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Abstract: Renewable energies are the future, and offshore wind is undoubtedly one of the renewable
energy sources for the future. Foundations of offshore wind turbines are essential for its right
development. There are several types: monopiles, gravity-based structures, jackets, tripods, floating
support, etc., being the first ones that are most used up to now. This manuscript begins with a
review of the offshore wind power installed around the world and the exposition of the different
types of foundations in the industry. For that, a database has been created, and all the data are being
processed to be exposed in clear graphic summarizing the current use of the different foundation
types, considering mainly distance to the coast and water depth. Later, the paper includes an analysis
of the evolution and parameters of the design of monopiles, including wind turbine and monopile
characteristics. Some monomials are considered in this specific analysis and also the soil type. So,
a general view of the current state of monopile foundations is achieved, based on a database with the
offshore wind farms in operation.
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1. Introduction

Wind energy can be considered nowadays a main participant in the energy market and power
generation [1,2]. In 2016, it overtook coal as the second-largest form of generation capacity in Europe,
only being overpassed by gas, and showing the highest development rate of every source considered [3].
Although the offshore wind energy sector is still far from the stage of maturity of its older brother
(onshore wind) [4], the similarities between both have allowed offshore wind turbines [5] to become
efficient and commercial-ready in a relatively short time [6]. During 2018, a total of 4496 MW were
installed in six different countries [7]. China became the largest investor of this field (1800 MW),
overtaking the United Kingdom for the first time (1312 MW), who had led the market during the past
years. Germany (969 MW), Belgium (309 MW), Denmark (61 MW) and South Korea (35 MW) were the
other participants.

Referring to the total installed capacity, the United Kingdom is still far ahead of any other
country, covering 35.0% of the total power. Germany and China stay behind, accounting for 27.3% and
19.6%, respectively. Denmark, Sweden and the Netherlands, who started designing and testing these
installations in the 90s, are still playing an important role as industry manufacturers and technology
developers; however, the capacity installed in these countries has not gone up to that scale. Table 1
gives some details of the picture at the end of 2018.
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Table 1. Capacity installed by country at the end of 2018 (UK: United Kingdom; GER: Germany; CHI:
China; DEN: Denmark; BEL: Belgium; NET: Netherlands; SWE: Sweden; VIE: Vietnam; JAP: Japan;
KOR: Korea; FIN: Finland; USA: United States of America; IRE: Ireland; SPA: Spain; NOR: Norway;
FRA: France) (Own elaboration based on [3,7]).

Country Wind Farms
Power

Installed
(MW)

% Total
Power

Installed

Turbines
Installed

Average Wind
Farm Power

(MW)

Average
Turbine

Capacity (MW)

UK 37 8184 35.0% 1920 221.2 4.3
GER 23 6375 27.3% 1314 277.2 4.9
CHI 36 4581 19.6% 1224 127.3 3.7
DEN 14 1327 5.7% 514 94.8 2.6
BEL 8 1187 5.1% 274 148.4 4.3
NET 6 1118 4.8% 365 186.3 3.1
SWE 5 201 0.9% 86 40.2 2.3
VIE 2 99 0.4% 62 49.5 1.6
JAP 11 84 0.4% 35 7.6 2.4
KOR 3 71 0.3% 24 23.7 3.0
FIN 3 68 0.3% 24 22.7 2.8
USA 1 30 0.1% 5 30.0 6.0
IRE 1 25 0.1% 7 25.0 3.6
SPA 2 10 0.0% 2 5.0 5.0
NOR 1 2 0.0% 1 2.0 2.0
FRA 1 2 0.0% 1 2.0 2.0

According to [8–15], the main advantages of offshore wind farms over onshore ones can be briefly
described as follows:

• The existing wind resource in the sea is higher than in nearby coasts.
• Due to its location offshore, the visual and acoustic impact is lower than wind farms on land,

which allows better use of the existing wind resource, with larger turbines and the use of more
efficient blade geometries. Likewise, the lower surface roughness in the sea favors the use of
lower tower heights.

• It provides a bigger creation of employment in the phases of construction, assembly and
maintenance, due to the greater complexity during installation and exploitation.

• Possibility of integration in mixed marine complexes.
• Spaciousness of the environment.
• More constant and stable energy generated.

