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ABSTRACT
This project deals with the search of the most proper offshore foundation to install in
the Baltic Sea, in order to reduce costs and environmental impact. A pre-study was
performed to define the Baltic Sea conditions and the required knowledge for the
following steps. Afterwards, the specifications were set and clarified, and then the
concept analysis phase was started. The analysis phase included the description of each
one of the current foundations, those which are considered conventional foundations
and those which are innovative ones. In order to evaluate these concept foundations,
selection methods were used to assess the most relevant features of these foundations
which should fulfil the requirements. The concepts ranking was studied and it led to the
final results. Two different outcomes were obtained; such as, innovative concepts,
which obtained the first position in this report; and conventional concepts, as a second
finding. The continuous contact with different experienced professionals of this sector
was essential during the whole project, in order to obtain advices, experienced
knowledge and feedback.
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1. INTRODUCTION
Renewable energies are part of a highly updated field. These are accompanied by the
environmental concern that is mostly led by technical experts. However, this concern is
now being extended to the general public. This is based on the progress of
environmental knowledge; therefore, it is a fact that nowadays environmentally
educated people have a more pro-environmental behaviour (Kollmuss & Agyeman,
2002).
Renewable energies are divided into several subgroups, depending on the
generating source, e.g. solar, wind, biogas, biomass, etc. However, this research will
focus on the wind energy, which can also be divided into different fields according to
the methods of extraction, such as wind turbines on land or wind turbines on sea known
as “offshore”. The latter ones will be the subject of this study, more specifically their
foundations. Therefore, the existing offshore foundations will be be deeply analysed as
well as their characteristics and costs, in order to find the most suitable one to be
installed in the Baltic Sea.
This project research has been carried out in cooperation with Mr. Rikard
Hedenblad, Head of GEOtext (2014).

1.1 BACKGROUND
Energy is one of the most essential sources in human life; as people require and use it
every day. However, this is not a new concept; Socrates said that `the universe,
including us is made up of energy’. The rising awareness regarding the scarcity of fossil
fuel and its future depletion is making progress in alternative energy sources known as
renewable energies (Ecology Global Network, 2011).
In the early 20th century, mills started to be used in rural areas to produce
electricity. Some years later, this developed when several companies started to
manufacture wind turbines (Figure 1.1). Wind energy grew quickly in an ambitious
way. Today, Germany, Spain and Denmark together contribute to a large amount of
European electricity production. The goal of wind energy will consist into providing
20% of European electricity by 2020.
Onshore wind energy technology has reduced costs since its beginning and it is
now considered as a competence for nuclear and fossil in power generation (Musial &
Butterfield, 2006).
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Figure 1.1 Size evolution of wind turbines over time
(European Commission, 2013)
It is believed that the first electrical wind turbine was built by Charles F. Brush, with a
rotor diameter of 17 meters where the generator was a 12 kW model (Danish Wind
Industry Association, 2013).
The potential of offshore wind is extensive, due to certain facts; more rapidity and
uniformity characterise winds at sea, which means more electricity generated; the
reduction of the concern of distances between turbine farms and urbanisations. NB.
Winds increase with the increase of distance from the shore (European Commission,
2013).
Therefore, this sector needs much research on offshore, in order to achieve a more
advantageous source by reducing costs and using the best wind conditions at sea
(European Commission, 2013).
Some gathered data provided by Weston & Knight (2015) show positive European
records. In 2014, Denmark, the UK, Austria and Germany led the amount of wind
contribution in connection to their electricity production:
 39.1% of Denmark's electricity came from the wind. This has doubled its capacity in
the past ten years.
 9.3 % of UK's electricity is wind provided, which is a 15% more than last year.
 Germany is also one of the highest provider of wind power and it is believed that the
record amount might be broken in 2015; due to Germany´s involvement in several
offshore projects.
 Austria has doubled its wind installations over the last three years generating in 2014
7.2% of its electricity consumption.
The development plans in Europe are greater than in any other continent and almost
half of the projects are focusing on offshore power generation. This proves the wide
range of growth in this field.
An instance of the previous stated fact is that the Swedish company Vattenfall has a
new strategy to intensify investments in wind projects. The environmentally conscious
Swedish government has clearly stated that Vattenfall has to go into a renewable and
energy efficient way. Hydro power production plays a very important role in Sweden
and it should help in the development of wind power. The company's plan is to increase
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wind energy by a 11-15% by the year 2020. Reaching this target, Vattenfall would add
nearly 1.7 GW of wind by 2020 (Developer plans, 2014).

1.2 AIMS AND OBJECTIVES
This project deals with the research of offshore foundations in order to find the most
advantageous and disadvantageous characteristics of each of the current types of
foundations. However, the same attribute might be favourable and unfavourable in two
separate contexts, this is the reason of the need to study the circumstances of each
foundation. Some of which are, for instance: ground conditions, waves height, water
height, etc. that will lead the way to this investigation and will be described in detail
afterwards.
Once the comparative analysis has been carried out, there will be place for the
foundation selection for a specific conditions range, which will have previously been
presented.
On the other hand, the specific conditions ought to be studied, in order to define
what qualities and features are required by this specific place and its conditions. This
environmental conditions study will take place in the Baltic Sea, where some researches
are already needed.
Additionally, another important goal of this research is the reduction of costs and
environmental impacts.
To sum up, the aim of this study is the search of the most advantageous structure to
install in the Baltic Sea. This means that the chosen foundation will have to support the
Baltic Sea conditions and minimize costs and environmental impact at the same time.

