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a b s t r a c t

The offshore wind industry has historically focused on setting up new projects, with the decom-
missioning phase receiving little attention. This can cause future problems as decommissioning needs to
be planned at the beginning to prevent complications that may arise, as it implies important operations
and high costs. There are numerous features that make decommissioning a challenge, such as the marine
environment, the technical limitations of vessels and the lack of specific regulations that determine what
should be done, increasing the uncertainty of the process. Additionally, the unique characteristics of the
sites involve exclusive optimal solutions for each project. This article analyses the main operation pa-
rameters that affect the decommissioning process, identifying the benefits and drawbacks of the influ-
encing variables. A model is designed to compare different transportation strategies, searching for cost
reduction. A decommissioning methodology is been proposed based on this analysis, taking into
consideration the technical aspects of the process, and minimising environmental impacts. The model
forecasts that the predicted duration and costs of this process are not being adequately captured in site
decommissioning plans.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Offshore wind farms are relatively new, and therefore owner/
operators have been mainly concerned with improving installation
techniques and achieving operational efficiency. Despite the
potentially large costs, logistical difficulties and environmental
impacts, decommissioning has been given little attention to date.
This is an important matter because decommissioning is a signifi-
cant part of any project, and should be considered from the very
beginning, from the design stage, as if not done then, impacts can
become more severe and costs can be higher than expected.

Decommissioning is the last phase in a project’s lifecycle and
can be considered as the opposite of the installation phase [1],
where the principle “the polluter pays” applies [2], and ensures that
the site is left in a similar condition as it was before the deployment
of the project. The first offshore wind energy project to be
decommissioned took place in 2016, Yttre Stengrud, a 10 MW
project with five 2 MW turbines which operated for more than a
decade [3], significantly less than the expected lifetime of 20e25
years [4]. The decommissioning of the next two offshore wind
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farms has also been announced: Lely, a 2 MW project consisting of
four 500 kW turbines which have been operating since 1994 [5]
and Vindeby, the first offshore wind farm to be installed, a
4.95 MW pilot plant of eleven 450 kW wind turbines with gravity
based foundations [6]. The owner/operator decided to decommis-
sion the wind farm after 25 years of operation, reaching the pre-
dicted number of operating years [7].

An important early observation is that the requirements of a
decommissioning scheme are unique to each site, when referred to
the operating procedures regarding the site characteristics and the
time, the type of structures involved, the equipment used, or the
market conditions and contractual terms. On the one hand, this
complicates the development of a general methodology that could
be applied to any wind farm. On the other hand, the majority of
offshore wind farms that will be decommissioned in the next
decade will be monopile foundations, in relatively shallow waters
(less than 50 m), and with few small sized turbines, which will give
the opportunity for decommissioning teams to learn in “easy”
environments.

It is highly likely that, before a complete dismantling of the site,
repowering or refurbishment options will be studied by the owner/
operator. Repowering involves the replacement of the existing
turbines into more powerful ones, needing less for the same ca-
pacity [8] and after having proof that the site is ideal for exploiting
wind energy that the site. It is sometimes taken into account since
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the very beginning and not as a final decision, and so the seabed is
leased for twice as long the usual (40 or 50 years instead of 20e25).
Refurbishment involves the replacement of minor elements of the
project such as the drivetrain and the rotor and keeping if possible,
the tower, foundations and cables. This would allow existing pro-
jects to be updated to increase energy production [8]. For the Yttre
Stengrund project refurbishment was considered, but due to the
difficulty of getting hold of spare parts and the huge costs involved
in upgrading the turbines and gearboxes, it became financial and
technically unviable and the decision to decommission became
relatively straightforward [9].

With the installation of offshore wind farms increasing rapidly,
future decommissioning will become an important issue for the
industry.

2. Literature review

In the coming decade, nearly 10 wind farms will need to be
repowered or decommissioned [10]. Fig. 1 shows the evolution of
the predicted decommissioning in the offshore wind industry for
the next 30 years (for the existing plants), taking into account that
the expected designed life will be of about 20 years:

Decommissioning is referred to in this paper as all the measures
performed to return a site close to its original state as is reasonably
practicable, after the project’s lifecycle reaches to an end. The basic
components that need to be removed in an offshore wind farm
consist of: wind turbines, foundations and transition pieces, sub-
sea cables (export and inter-array), meteorological masts, offshore
substations and onshore elements as well as any existing scour
material [11]. It is important to know what will be done with each
of the above mentioned parts before the operations start: if they
can be re-used or recycled as a first option, or disposed as final
option. In the UK alone there are more than 1500 offshore wind
turbines, 21 offshore substations, 27 meteorological masts and 58
export cables that one day will need decommissioning [12], with
more capacity likely to follow.

As decommissioning is a relatively new topic, there is not much
legislation on it. Therefore a variety of options exist and will vary
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Fig. 1. Expected year of decommissioning of existing offsho
depending on the country [13]. They can range from complete
removal of the different elements and their re-usage or recycling
where possible, or appropriate disposal, or their left in situ after
operation is ceased [2].

2.1. Methods for addressing decommissioning

It can be assumed from analysing the onshore wind sector and
the offshore oil and gas industry, that decommissioning offshore
wind farms will involve mixture of techniques adapted from both
sectors. From onshore wind, the procedures used to remove the
elements and from the oil and gas industry [14], the specialised
vessels required to operate in challenging ocean conditions.

However, unlike offshore decommissioning in the oil and gas
industry, where service providers have accumulated sufficient
experience to enable them to carry out the works rapidly [15],
decommissioning offshore wind turbines requires a much larger
spatial and temporal scale. As a result of these differences, planning
will be more challenging, with actions highly dependent on
weather conditions. This will have direct repercussions on the final
costs of the operation [16].

