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Chapter 8

Pushing the physics of the
large turbines of the future
Flemming Rasmussen, Frederik Zahle, Asger Bech Abrahamsen,
Anand Natarajan and Helge Aagaard Madsen
DTU Wind Energy
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a

Figure 2a.
The LowWind turbine
concept is characterized
by producing more than
double the power at low
wind speeds compared to
conventional turbines. This
is possible due to a very
low specific power (SP) of
100 W/m^2. The stop wind
speed is low at 12-13 m/s
to limit loads and reduce
excess power generation
into the system.

b

Figure 2b
Shaded areas show
the predicted share of
LowWind technology of
the wind-turbine market
in 2045 as a function of
increased CapEx relative
to the cost of conventional
turbine technology.

was unrealistic, it only fell short by the order of 30%.
Taking into account the fact that the capacity factors of
wind turbines have increased by a similar amount, the
predicted energy production was fairly close.
Concerning the development of wind technology, an
EU application by a large European consortium was
submitted in 2002 with the title: ‘Wind Power Plant
2020 – the Size, the Concept the System’, with the
aim of envisioning 20 MW turbines being developed
by 2020 and establishing research roadmaps to actually get there. This project was not funded, but two
subsequent projects along the same lines, UPWIND
and INNWIND, were aimed at facilitating this development by contributing to establishing a research
basis. The envisaged 20 MW turbine was anticipated
to have a rotor 240 m in diameter. By 2021 Vestas
announced their new offshore turbine of 15 MW
with a rotor diameter of 236 m.
These examples illustrate the importance of establishing a common vision and framework, which to
a large extent has been the case for the wind energy
community, and that the research status, needs and
potentials should be seen in that context.
Wind energy has experienced an incredible evolution to become central to electricity supply. In order
to utilise its full potential and have it become the
backbone of the future energy system, considerable further development is needed, which must be
underpinned by basic research into wind turbine
technology with the aim of pushing the physics
beyond the existing achievements.
Relatively speaking the perspectives are nearly unlimited, and it is time to set new ambitious scenarios

and goals that could include ‘lighthouse’ turbines of
up to 40 MW by 2040 and turbines optimized for
improved energy-system operation. This could lead
to further differentiation of the industry and thus to
research needs on a fundamental level.
Pushing the physics of the future large turbines
and giving sustainability increasing weight in the
development and optimization process leads to
lighter weight, slender and very flexible turbines.
The full system design optimization of such turbines
will require sophisticated high-fidelity fluid-structure simulation tools that go far beyond the models
that are presently available for industrial application. This will require a renewed focus on the basic
research areas that have been a prerequisite for the
achievements so far, but which at present generally
seem to receive less attention, as some mistakenly
regard wind technology as fully mature. As the
perception of a ‘diminishing return’ from the more
basic evolution of incremental research is not valid
from the ‘lighthouse’ perspective, this chapter will
illustrate some of the challenges to be faced over the
next twenty years if substantive potential progress in
wind technology is to be realized.

Future emerging technologies
The strong increase in the installation of wind power
anticipated worldwide up to 2050, when all energy
systems must be carbon-neutral, and its position as
one of the major sources of electricity production
have important impacts on the future design of wind
turbines.
The growing share of wind produced electricity is
resulting in increased variability in temporal generation, resulting in overproduction for longer and more
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frequent periods. Even with a share of 46% electricity produced by wind in 2020 in Denmark, 10% of
possible production was lost due to the curtailment
of wind turbines [3]. Stronger grids and more flexible
consumption through demand-side management will
help alleviate this, but it is a fundamental challenge that
production from turbines is proportional to the third
power of the wind speed and results in strong variations in time, with capacity factors typically up to 60%.
However, a considerable contribution to the reduction of the problem of power variability can be made
by the new turbine designs that are expected to
emerge in future decades with much lower specific
power ratios (SP) than those seen today. SPs have
been steadily falling over the last twenty years, but
are presently in the range of 200 to 250 (W/m^2).
In America, the BAR project [4] is exploring rotors
with a SP of 150 (W/m^2) and in the ongoing LowWind project in Denmark even lower SP rotors of
100 (W/m^2) are being studied. The LowWind rotor
concept is designed to produce more than double
the power at low wind speeds compared with a conventional turbine (see Figure 2a). However, it is shut
down at 12-14 m/s at a point where conventional
turbines have reached rated power and can balance
the consumption. This is almost possible with the
present installed capacity of conventional turbines,
but it is expected that future installations will be a
mixture of LowWind and conventional turbines.
Additionally, system simulations show that such turbines can be competitive even with a much higher
CapEx because their production at low wind speeds
has a higher value. A recent study simulating the
power system in northern Europe found that such
low-wind (LW) turbines would win a considerable