1.3 METHODOLOGY
This chapter aims to explain the process that will be followed during this project. Once
the objectives have been set up, the explanatory phase (pre-study) will begin. Herein
some important background information will be presented for a better future
comprehension. This is followed by the stated requirements for this specified project,
which will be kept in mind during the whole process. Once the requirements are clear, it
is time for the analysis of each existing foundation in order to find out about their
advantages and disadvantages. Then as a last step, the concept selection will be carried
out in order to obtain the most proper foundation for the aforementioned specifications.
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2. PRE-STUDY
A pre-study was carried out in order to define the problem that needed to be solved, by
reaching the specifications of this project.
This chapter’s purpose is to find out about characteristics of the location of the
Baltic Sea, which has been chosen for the foundation installation, in addition to the
analysis of what is already implemented and offered by the companies nowadays.

2.1 BALTIC SEA CONDITIONS
In order to find the most suitable offshore foundation, it is highly important to know the
features and conditions of the chosen sea. In this study case, the Baltic Sea was selected
on account of its promising possibility of wind power generation (Lizuma et al., 2013).
The Baltic Sea is located between the nine surrounding countries, which are:
Denmark, Estonia, Finland, Germany, Latvia, Lithuania, Poland, Russia and Sweden.
This Sea is surrounded by the mentioned countries and connected through its southwest
side to the North Sea (Lääne et al., 2005) (Figure 2.1).

Figure 2.1 The Baltic sea
(en.wikipedia.org)
The Baltic Sea is characterised by shallow water, which ought to occupy an
advantageous place in this foundation search, since it might mean less expensive
installation procedures, less material used, etc. The average depth is about 60 meters
and the maximum depth of 460 meters (Lääne et al., 2005). The seabed is not uniform
or homogeneous, therefore it is important to consider that each turbine foundation will
have its specific conditions of height among others.
4

In general terms, the Baltic Sea has low salinity. However, it is changeable
depending on weather conditions from the North Sea, which then enter the Baltic Sea. It
is divided by salinity layers, in which deeper layers are of higher salinity than the upper
ones (Lääne et al., 2005).
Besides, another of its features is the sediment accumulation on the seabed, this is
compounded by nutrients and hazardous substances that have been gathered during
years due to its slow water renewal (Lääne et al., 2005). This needs to be decidedly
taken into account due to the fact that the movement of these sediments might be
polluting. Therefore its extraction or movement should be carried out by a secure and
careful process.
The temperature is another required data for this project. This differs at the distinct
locations and is deeply influenced by season, latitude, and distance from the coast. In
the table 2.2 below, it is possible to see the increasing sea surface temperature evolution
between year 1860 until the estimate for 2020. Its annual average oscillates between -1
and 1 ºC.

Figure 2.2 Surface temperature from 1860 to 2020
(www.eea.europa.eu/)
There is another relevant field to study within the Baltic Sea, which is the amount of
species that are living in these waters. There are known to be 2,730 different species,
from which: 1,898 are benthic invertebrates; 832 are macrophytes; 239 are fishes and
lamprey; 57 are birds and 5 are mammals (Helsinki Commission, 2012).
In 2014, the total offshore wind capacity installed in Europe was 8,045.3 MW, most
of which was installed in the North Sea (5,094 MW is 63.3% of the total). The Atlantic
Ocean´s capacity was 1,808.6 MW which means 22.5% and the Baltic Sea had a
capacity of 1,142.5 MW (14.2%) (Figure 2.3).
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Figure 2.3 Total offshore wind capacity installed in Europe
(www.ewea.org)

2.2 LITERATURE REVIEW
This chapter aims to summarize the significant facts, which were gathered by this
research process. This is focused on the immanent offshore wind farms, which are
placed in the Baltic Sea, by emphasising conclusions and data that was taken along the
project development. Previous experiences of other projects and conditions might warn
this project of possible obstacles, in order to act properly at the presence of those.
In the table 2.1 below, many of the Baltic and Kattegat wind farms are gathered (4C
Offshore, 2015), classified according to some of their characteristics.
Table 2.1 Wind farms located in the Baltic Sea and Kattegat
Name
Anholt
EnBW Baltic 2
Rødsand II
Rødsand I
Lillgrund
EnBW Baltic 1
Karehamn
Middelgrunden
Kemi Ajos I+II
Samsø
Sprogø
Utgrunden
Yttre Stengrund
Frederikshavn
Avedøre Holme