In general, it is found that the schemes being proposed do not
have consistent coverage of all aspects of the decommissioning
problem, and there are no standard methodologies which have yet
emerged.

3. End of life of a wind farm

The designed lifetime of an offshore wind farm is expected to be
20e25 years. During the design stage, considerations should be
taken to ease and reduce the decommissioning costs. In most ju-
risdictions, a report specifying how the decommissioning will be
carried out (decommissioning programme) needs to be prepared
and submitted during the project management of a wind farm, so
that the permission for constructing is gained [17].

The operations chosen will depend on the site’s specific factors
such as the foundation type, the specialised equipment and vessels
available, the distance to ports, the water depth and the weather
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conditions. Themain scope is to transport structures as complete as
possible, simplifying the operations offshore and reducing the time
and economic expenditure. This is because offshore lifting is risky
and dependant on wind speed, so the preference should be to
maximise onshore disassembly [18].

The decommissioning of an offshore wind farm can be divided
into three different phases:

� Project management and planning, where the operations are
scheduled taking into account the time and costs involved, and
trying to achieve the most efficient and sustainable solution.

� The removal of the structures themselves.
� Post decommissioning processes such as the destination of the
removed elements or the monitoring of the sites’ recovery.

Repowering can also be considered as a type of decom-
missioning but with the subsequent installation of more powerful
wind turbines (heavier) trying to keep the majority of the electrical
system (cables and substations), reducing the capital costs of the
new project. The lifetime of the foundations will depend on the
type and the loads it receives, and can be projected to last over 100
years for gravity bases [19]. On the electrical side, array and export
cables (transmission cables) could last more than 40 years, and the
transformers 35 [20]. For a real example, the currently operating
Nysted project commissioned in 2003, the prevision was durations
up to 50 years for both foundations and transmission cables [21]
[22]. Taking these lifetimes into consideration, there are two
repowering options available:

� Partial repowering (Refurbishment). Installing minor com-
ponents (depending on the case) such as rotors, blades, gear-
boxes, drivetrains, power electronics and/or towers.

� Full repowering. Replacing old turbines with newer, bigger
units. Larger foundations can be required due to the heavier
weights.

This decision depends on factors such as the site, the size of the
project, the regulations applicable, the power price and operating
costs, the extent of reusable infrastructures, and the expected
profitability of the repowered project compared to the actual
market [23]. Moreover, there is still not enough experience on
precise estimation of remaining useful life of offshore wind
components.

Fig. 2 displays the different phases involved in the decom-
missioning of an offshore wind farm. The boxes on the left define
the 3 main stages (blue), middle boxes state the factors that in-
fluence these (green), and the ones to the right (orange) are sub-
elements affecting the previous ones:

3.1. Elements to remove

The structures that constitute a wind farm require different
actions to be removed and will usually require specific equipment.

3.1.1. Turbines
Wind turbines should be entirely removed from the site and

then dissembled onshore. The process begins de-energising and
isolating the turbine from the grid. A heavy lift vessel or dynamic
positioning vessel will be usually used, so it has to be mobilised to
the location. As there are different methodologies used to install a
wind turbine, there will also be several ones to dissemble it. The
procedure performed will depend on the size and weight of the
turbine, and will determine the lifting capacity and vessel’s deck
space. The majority of procedures proposed are the reverse of the
installation techniques practised to date [19]. The disconnection
procedures of the elements involved in a wind turbine will differ,
including the location of cutting cables.

From the different publically available decommissioning pro-
grammes [24e31], a summary table of preferred methods has been
created (Table 1).

The turbines’ specifications have been taken from the manu-
facturers’websites. Table 1 shows that the Siemens SWT-3.6-107 is
the preferred installed turbine, and that the heaviest individual
part to lift is the nacelle of the 5 MW 5M Senvion turbine. If the
turbinewas lifted as one piece, the heaviest casewould again be the
5M Senvion turbine, with a total weight of 661 tonnes.

To start with the process, liquids such as gear or motor oils and
any other chemicals that can be present, either can be collected and
removed from the turbine for a later satisfactory treatment, or left
inside the nacelle to minimise spillage risk and be collected once
onshore. Bolts will be removed using normal methods or with
angle grinders and plasma cutters if the first option is not possible
[28]. Interconnecting cables to adjacent structures need cutting, but
it will depend on the method chosen. While the tower is being
lifted, the foundation is prepared for removal. The vessel necessary
will be reliant on the removal option performed: a self-propelled
vessel that fills its deck capacity returns to port, or a smaller jack-
up for lifting procedures and barges used for transportation.

The best methodology will involve a reasonable operating time,
with reduced risk to personnel (so containing a considerable
number of heavy lifts) and that is economical to perform.

3.1.2. Transition piece
The transition piece is the structure connecting the lower part of

the turbine tower to the foundation, usually by means of a bolted
flange connection. It contains elements such as J tube cable guides,
access ladders and platforms [30], and will usually weigh around
300 tonnes [29]. The cables interconnecting the turbine’s towerwill
be disconnected and cut, and then the connection to the founda-
tion, making the lifting operation possible. A cutting tool needs to
be fitted under the airtight platform of the transition piece while
the J-tubes are cut. The cutting of the transition piece will start
when the crane is in position to support the load [26]. Another
option is to lift the transition piece all together with the foundation
[29], but this means a lifting of a large weight of around 1000
tonnes (which will depend on the type of wind turbines the wind
farm has), requiring specialised cranes and extreme safety
measures.

3.1.3. Foundations
The operations performed will mainly depend on the type of

foundation. Specialised vessels are required due to the heavy lifting
as consequence of the high weight of the foundations. As a general
rule, after the removal of the J-tubes, internal access to the foun-
dation is gained. A cutting method is then used to take out the
external J-tubes and cut the foundation where it has been decided
in the decommissioning programme, making lifting possible [28].