However, these marine facilities also have significant disadvantages with respect to terrestrial ones,
which are limiting their development: non-existence of electrical infrastructures close to the location;
more severe environmental conditions; evaluation of wind resource more complex and expensive;
and above all, its higher investment ratios and operating expenses, needing specific technologies for
construction and foundations, transport and assembly at sea, laying of electrical networks underwater
and operation and maintenance tasks [16,17]. Furthermore, there is some research emphasizing the
advantages of harnessing wind and waves at the same facility [18–20].

In order to face the investment costs and become more productive and, therefore, more attractive
to the market investors, offshore wind farms must generate as much power as possible with the lowest
construction and installation costs [21–23]. Developing more and more efficient turbines has become
the greatest challenge of the sector from the early years, while the costs of foundations and electric
installations remain stable [24,25]. During the last 25 years, the average power capacity of the turbines
has increased by 1500% (Figure 1), evolving from the first Vestas and Nordtrank used in 1995, with a
capacity of 500 kW (Figure 2), to the 7–8 MW turbines that are already being used on some of the largest
and newest projects these days [26]. The European Offshore Wind Deployment Centre in Scotland, and
Horns Rev 3 in Denmark, are currently using Vestas V164-8.4 MW turbines, the most powerful turbines
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nowadays for commercial power generation. Currently, the industry is talking about exceeding 10 MW
unit power [27,28].
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2. Typologies of Foundations

Located in such a dynamic and extremely powerful element as the sea is, foundations become one
of the main elements of these projects, receiving over one-third of the total cost [29–32]. As they must
support the wind turbines, absorbing all the forces and loads and providing a safe and stable base,
defining the right typology of foundation can have a huge impact both on the economic and technical
sides, becoming especially vital these last years as wind farms are being located further from the coast,
and every element must be designed and optimized in detail, to avoid performance problems and
reduce maintenance works.

As was previously discussed in the article, offshore wind farms, even nowadays, are placed
in a few selected locations. There are several conditions that limit the range of use of this type of
installations [33–36]:

• The depth is vital when defining installation costs. Greater depths associates higher costs and
the use of more complex and specialised technologies, something that is reflected in the final
investment of the wind farm, reducing its profitability. Closed seas, located within continental
platforms, have an average depth significantly lower than oceans and open seas, being more
convenient for this type of project [37].

• Meteocean climate, in particular, wave height values [38–40]. Sea zones with high wave heights
make installation and maintenance work more complicated, requiring more workload and
economic resources, in addition to damaging the foundations and causing phenomena such as
to scour the seabed [41–45], which weakens the structure and requires closer surveillance and
maintenance work.

• The distance to coast [46]. In order to have a higher intensity wind and less impact on the
landscape and the coast, in the location of this type of facilities, it is sought to distance them as far
as possible from the coastline, since this also allows the use of turbines of greater nominal size
and power. However, as it has been discussed before, this usually leads to an increase in depth,
with the inconveniences that this entails. Therefore, the optimal location for a wind farm is the
one that is placed as far from the coastline as possible while keeping a low depth.

• Spontaneous or unexpected phenomena such as earthquakes, tsunamis or extreme meteorological
offshore events. Additional information from location, ground composition and soil-foundation
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interactions become much more relevant at regions where these events appear more
frequently [47–49].

Other factors to consider are the typology of the stratum of the seabed on which engineers support
the foundations [50], possible impacts to shipping routes or other offshore installations, and sea climate.
Furthermore, it is important taking into account that there are still some uncertainties for the design of
the foundations of these facilities [51].

As wave height is a dynamic value that may vary in a significant way for every wind turbine inside
each farm, depending on several different factors, the paper is focused on the other main conditioners:
the depth of the seabed and the distance from the coast. The development of new technologies and
manufacturing and construction procedures [52], together with the increase in the size of wind farms
and turbines and the increase in society’s awareness of visual and environmental impacts [53,54], has
led to the displacement of these installations further from the coastline, as it can be seen in Figure 2
(the size of the bubbles represents the capacity installed).
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Figure 2. Offshore wind farms in operation classified by depth and distance from the coast at the end
of 2018 (the size of the bubbles represents the capacity installed).