Year
2013
2015
2010
2003
2008
2011
2013
2000
2008
2003
2009
2000
2001
2003
2009

Country
Denmark
Germany
Denmark
Denmark
Sweden
Germany
Sweden
Denmark
Finland
Denmark
Denmark
Sweden
Sweden
Denmark
Denmark

Foundation
Monopile
Monopile and Jacket
Gravity-base
Gravity-base
Gravity-base
Monopile
Gravity-base
Gravity-base
Grounded: Ariticial Island
Monopile
Gravity-base
Monopile
Monopile
Monopile and Jacket
Gravity-base

Water
(m)
(12-19)
(20-42)
(6-12)
(6-9)
(4-13)
(16-19)
(6-20)
(3-6)
(0-6)
(10-13)
(6-16)
(6-15)
(6-8)
(1-4)
(2-2)

depth
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Tunø Knob
Vindeby
Bockstigen

1995 Denmark
1991 Denmark
1998 Sweden

Gravity-base
Gravity-base
Monopile

(4-7)
(2-4)
(5-6)

Once the Lillgrund farm project was performed, some recommendations were stated.
For instance, within the existing diversity of types of cement for the foundation
installations; the Lillgrund wind farm used cement with micro silica. Afterwards, it was
concluded that Portland cement would be more beneficial due to its higher amount of
alkali, which allows crack selfheal for a longer lifetime foundation. Another of its
recommendations was to use aluminium hand railings, instead of painted or galvanised
carbon steel ones, which led to corrosion. The significance of the physical interface
between the tower of the turbine and the foundation was also exposed, if these would
not match during the installation; the costs would highly increase (Jeppsson et al., 2008)
(Figure 2.4).

Figure 2.4 Lillgrund wind farm
(corporate.vattenfall.se)
Looking to the Utgrunden wind farm in the Swedish location of the Baltic Sea, the use
of a monopile foundation with a transition piece grouted to its upper end can be
distinguished. This is called Ducorit D4 and is valued because of its strength and
stiffness properties; smooth, safe and cost-efficient installation; tower verticality
insurance; etc. (ITW Densit ApS, 2008).
The Karehamn wind farm chose gravity based foundations instead of piles due to
the soil conditions. Besides, ice cones were used to ensure that the foundations would
be able to withstand the blows produced by the ice pieces (Offshore Wind, 2012). In
this project, gravity based foundations were transported through long distances. Twelve
foundations were transported in the same barge, however this would not be possible
with bigger and heavier foundations (Ruiz de Temiño Alonso, 2013) (Figure 2.4).
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Figure 2.4 Karehamn wind farm
(www.maritimejournal.com)
In September 2014, Vattenfall announced the Yttre Stengrund wind farm
decommission. The main reason was that it would have been necessary to replace all the
machines and cables. This operation would have been too costly, therefore it was not
worthwhile. It was said that turbines and cables would be removed, the ground would
be restored and new installations would be performed in an ecological way (ReNEWS,
2014).
Two tests of vibro-driving monopile were installed in the Anholt wind farm located
in Kattegat in 2012, which showed a potential result for the upcoming years. It was
concluded that it would lead to a cost reduction and lower noise emissions in the
installation process. However, this installation requires the pile and vibrator to be lifted
at the same time, what is not feasible for most of vessels today. Consequently, further
research and development is required in this field (LeBlanc Thilsted, 2014).

2.3 MARKET RESEARCH
In this chapter some of the main offshore companies will be introduced.
Wimpey Laboratories was born in 1966. Today, it is an experienced company in oil,
gas and offshore renewable industries and afterwards the FoundOcean Company
appeared and focused on offshore construction grouting. Inspection, repair, maintenance
and products are also relevant sections of its activity. In order to reduce costs of the
offshore foundation installation, innovative materials occupy an important role.
Therefore, FoundOcean and BASF plan to collaborate in the development of this area.
The most used foundations are as follows (FoundOcean, 2015):
 Jacket foundations are used in extreme water depths, with turbines of more than
5MW capacity.
 Tripods are defined as an adaptation of the monopile and jacket, which helps to
increase weight distribution on the seabed.
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 Similarly, Tripile foundations are considered an adaptation, which consist of three
piles linked by a transition piece.
Seatower Company, located in Norway and UK, has developed an innovative
foundation called Seatower Cranefree Gravity foundation (Figure 2.5), which has
already been successfully installed at the Fécamp site in the British Channel
approximately 15 meters from the coast and at 30 meters water deep. This foundation
floats before installation, what makes the transportation easier. Besides, mass
manufacturing methods are ensured by using low-cost material, concrete and steel. No
noise is produced in the installation process and it is considered as environmental
friendly (Seatower, 2015).