There are two removal options proposed: the complete removal
of the foundation, or the cutting from a certain depth below the
mud line and leaving the rest in situ, so that it will not disturb the
site’s activities [29].

Cutting and leaving in situ the rest is usually the preferred op-
tion as it reduces the risks, it is more economical to perform, and
the site is disturbed less. Landfilling will be necessary to cover the
hole left after the foundation is removed [28]. The foundations’
removal operations will be fairly dissimilar depending on the type
of foundation. This is expanded below.

3.1.3.1. Monopiles. First of all, each pile footing is inspected and it is
decided whether lifting attachments are needed. This is done by
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either remotely operated vehicles (ROVs) or divers. The chosen
vessel will bemobilised to the site, and can be a floating crane, jack-
up barge or special offshore unit with stabilising legs [28]. If the
foundation is covered with scour protection, it has to be removed,
allowing access for the cutting process. The excavation can be done
with a sea trencher (or equivalent) [28]. The crane hooks from the
vessel are positioned and attached to the lifting points of the
foundation. The piles are cut below the seabed, but the distancewill
depend on the type of seabed, and the wind farm’s
decommissioning programme (usually a few meters beneath the
mud line), so excavation equipment will be necessary.

The size of the piles, the penetration depth into the seabed and
its weight makes it very complex to remove the entire structure,
involving big risks to personnel, and great environmental impact
due to deeper excavation and disturbance. Moreover, specialised
equipment is required during longer periods, which means it is a
more expensive and a less practical option than cutting [30]. The
further down into the seabed the monopile is cut, the more



Table 1
Methods proposed in the decommissioning programmes. Source: Authors Analysis [24e31].

Wind Farm Gunfleet Sands Thanet Lincs Ormonde Sheringham Shoal Greater Gabbard Gwynt y Môr Dogger
Bank
Teesside
A& B

Description 3 Blades
Individually,
Nacelle and Hub,
Tower

1 Blade, Bunny
Ear Rotor and
Nacelle, Tower

3 Blades
Individually, Nacelle
and Hub, Tower

e 3 Blades Individually,
Hub and Nacelle, Top
Tower, Bottom Tower

Rotor, Nacelle,
Tower

Rotor, Nacelle, Top
Tower, Bottom
Tower

Reverse
Installation

Turbine
Rotor
Nacelle
Tower

SWT-3.6-107
107 m, 95 tonnes
125 tonnes 255
tonnes

V90-3 90 m, 41
tonnes 70
tonnes 285
tonnes

SWT-3.6-120 120m,
100 tonnes 125
tonnes 210 tonnes

5M 126 m, 130
tonnes 325
tonnes 206
tonnes

SWT-3.6-107 107 m, 95
tonnes 125 tonnes 255
tonnes

SWT-3.6-107
107 m, 95 tonnes
125 tonnes 255
tonnes

SWT-3.6-107
107 m, 95 tonnes
125 tonnes 255
tonnes

?
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expensive and risky it becomes.
The cutting methods proposed are usually either diamond wire

cutting or water jetting (with a remotely operated high pressure
water/grit tool) [24], but the one that damages the least should be
used. Any debris found needs to be removed too. The detached
foundation is then loaded onto the chosen transportation vessel,
and shipped shore when the vessel has full capacity.

3.1.3.2. Gravity. There is a conflict on what to do with this type of
foundation. A marine habitat will have established around the
foundation when it is time to decommission, so there are two op-
tions: to leave the base of the foundation and cut the tubular sec-
tion, or to remove it entirely. The second optionwill be compulsory
if it implies a navigational hazard or there is an environmental
preference.

The operations will start with ROVs or divers, as done with the
monopile foundations, establishing the base structural integrity
and placing the lifting attachments if required. The ballast from the
base has to be removed and disposed, and so the mobilisation of a
vessel capable of suction dredging is essential, inspecting with
ROV’s or divers that it is correctly done. Below the foundation there
are compacted sediments that need to be disaggregated, enabling
the foundation to be lifted out from the seabed. Once this is done, it
will be loaded onto a transportation vessel. The seabed will be
inspected searching for debris to remove [31].

3.1.3.3. Jacket. This structure can be lifted in a single lifting oper-
ation by cutting through each of its legs at a considerable level
below the seabed. The legs consist of a pile driven into the seabed, a
stub pipe at the bottom of the structure, and grout filling the space
between them. Lift rigging needs to be installed from the jacket to
the crane vessel before the legs are cut, which is usually donewith a
diamond wire cutting tool and with the help of ROVs (in order to
minimise risks to safety). Excavation on the seabed is required to
reach the location of cutting. Once the four legs are cut, the struc-
ture can be completely lifted and loaded onto a transportation
vessel. While onshore, the steel can be recycled [27].

3.1.3.4. Bucket/suction. Regarding this type of foundation, a pump
system is used to apply pressure inside the buckets and enables the
release and extraction of the foundation from the seabed. The
pumping of seawater or ballast from inside the foundation makes
the structure buoyant, easing the process of capture onto a vessel
for its later transportation [31]. Moreover, it has less environmental
disruption due to no excavation or cutting requirements and the
foundation can be completely removed.

3.1.4. Offshore substation
The structure can be divided into two parts: the topside, and its

foundation. The topside is transported onshore as a single
structure, and can be filled either with oil or resin, so it first has to
be emptied reducing the potential risk of spillage [28] or safely
contained [26]. The techniques developed will be alike for the
turbines. It is important to asses any potential hazard or pollutants
that could appear during the operation, as well as mitigation pro-
cedures, to allow their elimination.