Table 2 shows the average depth and distance to coast in different locations and also the ratio
depth/distance. In the case of lower depth and distance to coast, the more convenient and cost-efficient
the construction project of the wind farm will be [55].

Regarding the wind farms operating these days, low-depth seas belonging to the continental
platforms are the optimal location for these installations, where the ratio between the seabed depth
and the distance is under or close to 1 m/km.

In Europe, the North Sea, Baltic Sea and Irish Sea stand as the best spots and mostly the first that
have lead the sector since the beginning of the century. In the case of Asia, seas such as Eastern China,
Southern China and the Yellow Sea provide an even better ratio, which can undoubtedly be a reason to
explain the fast development and huge interest that this sector has brought to this continent.
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Table 2. Average depth and distance conditions of installed farms by location at the end of 2018.

Location Wind Farms Power Installed
(MW)

Power
Installed (%) Depth (m) Distance to

Coast (km)
Ratio

Depth/Distance

North Sea 61 12,933 55.4% 23.4 30.0 0.78
Irish Sea 15 2938 12.6% 13.1 10.1 1.29
Eastern

China Sea 16 2574 11.0% 5.3 16.7 0.32

Baltic Sea 20 2186 9.4% 12.4 10.9 1.14
Yellow Sea 13 1365 5.8% 7.5 11.3 0.66

South China
Sea 10 777 3.3% 6.5 8.3 0.78

English
Channel 1 400 1.7% 29.0 13.0 2.23

Japan Sea 6 66 0.3% 13.4 1.5 8.94
Philippines

Sea 7 53 0.2% 39.9 6.3 6.34

Atlantic
Ocean 4 42 0.2% 21.4 7.3 2.95

Lake Vanern 1 30 0.1% 9.5 4.0 2.38

Depending on the depth of the seabed, as well as the surrounding conditions and sea climate,
different solutions have been used since the first offshore wind turbines were designed. Some of the
most important typologies of foundations are defined as follows [55–59]:

• Gravity-based structure (GBS): concrete-based structure which can be constructed with or without
small steel or concrete skirts. The base width can be adjusted to suit the actual soil conditions.
The proposed design includes a central steel or concrete shaft for transition to the wind turbine
tower [60,61].

• Monopile: the monopile support structure is a simple design by which the tower is supported by
the monopile, either directly or through a transition piece, which is a transitional section between
the tower and the monopile. The monopile continues down into the soil. The structure is made of
cylindrical steel tubes [62,63].

• Tripod: three-leg structure made of cylindrical steel tubes. The central steel shaft of the tripod
makes the transition to the wind turbine tower. The tripod can have either vertical or inclined pile
sleeves. Inclined pile sleeves are used when the structure is to be installed with a jack-up drilling
rig. The base width and pile penetration depth can be adjusted to suit the actual environmental
and soil conditions [64].

• Jacket: similar to the tripods described above, with the difference of having four piles instead
of three. These metal piles are linked together thanks to a lattice that provides strength and
stability to the whole structure. They have dimensions similar to the tripods but given their
greater adaptability to diverse conditions and stability, they are more widespread than these, until
being the second most used typology only behind the monopiles [65,66].

• Floating: The floating support structure consists of a floating platform and a platform anchoring
system. The platform has a transition piece to install the tower on top of that. The platform can
have several typologies: spar, semisubmersible and tension leg platform (TLP) [67,68].

Besides the previously mentioned types of foundations, there are others in development to be
used in the offshore wind industry. One of the most known is the suction caisson being used in oil and
gas with very good results [69–71]. This typology provides a stable and light base, whose strength
comes directly, not from its weight or depth, but from the compaction of the supporting soil through
the suction of the water. Suction caissons work very well in soft soils such as clays [72,73].

The seabed depth has often been used as the main conditioner to choose the most convenient
typology for a project. Various articles and reports have attempted to settle the range of employment,
establishing approximate parameters based on the behavior that each one of them experiences when
facing sea climates. Table 3 includes some of the most accepted criteria [74,75].
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Table 3. Range of use of typology by seabed depth.