Figure 2.5 Seatower Cranefree Gravity foundation
(www.4coffshore.com)
SPT Offshore is a subsidiary of the VolkerWessels group, which is the market leader in
suction pile foundations and anchors used in offshore platforms. Their aim is to provide
with the best quality and innovative, cost-efficient products. The first suction pile
founded jacket for an offshore wind turbine was installed in august 2014 by SPT
Offshore under contract with DONG Energy (Figure 2.6) (SPT Offshore, 2015).
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Figure 2.6 Suction Pile Founded Jacket
(www.offshorewind.biz)
Universal Foundation Company is working in the development of the new generation
foundation structure. This company is focused on design, manufacture, installation and
maintenance while significantly contributing to the cost saving. In September 2014, the
trial installation project was carried out focusing on penetration, verticality, forces and
stress in skirt structure and internal soil capability. The trial installation showed the
large potential of the suction bucket (Figure 2.7). It consisted in 24 days of constant
installation and retrieval. Soil installation varied from moraine clay, boulder bank clay,
clay crust, sand and silt. The mono Bucket exceeded the penetration prediction and it
was possible to control the verticality, below 0.1 inclination degree (Universal
Foundation, 2015).

Figure 2.7 Mono Bucket
(www.rechargenews.com)

10

3. SPECIFICATIONS AND DEMANDS
This chapter leads the project to the establishment of what is required and demanded.
These demands were stipulated by Mr. Rikard Hedenblad and the researcher in order to
obtain a solution foundation, one which would fulfil these demanded features.
In current projects of foundation development and installation within a wind farm,
each offshore foundation will have different conditions of water depth, seabed state, etc.
which will define the requirements. Accordingly, two different case studies will be
described and analysed. These two case studies are located in the Baltic Sea, assuming
these are part of the same wind farm. However, it will be seen that in spite of having
nearby locations, each case study will have its own conditions and as a consequence,
different requirements (tables 3.1.1 and 3.2.1).
Ice-resistance: As a result of the climate change, winter temperatures in North
Europe are increasing by several degrees. Therefore, the ice in the Baltic Sea is
diminishing (Granskog et al., 2006). However, as this situation is not yet stabilised, this
foundation has to be prepared for the possibility of ice existence.
Water Salinity: The Baltic Sea is connected to a large number of rivers, which
supply fresh water, and to the North Sea by the Danish Strait. This fact causes a mixture
between salty and fresh waters. This is the reason which explains the low salinity in the
Baltic Sea. For these case studies the salinity has been set between 8 and 11 psu.
Load capacity: It is important to consider the applied load such as wind speed
average and wave’s height average, which are of 9 m/s and 1.5 m respectively, in order
to choose the foundation that could easily hold up this load. However, to ensure its
capacity, the maximum applied load in extreme conditions has to be supported.
Fauna protection: The presence of mammals is a fact and it has to be taken into
account. In this project, the installation and maintenance of the foundation must not
cause any damage to the porpoises, which is the specie of mammal living in this area.

3.1 FIRST CASE STUDY
The first case study is characterised by soil conditions. This is going to be
explained starting from the upper layer and moving down to the lowest one. Firstly,
there are 3 meters depth of sand; secondly, 5 meters depth of hard boulder clay (Figure
3.1.2); thirdly, the Copenhagen limestone and fourthly, the reef lime stone.
Boulder Clay is also known as till and it is the material that is deposited by ice,
mixed and unstratified (Figure 3.1.1) (Soesoo et al., 2013).
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Figure 3.1.1 Boulder Clay
(www.landforms.eu)
Figure
3.2
Copenhagen
Limestone
Table 3.1.1 Case study 1

Figure 3.1.2 Copenhagen
Limestone
(www.hgstones.com)

Turbine size

3-5 MW range

Average Wind speed

9 m/s

Maximum Wind speed

25 m/s

Average waves height

1.5 m

Maximum waves height

4.5 m

Foundation life of aperation

40 years

Water depth

25 m

Salinity

8-11 psu

Maximum Ice thickness
Ground conditions

20 cm
Sand/ Boulder clay/ Copenhagen lime Stone/ Reef lime
stone

Needed Mammals prevention

Yes

3.2 SECOND CASE STUDY
In the same way, the soil conditions of the second study will be described. In the first
upper layer, there are 7 meters of soft Boulder clay; in the second one, the Copenhagen
limestone and finally the reef limestone.
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Table 3.2.1 Case study 2
Turbine size

3-5 MW range

Average Wind speed

9 m/s

Maximum Wind speed

25 m/s

Average waves height

1.5 m

Maximum waves height

4.5 m

Foundation life of aperation

40 years

Water depth

30 m

Salinity

8-11 psu

Maximum Ice thickness

20 cm

Ground conditions

Boulder clay/ Copenhagen lime Stone/ Reef lime stone

Needed Mammals prevention

Yes
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4. CONCEPT ANALYSIS
Once the specifications have been presented, it is time to carry out the description of
each of the current offshore foundations that are used nowadays, in order to study each
type with their strong and weak points. The kinds of offshore foundations that will be
described are: Monopile, Jacket, Gravity-base, Floating, tripods and tripiles.
In 2014, it was gathered that within the 74 wind farms of the European Countries,
78,8% were Monopile, 10,4% were Gravity foundations, 4,7% were Jacket foundations,
4,1% were Tripod, 1,9% were Tripiles foundations and there were only two floating
structures (Cobetta et al., 2015).