The mobilisation of a decommissioning vessel capable of lifting
the topside, and then its foundation is necessary. The topside will
usually be the heaviest component of the farm [28]. When the
vessel is ready, the first step is to disconnect the substation from the
grid and de-energise it. Lifting points need to be installed followed
by cutting the welded stab-in connections between the substation
and the foundation, so that both structures can be lifted separately.
Once they are loaded onto the vessel, they can then be transported
onshore to correctly process them.

3.1.5. Meteorological mast
The meteorological mast will be decommissioned using a

similar process to the turbine’s tower, and its foundation will
depend on the type, as it was previously mentioned [29].

3.1.6. Subsea cables
Subsea cables include both inter-array cables and export cables.

They are usually buried into depths of more than a meter below the
seabed [31], which will not pose safety risks for marine users and
have limited environmental or pollution impacts [28] e although
this depends on the cable technology adopted.

Cables can be partially or wholly removed, but this will gener-
ally depend on if the cable is buried or not, as the total removal of
covered cables will involve extreme costs. Monitoring is important
so that cables do not become exposed, and if this happens,
appropriate burial actions are carried (using ROVs) [28].

It is possible to consider that the recovery is necessary only in
some areas (cable crossings), and so the process starts with locating
the cables (which may involve use of ROVs). Flow excavation and
grapnels can be used to raise the cables from the seabed, cutting the
required sections, and weighting and returning the remaining ends
to the seabed, or by lifting cable ends onto a retrieval vessel where
they are spooled onto a drum. If subsea trenches are formed, they
will be naturally filled by tidal action [24]. The cables will be cut as
near as possible from the foundation, burying the ends to a depth of
around 1 m, and minimising disruption on the marine habitat and
seabed [29]. The cables are transported onshore for suitable
treatment.

The complete removal is considered to cause substantial dam-
age and disruption to the seabed given the extensive length of the
cables [32]. There would be need for excavation to pull them out of
the trench, and then cutting, which involve high costs [29]. Leaving
the cables in situ and well buried is therefore the best opportunity
suggested till date, though this may require some study of marine
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current action to establish the risk of the cables becoming exposed.

3.1.7. Scour protection
Marine life will have flourished around scour protecting any

element of the wind farm, therefore it is sometimes difficult to
determine if it is better to remove it, or leave it. As a general rule,
scour will be left in situ, but if it is considered preferable to be
recovered, then it will be dredged and shipped for reuse, or to a
disposal site.

If there is rock fill, the individual boulders can be collected with
the help of a grab vessel, loading them on a hopper barge and
transporting them for reuse or disposal. If there are frond mats,
concrete aprons or other cable protections, a crane vessel is used,
and their recycling can be studied [31].

3.1.8. Onshore elements
There is still no requirement for the decommissioning of the

onshore cables from an offshore wind farm, so their complete
removal might not be considered. Any onshore cables that are
buried can be studied to be left in situ where appropriate, as the
potential environmental impacts involved will be similar to the
ones during the installation. The onshore converter substations and
any other structures must be properly dismantled, restoring the
land to its original state [31].

3.2. Cutting techniques

Extensive cutting work is required during the decommissioning
of this type of projects. There are several options available, of which
some have been stated previously: diamond wire cutting [33],
water jetting [34], and explosives [35]. When a wind farm reaches
to its decommissioning time, better techniques may be available,
and will need to be studied. The options available are as follow:

� Diamond wire. The cut is a consequence of the friction pro-
duced by the wire against the structure. Its advantages are that
there are no vibrations, it is less pollutant, it can be wrapped
around almost any size or shape and it is a cost effective solu-
tion. As a drawback, it requires a good access to the cutting area

� Water jetting. A jet of water and an abrasive substance released
at high pressure. It can cut any material and can be easily
automated but components fly off and the environment is
affected more. It also comprises higher costs.

� Explosives. A lined or unlined cavity in the explosive produces a
high energy cutting jet. Low time is required and there is enough
experience in controlled demolition of structures by this means.
Usually non explosive methods are preferred because it in-
creases the risks and needs a lot of planning and there is more
disruption of the marine environment.

The preferred cutting technique will be diamond wire the cut-
ting as piles should not be too complicated to wrap around, it is
economical, and there is little marine disruption.

3.3. Destination of removed elements

A significant decision concerning the decommissioning plan-
ning is to select what to do with all the structures once they are
onshore. The structures should be disassembled into the different
materials they are made of, so that the material can be then pro-
cessed. Where possible, a prioritisation should be done and being
the option for reusing the first. If this alternative is not valid, it will
be followed by recycling the materials that comprise the removed
elements. As last, meaning that the other two options are not valid,
disposal (landfill) [36].
3.4. Vessels

The logistics involved in the decommissioning process is an
essential part of the planning. A methodology that comprises low
risks, costs and reducing the operating time, would be ideal. There
are numerous vessels that can be chartered, but there is still no
single correct answer to which one(s) is/are adequate to use. The
factors that influence which vessel to choose depend on the
number of turbines and foundations to remove (space availability
on the deck), their weight (crane capability), the site’s water depth
and seabed type (not all vessels can work on all seabeds), and the
market availability [37]. The methodologies carried out to remove
the turbines and the foundations will also need to be known to
search for the best combination possible.

Apart from deciding what vessel(s) carry out the removal op-
erations, it is important to choose an appropriate transportation
strategy. This will depend principally on the distance to port and
the number of wind turbines the wind farm has. There are two
options [38]:

� Multitask decommissioning vessel. The vessel is required to do
both the removal operations and the transportation of the
components to port. There can be more than one vessel doing
the job to reduce the decommissioning period, but the costs
would also increase.