Foundation Ashuri and Zaaijer, 2007 DNV, 2013 Iberdrola, 2017

GBS 0–10 m 0–25 m 0–30 m
Monopile 0–30 m 0–25 m 0–15 m

Tripod/Jacket >20 m 20–50 m >30 m
Floating >50 m >50 m >50 m

However, the depth of the seabed is not the only condition to be considered. Other factors such as
the availability of resources [76] and technology and experience in a certain type over the others make
different markets bet on different solutions in similar environments.

Figures 3 and 4 show the comparison of the typologies in Europe and in Asia according to the
parameters of depth and distance to the coast.
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The maturity of the sector in Europe has allowed the installation of wind farms in remote areas
not yet considered in Asia, both in distance and depth. The best example is the Global Tech I Park, in
Germany (400 MW, 115 Km from the coast, 80 x 5 MW turbines, AREVA M5000 wind turbine, situated
in the German Exclusive Economic Zone (EEZ), 180km away from the Bremerhaven Emden in the
north-west, Germany). In Europe, monopile foundations after decades of experience and acquired
knowledge, present a high percentage of use compared to the other typologies in Europe (77%).
The specialisation in their design and manufacturing makes them, due to cost and range of aptitude,
the most appropriate alternative in most wind farms located in shallow and intermediate depths.

Meanwhile in Asia, the arrival of offshore wind energy in a continent without tradition in facilities
of this type has led to the use of various solutions. On the other hand, the optimal conditions of
some Asian seas with shallow depths at great distances, explains the use of simple and inexpensive
typologies such as pile cap concrete foundations. Wind farms with several different typologies are also
common, mainly pile cap foundations and monopile or jacket structures.
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Although floating foundations have not been represented in the previous graphs, to facilitate
the visualisation of the data, they will be analysed separately. As it can be extracted from previous
text, all the conventional typologies present problems or a high degree of uncertainty when depths
are greater than 50 meters. However, it is in these regions where the wind resource is the strongest
and most stable, and the distance to the coastline minimises the impact on the environment and the
landscape. Due to these reasons, many market participants started to investigate and develop new
solutions that allow the installation and operation of wind farms at greater depths and distances,
without compromising the safety of wind turbines or requiring huge installation and maintenance
costs. Some of the advantages that floating platforms can offer compared to the other types are:

• Allowing the installation of wind farms in regions with great potential in the production of wind
energy but which cannot be supported with current typologies.

• They offer a competitive alternative in medium depths (30–50 m), since they do not require a
preparation of the seabed nor is it necessary to carry out works in the large-scale environment.
Therefore, the impact on the ecosystem is lower.

• They allow countries without a continental platform and great depths at a short distance from the
coast (America, Southern Europe, among others), to step forward in the market to which they
barely had access to a few years ago.

The biggest disadvantage of this type of project is the need for research and development until it
is viable and used in real installations, together with the enormous associated cost involved. Despite
all this, several demonstrations and pilot projects have already been carried out, and the behaviour
and profitability of this type of proposal are currently being analysed. Table 4 includes the floating
projects already operating.
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Table 4. Floating projects in operation at the end of 2018 (JAP: Japan; NOR: Norway; UK: United
Kingdom; FRA: France).

Wind Farm Country Power (MW) Turbines Depth (m) Distance (Km) Year

Fukushima Floating -2 JAP 12.0 2 122.5 20 2018
Fukushima Floating -1 JAP 2.0 1 122.5 20 2013

Sakiyama Wind Turbine JAP 2.0 1 40.0 5 2016
Hywind NOR 2.0 1 220.0 10 2009

Hywing Scotland UK 30.0 5 103.0 25 2018
Floatgen Project Demo FRA 2.0 1 30.0 22 2018

With a total of 154 offshore wind farms classified and analysed using all the data set created
for this research, it has been limited to the range of use of each one of the considered typologies,
establishing both the areas of frequent use and the singular projects that are outside these limits, and
which is interesting to mention since they establish the limits of these foundations in the future (Table 5,
Figure 5).

Table 5. Typologies of foundations by range of use (1995–2018).