4.1 MONOPILE FOUNDATION
Monopile foundation is the simplest structure, which consist of a pile linked to a
transition piece (Figure 4.1).

Figure 4.1 Monopile foundation
(grabcad.com)
The first monopile was installed into the seabed of the Baltic Sea twenty years ago. And
even today Monopile is the most used foundation, due to the fact that this is the least
expensive foundation and fastest to be manufactured and safely installed. The
installation process consists of pile driving, mounting and grouting of the transition
piece, which can be performed in 24 hours. However, there are some reasons for its
limited use. Grouting failures were detected and it was concluded that this kind of
cylindrical grouted pieces were not adequate for the axial loads support. Therefore a
conical design has been developed and put into use in some wind farms (Figure 4.2) (4C
Offshore, 2015).
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Figure 4.2 Conical connection between monopile and transition piece
(www.4COffshore)
Furthermore the drilling process alters the balance of mammals because of the noise
produced. There are some protection systems but these are considered as expensive or
ineffective. Besides, another problem would be that monopiles are limited to 30 meters
depth, therefore other foundations should be used for greater water depths (Garus,
2014).
There was a project which used vibratory pile driving, which resulted much quieter
than pile driving because no pounding noise was generated. This meant benefits to the
mammal’s life. However, the question of this kind of monopile is whether the loading
of wind and waves is supported. This is currently being tested. If the results are as
expected, there will be a more advantageous monopile foundation and its approval
process will start (Garus, 2014).

4.1.1 Variations of monopile foundation
The drilled concrete monopile consists of a prefabricated concrete monopile which is
vertically installed by drilling inside the monopile. These prefabricated concrete
monopiles are less expensive than those which are made of steel. This concept has been
developed by Ballast Nedam Offshore, aiming to reduce underwater noise and costs. It
is considered that a grouted transition piece is not required because of the accurate
installation process. This drilling method can be properly used for steel and concrete
monopiles (Van der Veen et al., 2011).
The monopile design consists of a large diameter in the embedded part and a
conical shape in the top part, in order to reduce the waves loading. This variation of
diameters required the development of a flexible drilling machine able to drill diameters
from 4 to 7 meters. This drilling concept has been primarily developed for the Baltic
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Sea and it was tested for a variety of soil materials such as sand, clay and even boulders
(Figure 4.3) (Van der Veen et al., 2011).

Figure 4.3 Drilled concrete monopile
(Van der Veen et al., 2011)

4.2 JACKET FOUNDATION
The Jacket foundation has different types of three or four legged structures. However,
the standard jacket structure is formed by interconnected corner piles linked with
bracings of a two meter diameter (Figure 4.4). The legged piles are driven inside the soil
and inside the pile sleeve on its other side. All the tubular links are welded. These parts
are simple and standard for an easy manufacturing and this kind of structure requires a
transition piece among the main jacket and the wind turbine tower. Loads are
transferred throughout the different parts (4C Offshore, 2015).
These types of foundations are considered for water depths of 20 to 50 meters. The
first offshore wind farm in the world with jacket foundations was installed 30 meters
deep in Germany in 2009 (Wei et al., 2012).
Jacket structures are appropriate for variable soil conditions and water depths, as it
has been seen before. Furthermore other advantages are known as its little sensitivity to
large waves and its limited dynamic amplification of loads because of its high stiffness.
It means a high capacity to support loads (Fisker, 2010).
On the other hand, the high costs of construction and maintenance are known as its
disadvantages. In addition, its transportation is not easy and it also increases the costs
(4C Offshore, 2015).
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Figure 4.4 Jacket foundation
(www.noordzee.nl)
The concern of the piling noise is well known to be a disadvantage of monopiles due to
the fact that it forces to use protection systems, which are expensive. This process is
also carried out in jacket installation, known as jacket piling, however, these differ as it
will now be explained.
The jacket foundation requires three or four pilings, while the monopile requires
just one piling in a larger scale. However, as mentioned before, jacket allows to settle
large wind turbines thanks to its stiffness. Additionally, a less powerful and therefore
less noisy hammer is used in Jacket piling, although for a larger period of time. On the
other hand, the underwater noise generated by pile driving depends on several factors,
such as the hammer power, pile size and soil conditions.
Comparing the monopile and the jacket under the same conditions, it can be
affirmed that a large pile driver, with lower speed when hammering, would produce less
noise. The use of large pile drivers is also recommended, working below its maximal
nominal power, in order to reduce costs. However, there is no statistical data of the
underwater noise of jackets and monopiles (Norro et al., 2013).
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4.2.1 Variations of Jacket foundation
OWEC Quattropod is a complete offshore structure, including the transition piece and
the jacket foundation. It is characterised to be suitable for large turbines and deep
waters; in addition, seabed preparation is usually not required. This substructure is
considered to be characterised by the friendly fabrication and the efficient installation.
Furthermore, this concept does not need any scour protection and it has already been
installed in four wind farms (Figure 4.5) (OWEC Tower, 2015).