� Decommissioning vessel and transportation vessel. The
decommissioning vessel is used only for the removal of the
structures, and they are loaded into another barge that ships
them to shore. There could be more than one barge so that the
decommissioning vessel does not have to wait till it returns to
continue working.
3.5. Decommissioning programmes

For the purpose of this article, all the decommissioning pro-
grammes available have been studied into detail. On the one hand,
similar characteristics have been identified in the reports such as
that buried cables will be left in situ, monopile foundations will be
cut at a minimum depth of 1 m below the seabed and then lifted,
and the same for the offshore substations’ jacket foundations.

On the other hand, each wind farm has different number of
wind turbines, meteorological masts, substations, distance to shore
and depth, seabed materials, weather conditions and cable length
[11] [40] [41]. This means that the programmes will be unique to
each wind farm and will be difficult to generalise a methodology.
Due to this, each wind farm will have its own schedule with
different timings, and costs.

Table 2 summarises this analysis making it easier for compari-
son. The two factors that have been recognised to have the greatest
impacts on the decommissioning programmes, need to be thor-
oughly studied.

3.5.1. Time
A very important aspect of the decommissioning programme is

how tomanage and predict a correct timing for the operations to be
done. The weather is one of the big challenges concerning this
stage, as the environment itself can become hostile and unsafe for
the personnel. The number of turbines and foundations the wind
farm has, the distance to port and the methods and vessels used for
the removal operations are also influencing factors. Due to this,
planning has to be done precisely as high costs are involved. It is
estimated that the time taken should be around 50e60% less than
the installation time [42].

From Table 2 it can be seen that the activity most time



Table 2
Summary table of the decommissioning programmes available. Source: Author analysis [24e31].

Wind Farm/
Specifications

Gunfleet Sands Thanet Lincs Ormonde Sheringham
Shoal

Greater Gabbard Gwynt y Môr Dogger Bank (Teesside
A&B)

Commission Year 2010 2010 2012 2012 2012 2013 2014 ?
Capacity (MW) 172.8 300 270 150 316.8 504 576 2 � 1200
Distance (km) 8.5 11.3 8 9.5 17e23 26 13e15 131
Depth (m) 2e15 20e25 8e18 17e22 15e23 20e32 12e34 20e35
Seabed Material Partially

lithified cross-
bedded sands

e Glacial till,
cretaceous
chalk*e

e Soft clay, chalk Silty clay, clayey,
sandy silts, sand*l

Granular
sediments, sand,
glacial till

e

Turbines (MW) 48 � 3.6
(SWT-3.6-107)

100 � 3 (V90-3) 75 � 3.6
(SWT-3.6-120)

30 � 5 (5M) 88 � 3.6
(SWT-3.6-107)

140 � 3.6
(SWT-3.6-107)

160 � 3.6
(SWT-3.6-107)

2 � 200 x (4e10)

Weight (tonnes) 475 396 435 661 475 475 475 ?
Expected Life

(years)
20 20 � 2 20 � 2 e 20 � 2 25 � 2 (20e23) x 2 (20e25) x 2

Meteorological
Mast and
Foundation
Type

1: Monopile 1: Monopile 1: Monopile e e 6: Monoopile 5: Jacket 5 þ 5

Weight
Transition
Piece (tonnes)

230 e 290 500 200 300 e ?

Foundation Type Steel Monopile:
Cut (1 m)

Steel Monopile:
Cut (2 m)

Steel Monopile:
Cut (1 m)

Steel Jacket:
Lifted þ Cut
(1 m)

Steel Monopile:
Cut

Steel Monopile:
Cut

Steel Monopile:
Cut

?

Weight (tonnes) 225e423 e 225e320 250 370e500 660 200e700 ?
Foundational

Depth into
Seabed (m)

27e38 e 15e30 e 23e37 30 e

Offshore
Substation

1: Monopile Cut
(1 m)

1: Jacket
lifted þ Piles Cut
(2 m)

1: Jacket
lifted þ Piles Cut
(1 m)

1: Jacket
lifted þ Piles
Cut (1 m)

2: Monopile Cut 4: Jacket
lifted þ Piles Cut
(1 m)

2: Jacket
lifted þ Piles Cut

1 þ 1: ?

Weight: Topside,
Foundation
(tonnes)

1315, 414*a 1460, 820 2250, 970 900, 540 875, e 500, 850 1415, 400e1000 ?

Scour Material Left in situ e Left in situ e Left in situ Left in situ Left in situ Left in situ
Interray Cables Copper 33 kV:

Left*b
Copper 33 kV:
Left (buried 1 e

2 m)

Copper 33 kV:
Left

Copper 33 kV:
Left (buried
0.6 m)

Copper 36 kV:
Left

Copper 33 kV:
Left (buried 1
e1.5 m)

Copper 33 kV:
Left

33 kV: Left

Total Length
(km), Section
(mm2)

36, 500/150 65, 95/300/400 85, 185/630*f 27, 150/300/
500

83, 400/185 173, 150 148, 185/500 1270 þ 1270, ?

Export Cables Copper
1 � 132 kV: Left
(buried 2 m)

Copper
2 � 132 kV: Left
(buried 1e2 m)

Copper
2 � 132 kV: Left
(buried 1e3 m)

Copper
1 � 132 kV: Left
(buried 2 m)

Copper
2 � 145 kV: Left
(buried 1 m)

Copper
4 � 132 kV: Left
(buried 1e1.5 m)

Copper
4 � 132 kV: Left
(buried 0.5e1 m)

2 � 2 � 132 kV: Left

Total Length
(km), Section
(mm2)

9.3, 800 51, 1000/630 96, 630 43, 800 44, 630/1000 4 � 45.5?, 800 85.2, 500 2� 260.5þ 2� 220.2, ?