Typology Depth (m) Distance (Km) Max. Depth (m) Max Distance (Km)

Pile Cap 0–15 0–15 15 15
Combined 0–15 0–30 30 35

GBS 0–20 0–15 30 30
Monopile 0–30 0–60 40 100

Jacket 5–50 5–60 50 70
Tripod 25–50 40–120 40 120

Floating >50 5–25 220 25
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In Figure 5, the areas inside the solid lines represent the regions where each typology has been
used various times, while the areas outside the solid lines but inside the dashed ones represent the
regions where these typologies have been used for single projects. Those dashed-line areas can be of
interest, as they set the possibilities of these different solutions in the short and medium-term.
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As it can be seen from the Table 5 and Figure 5, there are three differentiated zones for which
different solutions are used, depending mainly on the depth of the seabed but also on the distance to
the coast and location of the wind farm:

• In shallow depths (0–20 m), the typologies used differ depending on the continent. In Europe,
GBS and monopile foundations have been the most frequent option, with the former being used
at distances less than 15–20 km from the coast, and the latter at greater distances. In Asia, on
the other hand, the pile cap foundations and the combined wind farms (mainly pile cap and
monopiles) have been chosen for practically all the foundations.

• At medium depths (20–40 m), the most commonly used foundations are monopile and jacket
typologies. The main difference between the two is the use of the second ones in depths from
35–40 m. It is in these depths when the monopiles begin to experience buckling and instability
phenomena, being necessary to resort to more stable structures with better behavior under severe
marine conditions. Bac Lieu wind farm, the first one in Vietnam, stands as one of the examples of
pile cap foundations [77].

• On the other hand, it is important to highlight the use of tripod foundations. Although there are
currently only three wind farms with this typology, their excellent behavior in areas far from the
coast makes them a competitive alternative at medium-high depths and large distances, these
regions being potentially the most demanded for installation of wind farms in Europe during the
coming years.

• At greater depths (>50 m) floating foundations are the only typology that has been used to date.
It can, therefore, be assumed that above this depth these typologies are those that a priori can be
considered as the only possible alternative, although in particular conditions other typologies
(usually tripod or jacket) may be used as well.

3. Monopiles: Evolution and Parameters of Design

As has been explained previously, if there is a typology that stands out above the others, both in
frequency and range of use, it is the monopile typology. Considered an alternative since the first years
of development of this sector, it has several characteristics that explain its popularity and widespread
use:

• Simplicity: a simple and easily standardised design allows it to be manufactured in series without
the need for cutting-edge technology, shortening construction and installation times and, therefore,
reducing costs without compromising the safety and operability of the installation.

• Adaptability: linked to the previous point. Its simple design makes it possible to adapt to different
dimensions and characteristics, without excessive complications to external conditions, avoiding
the need for a large amount of field data, providing competitive solutions in shallow depths as
well as in larger ones.

• Behavior: possibly the main strength of this typology. Able to stand favourably against external
forces without increasing installation and maintenance costs. Mainly in high distances and
average depths (25–35 m) where typologies such as GBS and HRPC (High Rise Pile Cap) are not
competitive, and the use of jacket and tripod foundations can greatly increase the cost of the
project, monopiles are considered the best alternative, even nowadays.

Monopiles began to be used mainly in 2002 when offshore wind was considered for the first time
a competitive alternative in some parts of Europe, and the first relevant projects came up (Horns Rev 1,
160 MW, Denmark, Vestas V80-2.0 MW, North Sea, Denmark). These large wind parks needed to
move away from the coast to minimise environmental and social impact, in addition to seeking a more
powerful and stable wind resource. GBS foundations could not compete at intermediate depths and
jacket structures were not economically viable.

During the next years, this typology experienced a great development (marked in green in
Figure 6), as more resources were invested to reduce manufacturing costs while improving the building
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processes. Some companies, collecting the knowledge obtained from each project, soon became solid
specialised brands who developed new solutions and techniques, spreading the use of monopiles out
of their initial range. At the top of its popularity in 2014, monopile foundations were used in 76.7% of
the total wind turbines operating in the world by that time (Figure 6).
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The decreasing period takes place as of 2014 (highlighted in red), and presents a decreasing trend
from the 77% existing in that year to the current 65%. To explain this fact, two facts must be considered.

On the one hand, the tendency to move wind farms away from the coast towards greater depths
favours the use of more solid and stable typologies (jacket, tripod), with a better performance in the
face of more severe marine climates.