Figure 4.5 OWEC Quattropod
(www.renewable-technology.com)
Hochtief foundation was developed by Hochtief construction and it was developed and
installed in the EnBaltic II wind farm at water depths of 23 to 44 meters. This concept
consists of a three-legged jacket (Figure 4.6) (4C Offshore, 2015).

Figure 4.6 Hochtief foundation
(www.4coffshore.com)
The ATKINS/BIFab Jacket consists of a transition piece concept for a four-legged jacket
foundation, which aims to reduce costs in a 30%. This foundation is considered to be
proper for turbines of all sizes and for water depths over 15 meters (Figure 4.7) (4C
Offshore, 2015).
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Figure 4.7 ATKINS/BIFab Jacket
(www.4coffshore.com)

4.3 GRAVITY-BASE FOUNDATION
Gravity based structures are normally built of concrete and small amounts of steel. This
also has a transition piece for the wind turbine made out of steel or concrete shaft. Sand,
iron ore or rock are filled into the base as foundation ballast. This structure requires flat
seabed for its installation and it normally requires some way of scour protection.
Some features of this foundation are considered as advantageous; concrete costs are
less variable than other materials. This fact coupled with the possibility of mass
production can drive costs down. Additionally, concrete requires a lower maintenance
and allows a long-lasting life cycle within the marine environment. Moreover, gravity
based structures avoid tensile loads between the bottom of the foundation and the soil.
This is accomplished by keeping the stability of the structure through sufficient
quantities of loads. Whether there are relatively low loads or ballast, which are easily
and cost efficiently provided, Gravity base is considered as a highly competitive
foundation (Figure 4.8) (4C Offshore, 2015).
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Figure 4.8 Gravity base foundation
(www.ewea.org)
The fabrication process can rapidly be executed as an onshore activity, in ports near the
wind farm location. These structures can be designed to be able to float, making the
transportation easier, requiring only tugs (Arup, 2015).

4.3.1 Variations of gravity foundations
There are several variations of Gravity based structures; four of which will be presented
below (4C Offshore, 2015).
As it has been introduced in chapter 2, the Crane free Gravity base is a new
Seatower patented offshore foundation (See Figure 4.9). Its installation is led by the
new `float-out-and-sink´ installation method, which ensures to need only regular
vessels. It is affirmed that this method is more cost-efficient, quicker and less risky than
other current methods. In addition, this type of foundation can be installed in more than
30 meters deep waters.
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Figure 4.9 Crane free Gravity base
(www.rechargenews.com)
Gravitas based support structures can be installed in locations of over 60 meters water
depth, with turbines larger than 8MW, by using a self-installation system and
minimising the need of seabed preparation. The construction and the installation are
characterised by its velocity and its reduced noise and vibration, correspondingly
(Figure 4.10).

Figure 4.10 Gravitas based support structure
(www.4coffshore.com)
Consortia of Skanska is another version of Gravity base foundation, which is based on a
caisson structure (Figure 4.11). The proponents affirm that this structure is proper for
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water depth of over 60 meters and 50 years of working life. Some environmentallyfriendly characteristics are presented below:






Recycled materials.
Low carbon footprint.
Eco friendly design.
Noise and vibration reduction.

Figure 4.11 Consortia of Skanska
(www.4coffshore.com)
The Vici Ventus concrete gravity foundation consists of a robust structure, which is able
to be installed in water depths of over 100 meters with a long lifetime of 100 years
(Figure 4.12). It can also support large turbines and high fatigue loads, and its
maintenance is almost contemptible.

Figure 4.12 Vici Ventus concrete gravity foundation
(www.4coffshore.com)
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4.4 TRIPOD AND TRIPILE SUPPORTING
STRUCTURES
The tripod structure is a three-legged structure, which is considered to be a lightweight
structure (Figure 4.13). It consists of a steel central column, which transfers the forces
from the wind turbine to the legs. This concept is known to be a stable and stiff
structure, and can also be installed using suction buckets. Moreover, the Tripod
foundation can be properly installed in great water depths.
The tripile offshore structure is a concept variation of tripod and it also consists of a
three-legged structure at the lowest part, which is assembled to the monopile (Figure
4.14). Bard was its manufacturer and the first one to use this foundation.
Its installation begins by driving the three legs into the soil. Firstly, a vibratory
hammer is used and secondly, a hydraulic hammer finishes the introduction. This
concept is appropriate for water depths from 25 to 50 meters and it provides better
lateral stability than monopiles. The diameter of these piles is smaller than the monopile
diameter, nevertheless tripod requires three piles driving. On the other hand, its
transport process is still considered as hard (Saleem, 2011).