Decommission
Time (days)

100*c 270*d 1339*g 570*i 1350*j 260*m 730*n 1095*p

Costs (£/MW) e 40,000 101,200*h e 31,900*k e 111,000*o e

If no data was found a “e” is used.
If it has yet not been decided a “?” is used.
In Dogger Bank there are two wind farms included (A&B).

a Foundation þ transition piece.
b Remove any uncovered cables.
c Project management, planning and procurement: 40 days þ Offshore decommissioning: 60 days.
d Each WTG: average of 2 days to decommission, load and transport to shore (after taking weather downtime in consideration), offshore substation: up to 3 weeks. It is

probable to require 24 h working. Total: 9 months.
e Lincs seabed: The surface is made of marine deposits consisting of sandy and gravelly sediments estimated to be 1m thick, then glacial till is found (5e13m) and after that

crestaceous chalk extends 100e200 m in depth.
f 64 km of 185 mm2 and 20.5 km of 630 mm2.
g Project management, planning and procurement up to 36 months. Decommissioning operations: 259 days (163 turbines).
h Includes vessel time and ancillary activities. These costs assume the disposal costs of the bulk materials once transported to onshore equate to the scrap value of the assets.

Total cost of £27,322 k.
i Project management, planning and: 180 days þ Pre-survey, isolate, cut cables, remove or bury cut ends, remove exposed lengths: 25 days (plus weather window

downtime) þ Remove topsides, jacket and foundations: 60 days (plus weather downtime). To allow for efficient scheduling of crane vessels during appropriate weather
windows, this may take place up to 360 days after all cables have been cut. Post work survey: 5 days (plus weather downtime) plus 30 days for analysis.

j Project management, planning and procurement and contract follow-up: 36 months þ offshore decommissioning: 6e12 months (taken average of 9) - decommissioning
of 88WTGs: 200 days.

k Expected costs are 1,415,515 kNOK for the whole wind farm in March 2014. 30% Contingency included. Exchange rate used was: 1 NOK ¼ 0.1006 GBP.
l Stiff marine silty clay, clayey and sandy silts and subordinate sands. This formation is evident underneath the site and surrounding area to a depth of over 100 m.

m Project management, planning and procurement: 90 days þ offshore decommissioning: 140 days þ onshore dismantling and disposal: 170 days (run in parallel).
n 2 years: 365 � 2 days.
o The decommissioning is expected to be £40,000/MW but have a budget of £400,000/turbine.
p Including project management, planning, procurement and onshore works (dismantling and disposal: 3 years).
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consuming is the project management, planning and procurement,
but it is not included in all the reports. Moreover, it is questionable
that the decommissioning time expected for Lincs (75 turbines) is
twice the one predicted for Greater Gabbard (140 turbines). With
the help of these results it can be predicted which report has been
too optimistic and which has been more realistic, though it should
be recognised that not all factors can be captured here (E.g: seabed
bathymetry and sediment composition will both influence the ease
of these operations).

3.5.2. Costs
The estimated cost for decommissioning an offshore wind farm

is around 2e3% of the total capital cost. This means that the
developer needs to save money during the life cycle of the wind
farm in order to be able to pay its end of life. The middle life accrual
is the preferred mechanism as funding structure, and consists of
starting to save money when the wind farm is in the middle of its
operational period [43].

The decommissioning has to be carefully planned because if it is
required earlier than programmed, this will increase the costs (and
will involve less benefit too). The availability of the vessels is a
crucial factor for the planning and will determine when the
decommissioning operations can be done, comprising a large
amount of the costs [44]. A breakdown of the costs can be found in
Fig. 3.

The removal of the foundations is found to be nearly half of the
total costs, as these are very heavy structures that require complex
techniques and specialised equipment. The other important value
is referred to the disassembly operations, as it will have a lot of time
consuming activities.

Themajority of the reports do notmention costs or refer to them
as confidential values. Table 2 shows a wide range of costs. This is
because the costs are affected by the type of foundation, the loca-
tion of the wind farm and the availability of technical expertise and
equipment. The first cost prediction was of around £40,000/MW
[43], but as years have passed these values have changed. DNV GL
estimated in a recent study that decommissioning figures could be
between V200,000e600,000/MW [39], meaning 60e70% of the
40%

19%
6%

35%

Decommissioning C

Fig. 3. Decommissioning costs
installation costs [23]. These costs are expected to decrease once
experience is gained. Furthermore, it can be seen that the projected
costs for Sheringham Shoal are very large compared to the others.
This could be conservatism on the part of the owner/operator, a
reflection of the sites complexity, or due to an error in the
decommissioning programme’s calculations.

4. Modelling decommissioning time and costs

It has been revealed that the published decommissioning pro-
grammes have very dissimilar decommissioning timings and costs
per MW installed, motivating further research into the decom-
missioning programmes. To achieve this, a model taking into ac-
count the key variables that affect the decommissioning operations
has been designed, modelling all the sites and their characteristics
included in Table 2. The model is implemented in MSExcel. The
modelling presented focuses on turbines and support structures.
Offshore substations and cables were excluded from the model due
to a lack of input data, and will be captured in future modelling
activity. It is therefore expected that the model outputs will be
optimistic. The two transportation strategies previously mentioned
have been modelled to recognise which is best to use depending on
the wind farm’s characteristics.

4.1. Self-transportation model

The vessel chosen to perform the tasks of removing the wind
farm’s elements and then ship them to shore is a Wind Turbine
Installation Vessel (WTIV). For the purposes of this study the
specifications are: transit speed up to 10 knots, 1500 tonne lift ca-
pacity, deck capacity for 10 turbines or 8 foundations, daily price is
of £150,000 and the mobilisation £300,000. With this vessel, two
scenarios have been modelled: using just one WTIV and using 2
WTIVs working in parallel.