On the other hand, the development of the sector in the Asian countries with different
environmental conditions and technical solutions, has favoured the decrease of this quota. However,
as it has been already seen, turbines have barely been installed at intermediate depths in Asia and
when they begin to do so, monopiles will be considered again.

In order to adapt to the needs of each wind farm, monopiles have evolved over the years. Its main
dimensions, diameter and length have increased to be able to support increasingly high and heavy
turbines and greater depths. If it is analysed, these changes during the last 10 years in which 90% of all
existing monopiles have been installed, the results are exposed in Table 6.

Table 6. Monopiles characteristics (2009–2018).

Year
Power

Installed
(MW)

Turbines
Installed

Average
Turbine Power,

Pn (MW)

Average
Diameter,

ø (m)

Average
Length, L

(m)

Average
Depth, d

(m)

Average
Distance to

Coast, DC (Km)

2009 457 127 3.6 4.85 37.8 7.6 5.7
2010 862 311 2.8 4.26 40.4 11.7 20.2
2011 232 72 3.2 5.00 43.0 19.3 15.0
2012 184 51 3.6 6.00 55.0 27.0 22.0
2013 2149 599 3.6 5.13 47.8 13.1 15.7
2014 1063 317 3.4 5.48 58.8 19.2 24.4
2015 2072 564 3.7 5.47 55.4 17.9 27.8
2016 698 191 3.7 5.68 62.2 9.5 16.5
2017 3144 609 5.2 6.83 69.0 23.6 46.1
2018 3598 608 5.9 7.26 69.1 22.4 27.4
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As can be seen, both the length and the diameter of the piles have evolved proportionally to the
power of the turbines, maintaining constant ratios. However, in order to analyse the relationship
of these dimensions with the average depth and distance to the coast, it is seen that the ratio is not
constant and there are relevant deviations.

In order to study these correlations more carefully, some monomials from the previous table are
shown in Table 7.

Table 7. Monopiles monomials (2009–2018).

Year ø/L
(m/m)

ø/Pn
(m/KW)

L/Pn
(m/KW)

ø/d
(m/m)

L/d
(m/m)

ø/DC
(m/Km)

L/DC
(m/Km)

d/DC
(m/Km)

2009 0.13 1.35 10.5 0.64 5.0 0.85 6.6 1.33
2010 0.11 1.54 14.6 0.36 3.5 0.21 2.0 0.58
2011 0.12 1.55 13.3 0.26 2.2 0.33 2.9 1.29
2012 0.11 1.66 15.2 0.22 2.0 0.27 2.5 1.23
2013 0.11 1.43 13.3 0.39 3.6 0.33 3.0 0.83
2014 0.09 1.63 17.5 0.29 3.1 0.22 2.4 0.79
2015 0.10 1.49 15.1 0.31 3.1 0.20 2.0 0.64
2016 0.09 1.55 17.0 0.60 6.5 0.34 3.8 0.58
2017 0.10 1.32 13.4 0.29 2.9 0.15 1.5 0.51
2018 0.11 1.23 11.7 0.32 3.1 0.26 2.5 0.82

Average 0.11 1.48 14.2 0.37 3.5 0.32 2.92 0.86

The monomial with the lowest variation is the ratio Diameter/Length of the monopile, staying
close to 0.10–0.11 during the last years. This parameter can be helpful at the time of designing the right
length of the pile based on the diameter of the wind turbine.

Although the other coefficients show a higher variability, in order to obtain a valid correlation for
wind farms with the current characteristics and conditions, those obtained from the data corresponding
to the last years will be more useful for this study. With these parameters, engineers can make
estimations of the dimensions of the foundations, considering both the conditions of the environment
and the power of the chosen turbines.

Other parameters that may be of interest are the hub height and blade length of the turbines,
which directly affect the electrical production capacity. In Table 8 and Figure 7, it can be seen how
they have evolved their average values over the years, and their relationship with the length of the
monopile foundations.

Table 8. Hub and blade heights of monopile wind farms by year (1996–2018).