Figure 4.13 Tripod
(www.rechargenews.com)

Figure 4.14 Tripile
(www.4coffshore.com)

4.5 FLOATING OFFSHORE FOUNDATION
Japan is the leader of floating foundations and Japanese experts are testing several novel
floating foundations in European waters. Two of them are explained below (Carbon
trust, 2014):
The first full scale floating structure was installed in Norway, which is known as
Statoil-Hywind Spar Buoy (Figure 4.15). It was installed at 100 meters water depth and
it consists of a simple cylindrical structure, by minimizing costs, which is tied up by
three mooring lines to the floor.
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Figure 4.15 Statoil-Hywind Spar Buoy
(www.statoil.com)
The Glosten Pelastar tension leg platform (TLP) was developed in 2006. It combines
technologies used in the oil and gas industry and research (Figure 4.16). This concept is
a solution for open ocean sites with water depths over 60 meters. Additionally, this is a
simple design which reduces costs compared with other floating concepts (4C Offshore,
2015).

Figure 4.16 The Glosten Pelastar tension leg platform
(www.dailyfusion.net)
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4.6 MONO BUCKET FOUNDATION
This innovative foundation has been briefly presented in the previous chapter and it will
now be further explained.
The mono bucket foundations project was started in 2002, by Universal Foundation
in cooperation with the University of Aalborg and a group of Carbon Trust partners.
This consisted of a novel foundation concept, which required a lot of research and
development. That year, a prototype was installed in Frederikshavn with a 3 MW Vestas
turbine. Afterwards, many tests were successfully carried out and relevant information
was collected.
This foundation can be installed in water depths from 15 to 55 meters, without the
need of piling, nor even the preparation of the seabed, and also without requiring
drilling or hammering. This means lower noise level and faster installations. This
structure needs less steel and less scour protection than the monopole one and its simple
geometry allows the mass production. Also, the need of a transition piece is avoided.
During the installation process, the foundation can be towed by small vessels. Then,
the foundation is upended by a crane or by ballast. Once the initial penetration has been
carried out, it is time for suction using a snap-on pump unit, which is controlled from
the vessel. During this process, it is possible to control the verticality and how the
foundation pierces to the soil. Once this penetration finishes and the top of the bucket is
on the seabed, the vacuum pump stops and it moves upwards leaving the foundation.
The time of installation depends on the soil conditions, although the average installation
time is around 6 hours (Figure 4.17). Whether its decommissioning is required, the
retrieval is equally simple and the seabed remains in the same conditions as it was
before the installation (Carbon trust, 2014).

Figure 4.17 Different sizes Mono Bucket foundation
(Carbon trust, 2014)
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5. CONCEPT SELECTION
Once the different types of foundations have been described and the specifications
clarified, it is time to carry out the selection process. This process has been divided in
two steps:
Firstly, a filter was used to dismiss the kind of foundations that didn't fulfil the
basic requirements. This first decision was taken in cooperation with the parties
involved in this project. The discarded foundations are presented below, followed by the
reasons that led to this determination:
The conventional monopile foundation is rejected due to the fact that its installation
would produce high levels of noise, which are not tolerable in waters where mammals
live. However, the monopile variations that reduce this effect are still in consideration.
The jacket foundation was determined as an inappropriate structure for this project,
as this kind of foundation is usually installed in deeper waters and requires high costs.
As a consequence, the jacket foundation wasn't a proper foundation to meet the
requirements of shallow water and low cost of this project.
Three variations of Gravity base foundations are also rejected because these are
more suitable for water depths greater than these two study cases require. These are
known as Gravitas based support structure, Consortia of Skanska and Vici Ventus
concrete gravity foundation.
Likewise, floating structures didn't seem to be good solutions for water depths of 25
or 30 meters. These floating structures are starting to be used in much deeper waters,
over 60 meters. Furthermore, its costs are higher than what is demanded.
Secondly, in order to continue with the selection process, the rest of foundations
were evaluated regarding the two case studies (1º C.S and 2º C.S). This evaluation was
carried out through an analytical table, in which the qualities of each foundation were
voted within a ranking (Table 5.1). These qualities could be voted as positive, negative
or with zero points. At the end of this table, there is a summary, which collects the total
points of each foundation for the first and second case studies.
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Table 5.1 Analytical table, second step of the selection process

Seabed
preparation
Scour
protection
Material cost
Proper
soil
conditions
Proper water
depth
Required
transition
piece
Manufacturing
costs
Transportation
costs
Installation
costs
Installation
noise
Installation
speed
Life operation
(40 years)
Waves
load
support
Decommission
Total points