4.2. Multi vessel transportation model

In this case, a non-propelled Jack Up has been chosen to carry
osts Breakdown

Offshore Prepara on

Vessel Mob/Demobilisa on

Disassembly

Founda on Removal

breakdown. Source: [43].



Fig. 4. Estimated decommissioning time per MW. Source: Authors Analysis.

Fig. 5. Estimated decommissioning costs. Source: Authors Analysis.
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out the removal operations while two barges work in parallel on
the transportation. It is possible to optimise [45] the number of
barges used but this is not the focus of the current study. The Jack
Up has a lifting capability of 1000 tonnes, a dayrate of £75,000 and a
mobilisation cost £200,000. Regarding the barges, they are
assumed to have a speed of 10 knots, a capacity of 8 turbines and 6
foundations, a daily price of £50,000 and mobilisation cost of
£100,000.

4.3. Results: preferred transportation strategy

This model has enabled the comparison of different site char-
acteristics and the time and costs they would comprise. Fig. 4 vi-
sualises the modelled decommissioning time for each site.

As expected Fig. 4 shows that for all sites the decommissioning
time is greatly reduced 2 WTIVs are used. The only wind farm that
has a greater published estimated time than the modelled one is
Ormonde, meaning that their decommissioning planning could be
conservative. Thanet, Lincs and Sheringham Shoal are close to the
modelled result if 2 WTIVs work in parallel or if the multi vessel
strategy is used. For Gunfleet Sands and Greater Gabbard, the only
modelled strategy that would fit in their timing would be the 2
WTIVs. Moreover, the distances that have been used on the model
do not affect notably the decommissioning time. The average
decommissioning time in the reports is nearly 1 day/MW, being for
one WTIV 1.34 days/MW, for multi vessels 1.27 days/MW and the
least for 2 WTIVS 0.67 days/MW. Compared to the modelled times
the majority of reported assumptions seem optimistic.

Fig. 5 shows the modelled decommissioning costs for each wind
farm.

As previously mentioned, not all the decommissioning pro-
grammes included their expected costs, hence the comparative
data in Fig. 5 are incomplete, however all sites except Sheringham
Shoal have been predicted confidently. Moreover, themodelled cost
for 2 WTIVs is similar to a single WTIV because there are half days
to pay for but double mobilisation costs. The most expensive
method is the multi vessel strategy as there are 3 vessels to pay for.
Furthermore, Dogger Bank involves the least costs as there is more
operation time due to the high capacity the wind farm has, and so
the mobilisation costs are compensated. The average costs for all
the means of transport are over £200,000/MW, which is more than
the average predicted in the decommissioning programmes
(£86,000/MW).1

As a result of this analysis, it has been concluded that the ideal
transportation method to use is 2 WTIVs working in parallel as it
has the least decommissioning time and the costs are reasonable.
However, these initial results should be treated with caution before
a full sensitivity analysis is carried out. This will be addressed in
future work.

5. Summary of key results

As a result of the analysis of the whole decommissioning pro-
cess, and the identification of the merits and drawbacks of
numerous stages, now it can be stated the best and most sustain-
able methodology to follow, as well as the transportation strategy
to optimise time and costs.
1 It has to be noted that none of the vessels selected would be able to lift Lincs’
topside (2250 tonnes), so a specialised heavy lifting vessel would be necessary. This
vessel has an estimated dayrate of £270,000, which would increase considerably
the overall costs. On the other hand, the selected Jack Up’s crane capacity is also
very limited, being unable to lift many of the elements. It has been assumed that
when these operations are carried out, there will be more availability on the ves-
sel’s market, with improved characteristics.
5.1. Proposed decommissioning methodology

Turbines: It is known that the turbine removal operations can be
delayed if there is too much wind. As the wind farms are placed in
windy areas, this can be a problem. Moreover, as previously seen,
the less offshore disassembling the better. Regarding this, and as
there are specialised vessels capable nowadays, the suggested op-
tion would be to lift the turbine as a single structure. It will involve
heavy lifting operations, but it will be nothing compared to the
offshore substation’s topside lifting (5M Senvions’ turbine in
Ormonde was the heaviest turbine studied with 661 tonnes, while
Linc’s topsidewas 2250). These operations will implicate high risks,
but due to the similar operations being performed in the oil and gas
sector, by the time decommissioning gets near, eventually there
will be enough experience. No liquids (oil or any other) will be
collected offshore to avoid the risk of spillage.
Transition piece: Lifted together with the foundation, as the total
lift is estimated to be less than 1500 tonnes, being again, a
smaller value than for the topside. There are specialised vessels
available to perform these operations, no cutting will be
required, and by the time decommissioning happens, there will
be experience.
Foundations: Concerning the monopile and jacket foundations,
they will be cut into a depth more than 1 m below the mud line,
so that the environmental impact is minimised and the process
becomes more sustainable. Then, they can be lifted. In the case of
gravity and suction foundations, no cutting will be necessary, and
will be completely lifted after their corresponding actions. As it
can be seen from Table 2, the foundations installed until now, are
mainly monopiles driven into the seabed at an average of around
20 m, meaning that the majority of the pile will be left in the site.
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Offshore substation: Regarding the topside, no liquids will be
collected offshore (oil or resin) to reduce the spillage risk, and
will be lifted as a whole piece. This can involve very heavy lifting
cranes depending on the substation, as Lincs’ topside (2250
tonnes). The foundation will be treated as mentioned before.
Meteorological mast: It will be lifted in just one piece, similar to a
turbine tower. The foundation as above mentioned.
Subsea cables: The inter-array and export cables can be left in situ
if their burial depth is more than 1 m. In the case of burial depths of
less than 1 m, or unburied cables, they will be cut where they
become buried to a meter, and then removed. Monitoring of the
buried cables shall be done to verify that they are correctly buried, if
not, actions shall be taken.
Scour protection: If there is any, as a general rule it will be left in
situ, as life will have flourished and so it is not disturbed. If it is
recognised to become a hazard, it will be dredged.
Onshore elements: Buried cables will be left in situ to reduce the
environmental impacts and any building or structure will be
completely dismantled to restore the site to its initial
characteristics.
Cutting techniques: Diamond wire will be the preferred tool for
the cutting operations as it is the least environmental harmful, can
work in a wider range of monopile diameters and it is economical.
Destination of removed elements: The first option will be to
reuse, but only turbines that are relatively new and that have still
an expected life of more than 10 years. The rest will be recycled as
second option. All the materials that cannot be recycled will be
landfilled.
Transportation strategy: The results showed that the best trans-
portation scheme was to use 2 WTIVs working in parallel, as the
costs are similar to one WTIV but halving the decommissioning
time. Additionally, the higher the capacity the wind farm has, the
more decommissioning time it will take. As a result, the mobi-
lisations costs will be compensated and so the overall costs would
be reduced. Furthermore, there are elements that are becoming too
heavy and that require specialised heavy lifting vessels.