Year PN
(MW)

Hub
Height (m)

Total
Height (m)

Blade
Length (m)

Monopile
Length (m)

Ratio
Blade/Hub Monopile/Hub Monopile/Blade

1996 0.61 50.0 71.5 21.5 19.0 0.43 0.27 0.88
1998 0.60 41.5 60.0 18.5 21.0 0.45 0.35 1.14
2000 1.43 65.0 100.5 35.5 32.5 0.55 0.32 0.92
2002 2.00 70.0 110.0 40.0 30.0 0.57 0.27 0.75
2003 2.30 61.0 102.2 41.2 45.0 0.68 0.44 1.09
2004 2.16 67.0 110.3 43.3 40.0 0.65 0.36 0.92
2005 3.00 70.0 115.0 45.0 41.0 0.64 0.36 0.91
2006 3.00 75.0 120.0 45.0 49.0 0.60 0.41 1.09
2007 3.25 76.8 126.0 49.3 48.5 0.64 0.38 0.98
2008 2.00 59.0 99.0 40.0 54.0 0.68 0.55 1.35
2009 3.60 78.8 132.3 53.5 37.8 0.68 0.29 0.71
2010 2.77 70.0 114.3 44.3 40.4 0.63 0.35 0.91
2011 3.22 75.3 125.3 50.0 43.0 0.66 0.34 0.86
2012 3.61 90.2 150.2 60.1 55.0 0.67 0.37 0.92
2013 3.59 79.6 134.9 55.3 47.8 0.69 0.35 0.86
2014 3.35 83.2 139.7 56.5 58.8 0.68 0.42 1.04
2015 3.67 87.0 145.8 58.8 55.4 0.68 0.38 0.94
2016 3.65 91.3 152.3 61.0 62.3 0.67 0.41 1.02
2017 5.16 97.5 167.7 70.2 69.0 0.72 0.41 0.98
2018 5.92 99.8 174.2 74.4 69.1 0.75 0.40 0.93
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Some interesting monomials can be extracted, like the ratios of Monopile Length/Blade Height,
and Monopile Length/Hub Height, which have remained constant through the years (0.3–0.4 for the
first one, and 0.9–1.0 for the second one). However, the monomial that shows a higher variation is
the ratio Blade Length/Hub Height, from 0.43 in 1996 to 0.75 in 2018. Bigger blades lead to more
efficient turbines and higher productions, and the location of offshore wind farms far from any affect
on humans, and the lower surface roughness of the sea allows this ratio to keep growing.

Finally, some data on the predominant soil composition in each of these wind farms have also
been included. In the same way as in previous sections, several monomials have been obtained. Table 9
includes some important figures related to the soil type, including the percentage considering the
power installed and some of the monomials previously used.

Table 9. Soil composition on monopile wind farms.

Soil Type Power
(MW)

% Type of
Soil (Total

Power)

Pn
(MW)

Wind
Farms

Average
Depth

(m)
ø (m) Lenght

(m)
Ratio
ø/L

Ratio
Length/Depth

Sand/Clay 1582 10.3% 3.5 8 11.8 5.0 52.0 0.10 4.40

Sand/Bedrock 135 0.9% 2.0 4 9.3 3.6 32.1 0.11 3.47

Sand 9199 60.1% 4.2 39 17.9 5.6 57.8 0.10 3.23

Clay 2191 14.3% 4.1 10 14.8 5.4 48.5 0.11 3.28

Sand/Gravel 775 5.1% 3.5 3 12.0 5.1 40.7 0.13 3.39

Sand/Chalk 97 0.6% 3.6 1 9.0 - 34.0 3.78

Clay/Gravel 165 1.1% 3.0 1 16.0 4.5 55.0 0.08 3.44

Clay/Bedrock 576 3.8% 3.6 1 20.0 5.0 55.0 0.09 2.75

Chalk 595 3.9% 6.3 2 20.8 7.3 70.5 0.10 3.40
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Placing our data on a graphic similar to Figure 5, it is shown in Figure 8 how monopile wind farms
are located depending on average depth and distance to the coast for every different soil composition.
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4. Discussion of Results

The offshore wind sector awaits great potential both in the short and long term. The development
of technology, the increase of competitiveness, reduction in costs and the interest by companies and
institutions have motivated the development of a growing number of new projects year after year.
In those areas where these wind facilities were already consolidated, that is, the regions surrounding
the North Sea in Europe (Germany, the United Kingdom, the Netherlands, Denmark and Belgium), and
China in Asia, this development has favoured the arrival of the first “megaprojects”, installations of
high power capacity carried out with the objective of not only supplying a significant quota of energy
demand but with the ambitious objective of leading the production of electricity of their respective
countries in not too long a space of time.