Drilled
Concrete
Monopile

Gravity
Base

1º
C.S

2º
C.S

1º
C.S

2º
C.S

Crane
Free
Gravity
Base
1º
2º
C.S C.S

-

-

-

-

-

+

0
+

+

+

+

+

0

+

+

0

Tripod
and
Tripile

Mono
Bucket

1º
C.S

2º
C.S

1º
C.S

2º
C.S

-

0

0

+

+

+

+

0

0

0
+

0
+

0

0

0

0

0

+

0

+

+

0

+

+

+

+

+

0

-

-

+

+

+

+

+

+

+

+

+

+

+

+

0

0

+

+

+

+

0

0

+

+

-

-

+

+

0

0

0

0

+

+

-

-

0

0

0

0

+

+

+

+

-

-

+

+

-

-

0

0

+

+

-

-

+

+

-

-

+

+

+

+

0

0

0

0

+
0
2

+
0
3

+
2

+
2

+
6

+
7

+
0
-2

+
0
-2

+
+
11

+
+
10

The five different concepts obtained the score, in which it is possible to see three
different levels. The lowest level was occupied by the tripod/tripile concept, which
obtained even negative numbers in total, which means this concept clearly didn’t meet
the requirements. This was the reason to discard it for these two case studies.
In the intermediate level, the drilled concrete monopile and Gravity base concepts
were positioned. It is assumed that these concepts would not be the most suitable
solution for this project. Nevertheless they might be part of a secondary solution.
Finally, in the top level, two innovative foundations obtained the score as the most
proper solutions for these two cases. These are known as Mono Bucket and Crane Free
Gravity base foundations.
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6. RESULTS
This chapter deals with the results exposition, which have been obtained through the
following steps: investigation, analysis and decision making. The results present two
innovative foundations, known as Mono Bucket foundation and Crane Free Gravity
Base.
However, due to the novelty of these concepts, a secondary and more traditional
solution was also obtained, for those who are still more confident with traditional
concepts. These concepts are known as Drilled concrete monopile and Gravity base
foundation.
Mono Bucket foundation has become the first concept result of this project (Figure 6.1),
as it meets all the aforementioned requirements.

Figure 6.1 Mono Bucket foundation
(http://subseaworldnews.com/)
The Mono Bucket foundation was already installed in 2013 at Dogger Bank in UK for a
meteorological mast. And in 2014, during the trial installation in the UK North Sea, in
which 29 installations were accomplished in 24 days.
This foundation can rapidly be installed at lower costs than the conventional
foundations and it is also considered to be “noise free”. It is estimated that the Mono
Bucket foundation might save 30% of the total costs (Figure 6.2). Its most relevant
features are summarised below:







Rapid installation.
Noise free.
Total saved costs of 30%.
Scour protection is not needed.
Easy decommissioning foundation.
Flexible design to suit turbine size and waves.
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Seabed preparation is not required.
Depth range of 15-55 meters.
Ability to function in many soil conditions.
Transition pieces are not needed.
Less steel used than in traditional monopiles.
Suitable for mass production.

Figure 6.2 Mono Bucket foundation cost saving
(www.universalfoundation.com)
The Seatower Crane Free gravity base foundation has become the second most proper
result (Figure 6.3). Its manufacturing, transfer, installation and decommissioning are
considered as cost-effective, feasible and competitive. However, this foundation would
be the most proper one for deeper waters from those specified in this project, even
though it is still considered the second solution (MEC intelligence, 2015) (Appendix).
The main characteristics of Crane Free gravity base are listed below:











Only tugs needed for transportation.
The amount of steel required for its fabrication is low.
Piling, dredging or seabed preparation not required.
Efficient mass production.
Rapid and less risky installation.
Easy decommissioning process.
Maintenance not required.
Lower costs.
No noise produced.
Water depth above 30 meters.
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Figure 6.3 Crane Free Gravity base
(www.rechargenews.com)
In order to prevent the damages of ice collisions, an ice cone might be implemented to
these two foundations. Furthermore, the Universal Foundation Company stated that
several Mono Bucket designs have been carried out with the implemented ice-cone
mechanism.
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7. CONCLUSION AND DISCUSSION
At the beginning of the process it was expected to obtain one specific foundation
concept for each case study. Nonetheless, finally the result has been the same for these
two case studies due to the small differences among these. On the other hand, in spite of
the selection of the same concept, each case study would lead to different measures for
the manufacturing and installation of each foundation within the wind farm, therefore
these concrete measures will have to be taken into account.
Regarding the novelty of the Mono Bucket foundation, it should be taken into
account that at the beginning of this project, this foundation was at a testing phase and
looking for the permissions for its future commercialisation. However, at this moment,
the process has progressed and the first Mono Bucket foundations are already being
manufactured.
Nowadays, the offshore foundations field is going through many changes, and
plenty of researches and investigations are being carried out in order to find better
solutions. This is a great advantage for the development of foundations. Therefore, it
seems to be time to look to the future and search for new concepts, which will bring
more beneficial features and lower costs. This is the reason why this project trusts
innovation and has obtained two new concepts as results.
However, there is an objection when using innovative foundations, which has to be
taken into consideration: the lack of experience and track of these new concepts, which
makes the innovative foundations use a challenge for the developers.
This fact makes developers unsure, being among the first ones to use these
concepts, as many of its advantages and disadvantages will be found out along the
commissioning process. On the other hand, the use of old methods can make the process
more confident, although without having the chance of discovering new and unknown
great profits. Additionally, whether in the beginning of the innovations' use, old
concepts are used, it is deemed that these will become obsolete and antique during its
first years of life.
As a conclusion to this report it can be stated that innovative foundations are being
proved to be more cost efficient, secure and feasible. The main result of this research,
within its conditions, is the Mono Bucket foundation. Nevertheless, it has been accepted
that for deeper waters the most proper foundation would be the Crane Free Gravity Base
foundation (Appendix).
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