
Impact

•

Waves will be modified in the immediate

Under the situation

and

vicinity of the foundations, but the impact

of leaving the

Geomorphology

would be small. Therefore, there would be no

cables in situ, there

significant accumulating effect on far-field

would be no broad-

coastal impacts.

scale or long-term

•

Currents would be modified in the immediate
vicinity of the foundations, but It is assumed
that there is no significant interaction with the
current flows. There is also no significant
impact on areas further from the site.

•

impacts on the
seabed level. Any
exposed cables may
need to be cut and
removed, but this
will only cause

Modifications on waves and current can locally

temporary and local

create scour around the foundation base. Due to

disturbance.

the sand waves and poorly consolidated areas,
scour is variable across the site, with monopiles
having the worst scour if no scour protection is

There is a high
potential for future
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Environmental

Commissioning Impact

Category

Decommissioning
Impact

•

used. Scour protection would be required is

exposure of export

scour will lead to instability.

cables throughout

No broad-scale seabed changes as a result of the
foundations.

the operation life
due to sand wave
activity.

•

Suspended sediment can occur during
construction activities. Monopile driving causes
less suspended sediment than drilling, so is
preferable. Cables would be installed by
ploughing where possible, otherwise trenching
will be used; both methods disturb sediments.
The worst-case scenario would be a 10km
plume in all directions lasting up to six tides.
The impact is negligible.

Water Quality

Re-suspension of sediments can occur during the

Impacts on water

installation of the turbines and substation

quality would occur

foundations, the installation of cables, the placement

during the removal

of scour material, and activity of construction

of the offshore

vessels.

structures, so re-

•

suspension is a

The sediments would be redeposited onto the
seabed but can impact water quality. Monopiles
create the least impact. For cable installation,
the plough or trench method would be used and
at worst case scenario the disturbance is
considered to have a negligible impact.

•

•

potential risk and
impacts, which are
similar to the
construction phase
impacts.

Vessels would have a small, localised impact on
the seabed for a short period of time; therefore,

Monopile cutting

the impact on water quality is considered

and removal would

negligible.

have sediments
remain in situ.

Contaminants and pathogens can be resuspended into the water, but all contaminants
when the seabed was sampled contained no
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Commissioning Impact

Category

Decommissioning
Impact

•

detectable pollutants and a low percentage of

Cables are expected

organic material, so there will be no impact on

to stay in situ, so no

contaminants or pathogens.

impacts would

Pollution from accidental spills/leaks of fuel, oil

come from them.

and construction materials could occur. Given a
good construction practice is followed, a
negligible impact is predicted.
Birds

•

•

Increased boat traffic and human presence can

Impacts are

cause disturbance. There is expected to be a

expected to be

small, but potentially significant reduction in the

similar to those of

numbers of Sandwich and Common Terns,

the construction

Razorbills and Guillemot.

phase, so any

Noise and vibration can disturb birds, causing
avoidance of the area by all bird species during
the duration of the disturbance. Piling is a
noisier activity, but of a shorter duration. It is
expected a similar effect to increased boat traffic
is expected for noise, therefore the impact is of
minor significance for Sandwich Terns, but
negligible for other species.

•

impact is
considered of a
minor adverse
significance for
Sandwich Terns.
All other key
species have
negligible impacts.

Cable laying activities can disturb birds for
feeding. The magnitude of the disturbance is
limited as the activity if short and localised, so
is considered to have a minor adverse impact at
worst.

•

Changes in prey supply may occur from the
changes in the seabed from sediment suspension
or construction noise. Any effects would
unlikely affect birds of concern, as they feed on
invertebrates and pelagic fish. Therefore, the
effect is of negligible significance.
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Commissioning Impact

Category

Decommissioning
Impact

•

Monitoring of Sandwich Terns will be put in
place during the construction phase.

Natural

•

Fisheries

•

Direct habitat loss occurs in the immediate area

•

Noise and

of turbine foundations and scour protection.

vibration

Some eggs would be destroyed is located within

effects will be

the footprint of the cables or foundations, but

similar to that

the proportion of total larvae is considered

found during

insignificant compared to those lost to natural

construction,

mortality and predation. It is expected that new

but there would

habitats would arise and be colonised quickly by

be no pile

benthic communities and associated species,

driving so the

such as commercially important species of fish

levels of noise

and shellfish. The impact of habitat loss is

would be

expected to be negligible.

greatly reduced.
The impact is

Temporary habitat loss can occur during

considered to

installation of cables and placing of anchor

be of negligible

points. The ploughing method of cable

significance.

installation has the least impact as the furrow is
backfilled and maintained its composition.