6. Fields for future research

As well as with the installation process, the decommissioning
will depend on many factors that are dissimilar for each site. There
is still need for investigation on themain challenges concerning the
decommissioning stage:

� Turbine removal. There are many alternatives for disassem-
bling offshore wind turbines; ones with fewer lifts but heavier,
others with more but lighter lifts. Experience is required to
confirmwhich one could be the best ones to implement, but this
will probably not have a unique solution.

� Space optimisation. Vessel’s decks areas are limited, so an
efficient planning of the use of space is required to achieve a
resourceful way of transportation. An important fact that is not
being considered in the decommissioning programmes is how
the turbines, transition pieces and foundations, once loaded on
the transportation vessel, are fitted and held. The elements can
be welded onto the deck or a prefixed rack can be used, they can
be positioned vertically or horizontally, but these decisions will
be constrained by the stability of the vessel, the element’s
weight, and the existing space.

� Planning, time scale and costs. These are the most important
factors of the process, as if any of these are not well organised,
the costs can increase dramatically. The weather needs to be
meticulously considered as the work is done in a hostile envi-
ronment. The operations are preferred to be done during sum-
mer, trying to avoid winter. Two summers might be a better
option than operating during a whole year, but these needs
further investigation as costs is an important factor.

� Correct data management. A lot of information is lost from
stage to stage during the lifecycle of a project, and this infor-
mation can be crucial reached the decommissioning stage. Due
to this, an accurate management of data is something that needs
to be achieved throughout the project’s life.
7. Conclusion

There is no unique solution on which could be the best meth-
odology to follow to decommission an offshore wind farm. Factors
such as reducing time, costs and environmental impacts are the
main aspects that will influence the decision on which method to
carry out.

Design decisions should, as far as possible, result in installations
which are affordable to install and eventually remove, but it is
recognised that some elements, such as deep foundations, may
nonetheless be costly to remove. Making lighter structures could
ease lifting operations, but this is contrary to recent design trends
for bigger turbines. On the other hand, floating foundations will
simplify installation and decommissioning operations, and as a
result, reduce the decommissioning costs [46].

Plans are designed on a lowest common denominator when
referred to costs. This means that a 50 years lease may not imply a
repowering when the time arrives. The lifetime expectancy for an
offshore wind farm is between 20 and 25 years, but repowering can
be studied before dismantling. This would involve removing the
existing turbines (decommissioning operations) and substituting
them with more potent ones which are larger and so fewer are
needed. Foundations could be designed to behave greater retrofit
capability and have a longer life expectancy, reusing them to place
the repowered turbines. However, no existing offshore sites have
been designed in this way and there is scarce data on the individual
duration of components.

There is still a large amount of uncertainty when referred to the
decommissioning of this sector and one of the most important
factors that will influence the whole process is the life expectancy
of the project. Yttre Stengrund was decommissioned after 14 years
of operation [39] while Vindeby will be decommissioned after
more than 25 years [4], but these are still small prototype projects.
If projects do not run as long as they have been expected, this will
have great impacts on the actual optimistic decommissioning
planning of the wind farms and on their economics.

The availability of specialised vessels is one of the major chal-
lenges in the offshore sector. The fluidity of the price of oil makes
predictions about future vessel costs extremely challenging. One
way to hedge this risk would be to build a supply-demand curve for
heavy lift vessels [44]. However even if oil prices remain at recent
historic lows, there will be a large future demand due to oil and gas
decommissioning and further marine energy construction activity.

The time taken for decommissioning activities will mainly
depend on which methodologies are used in each phase as well as
the selected transportation strategy. One of the most influencing
factors in the decommissioning time is water depth, which in-
fluences foundation design and weight. It has been estimated that
the complete removal and transportation to shore per MW is
around a day, which seems to indicate that the predictions made in
the published decommissioning programmes are optimistic.

The costs referred to dismantling an onshore wind turbine have
been estimated to be £60,000/turbine [47]. For offshore wind they
have been estimated too optimistically in £40,000/MW, but in re-
ality this study has revealed that they could be over £200,000/MW,
on the lower side. A solution to reduce these extreme expenses in
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the operational phase is the sharing of vessels [37]. However, this is
probably impractical for decommissioning as it is such a vessel-
intense process and involved little inactivity.

This paper has found that the published decommissioning
programmes are often optimistic regarding time and cost. This is in
part because the costs of decommissioning, when viewed at the
start of the project (when the plan is written), are financially dis-
counted by 20e25 years and thus initially appear small. More
investigation should be carried out to reduce and/or defer these
future costs, either by facilitating life extension for offshore wind
assets or by much more detailed modelling and planning of
decommissioning processes.
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