Regarding the countries that had not taken part in this sector yet, the consolidation of these projects
together with the increase in the profitability of these facilities and the good results demonstrated, has
led to the entry of new participants. A large number of European countries with access to the coast
have already begun to analyze the viability and consent to the drafting of projects of this type, or in
other cases, to carry out experimentation and analysis facilities that may favour the development of
new wind farms in the future. Similarly, both the United States and various Asian countries have
started to develop projects of this type over the past few years, some of which are already operating.

It must be highlighted the extensive use of monopiles, used in mostly all types of depths and
environments. About this typology, it will be spoken of in more detail in the next lines. In addition, it
can be observed the different trends and ranges of use for each of the foundations analysed. In shallow
depths (0–15 m), it can be mainly found with foundations by gravity or GBS and pile cap foundations
in Asia. These typologies have been progressively abandoned as wind turbines moved away from the
coast and other typologies that needed less competent strata appeared. In the case of pile caps, they are
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still used in Asia in wind farms that are close to the coast. GBS foundations have been included in recent
projects where the depth and sea conditions are a priori not convenient for them. At medium depths,
it can be found the most used typologies today, the monopiles, and the jacket and tripod structures.
Monopile foundations are currently used in more than 60% of wind turbines operating worldwide.

With regards to the analysis of the technical characteristics, the appearance of a constant value
throughout all the foundations carried out from the beginning of these projects to the present, is the
Diameter/Length ratio, which has remained unchanged for 20 years, always close to 0.10–0.11 and that
seems to be the limit from which the phenomena of instability, vibration and deflection may appear.

Regarding the blade and hub heights, once more of this typology has evolved to be able to support
bigger structures and turbines and maintain a constant ratio with both blade length and hub heights.
If we look at the soil composition, we observe than this typology can adapt to different environments
while keeping similar parameters and dimensions, proving it as a convenient and cost-effective solution
even on heterogeneous locations.

For the jacket structures, their adaptability and excellent behavior in adverse conditions make
them the best option in medium-high depths (20–40 m), especially in those areas where the monopiles
can be instable and show deflection and bulking. On the contrary, its design and manufacturing
complexity, unique for each wind turbine, and the cost associated with it has prevented its usual use
until just a few years ago (2014–2015). However, since then its use quota has been increasing year after
year, and as the technology on this typology becomes generalised and its own costs decrease, so will its
expansion. As for the tripod foundations, although theoretically their features and benefits are at an
intermediate point between monopiles and jacket structures, analysing the operational wind farms at
present, it can be seen that their use is concentrated in the same area and in very similar conditions:
high depths (30–40 m) and great distances to the coast (50–100 km).

5. Conclusions

The main conclusions of this research are:

• Offshore wind energy is experiencing constant growth in recent years, consolidating itself as one
of the fields with more potential. For this form of energy generation to be competitive, several
years of research and development have been necessary.

• Monopiles are the most used foundations in shallow (0–15 m) and intermediate depths (15–30 m).
The simplicity of designing and manufacturing, together with a vast knowledge inherited from
experience, especially in Europe, has led this typology to be the first option in more than 60% of
the world’s offshore wind foundations nowadays.

• Jacket and tripod structures remain as strong competitors to monopiles when the seabed depth is
higher than 30 m. Floating solutions, which are beginning to be used for real energy production,
are supposed to take the market by storm in the near future, bringing this sector to places that
remain unavailable nowadays.

• Monopiles evolution has been studied according the following monomials: diameter/length,
diameter/turbine power, length/turbine power, diameter/water depth, length/diameter,
dimeter/distance to the coast, length/distance to the coast, and water depth/ distance to the
coast, with the following average values: 0.11; 1.48; 14.2; 0.37; 3.5; 0.32; 2.92; 0.86.

• The Diameter/Length monomial has the lowest variation, staying close to 0.10–0.11 during the last
years, so it can be used for a first and fast figure of the length of the pile.

• The other coefficient with a higher variability can be used for the first estimate in case of using the
monomials value obtained in last years, the most current ones.
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