•

Cabling is

Trenching and jetting have greater

expected to

environmental impact as the backfill loses its

remain in place,

structure, but stability for jetting may be

so not elevated

improved when liquefaction of sediments leaves

levels of

the trench wall more stable. The suspended

suspended

sediments from these methods can cause fish to

sediment would

suffer fatal effects through burial or

occur.

fragmentation. The preferred method is
ploughing, but other methods may be used if
hard ground is encountered. The low area of
maximum disturbance and relatively quick rate
of recover means the impact is considered
negligible.

•

The removal of
foundation
bases will
temporary
displace fish
from the seabed
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Commissioning Impact

Category

Decommissioning
Impact

•

Construction noise and vibration occur mostly

habitats, but are

through pile driving, turbine installation, cable

localised and

laying and vessel movements. The only source

short in

that is significant is piling, as the high intensity

duration. Fish

sound can cause damage and fatality to certain

will return after

species. To reduce potential impacts, ‘soft start’

the disturbance

techniques will be used to builf up the intensity

stops.

for 30 minutes so allow species to move away

•

from the area where mortality and physiological

protection

damage could occur. The long term impact or

would be left in

displacement and mortality is of minor

situ due to the

significance, and the effects of early life stages

habitat it

are negligible.
•

Suspended sediment can affect spawning and

Scour

created.
•

early life stages of fish species in the area. The

Fish may be
attracted by

majority of fish species are tolerant to turbidity

foraging

and short-term increases in sediment, and for

opportunities

construction, the rise in suspended sediments is

from the

not considered to rise above background levels.

disturbed

The impact on the natural fish resource is

seabed.

considered to eb of negligible significance.
•

•
Sediment-bound contaminants can be
resuspended during the works, which may be
toxic to fish. The impact was found to be of
negligible significance for the area.

•

The complete
removal of
structures with
a mature
habitat will

Spillage of construction materials can occur, but

result in a

the effect in the water is less than on the seabed,

minor adverse

so there will be no impact or a negligible impact

impact.

at most.
Marine
Mammals

•

Ambient noise levels would increase, with the

Impacts are similar

monopile driving and cable trenching having the

to those of the

most noise. Potentially significant disturbance

construction phase,
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Commissioning Impact

Category

Decommissioning
Impact

•

occurs unless mitigation measures are put in

apart from piling.

place. Mitigation measures include ‘soft start’

Therefore the

strategies, marine mammal detection and

requirement for

response, and discouragement of marine

extensive

mammals such as acoustic harassment. Muffling

mitigation

of the noise can also be used, such as bubble

measures are

curtains or the use of a vibrating hammer.

reduced.

A collision risk is possible for ships but is
unlikely due to the small species size present in
the area and the small populations of them. The
high agility of the species likely to be
encountered as well as the low importance level
of the area for marine mammals means the risk
is negligible.

Geology, Water

•

All geological SSSIs (Sites of Specific

The impacts are the

Resources and

Scientific Interest) are a minimum of 210 metres

same as for the

Land Quality

away, so no impact is expected.

construction phase

•

Surface water quality may reduce from
accidental pollution. Good construction
measures and the implementation of multiple
pollution prevention guidelines minimises the
impact of pollution, so would have a negligible

but are likely to be
of shorter duration
and magnitude. No
impacts are
anticipated.

impact.
•

Contaminants were not found in significant
quantities in the area directly affected by cable
infrastructure, but potential areas of
contamination exist due to the area being a
historic former military base. Mitigation
measures were identified in a survey, so there
will be negligible impact as they are
implemented.
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Commissioning Impact

Category

Decommissioning
Impact

•

The disposal of construction wastes will be dealt
with according to regulations. Good
construction methods and adherence to
regulations means the impact is considered to be
negligible.
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13.12 APPENDIX 12 – EMPIRICAL DERIVATIONS OF SOIL PROPERTIES (KC)
Figure 13.25 contains the curves used to estimate the empricial coefficients and modulus of
subgrade reaction for calcilating soil’s mechanical properties.

Figure 13.25 - Empirical coefficients (a) and modulus of subgrade reaction (b) as a function of the friction angle
(Doherty & Gavin, 2012)
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