Figure 3.
The radical vision
presented here sets the
foundation for a disruptive
new wind-turbine technology using an aerodynamic
gearing concept which has
the potential for a 10-20%
reduction in costs and a
50% reduction in materials.
This requires interdisciplinary research work
combining electric aircraft
and wind turbine science.
The weight estimates are
for a 10 MW turbine.
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share of the market, even with a 35% higher CapEx
(see Figure 2b, and [5].
Another important driver for future rotor designs
is that an increased proportion of turbines will be
installed offshore, both bottom-fixed and floating,
due to limited suitable sites onshore. Upscaling turbines drives the overall cost of the installation down,
as well as the maintenance costs. However, it seems
to be difficult to increase the tip speed of future
turbines very much due to erosion problems on the
leading edge of the blades.
Thus the rotor speed will fall further, this being a
major drawback with upscaling because the required
gear ratio increases for such turbines (assuming a
drive train using a gearbox). However, a reduced
rotor speed has an equally negative impact on direct
drive design (DD) through generators having an
increased diameter and weight.
One way to overcome this is to use aerodynamic
gearing. Instead of converting the mechanical power
into electricity through torque in the drive-train,
the new turbine concept called WTx2 (two-stage
wind-turbine conversion) aims to produce electricity using lightweight rotor or generator systems
mounted at the tips of the main rotor blades (see
Figure 3). Due to the high effective flow velocity at
the secondary rotors and their low-thrust operation, they can run at very high rotational speeds
and efficiencies and only need a small swept rotor
area for a given power output. The potential direct
mass savings in the nacelle are huge, maybe more
than 95%, which will lead to further considerable
mass reduction of the nacelle itself. This is a major
advantage for floating concepts, and the modularity
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of the WTx2 concept can lead to substantial savings
in service. The use of tip rotors is not new and has
also been considered for vertical axis rotors, which,
however, typically have lower tip speed ratios than
horizontal axis wind turbines and are thus less suited to the tip rotor concept.

State of the art, challenges and
perspectives
Rotors
Improvements in wind-turbine rotor technology
have played a central role in the continued reduction of the LCoE of wind energy observed in recent
decades, stemming from both cost reductions and
efficiency improvements. While onshore and offshore rotor technologies are still fundamentally the
same, offshore turbines have generally seen faster
growth in power rating with (as of 2021) announced
generator sizes of 12-15 MW, while onshore wind
has seen a more moderate growth in power rating.
Many design challenges remain common to the
two markets, but a key challenge for offshore is the
upscaling of rotor sizes, while for onshore turbines,
increased capacity considerations and design for
low-wind conditions are dominating design drivers.
To drive down blade mass, beating the square-cube
scaling laws, modern blades employ advanced
materials and are becoming increasingly flexible,
featuring sophisticated aero-elastic design technologies such as passive [6,7] and active load alleviation
[8] combined with advanced controls. To tackle
the challenges of logistics both on- and offshore,
new blade technologies such as jointed blades are
also being explored, which in turn can lead to new
blade design and new manufacturing methods.
This technology can also lead to greater design
modularity for the overall wind turbine with,
for example, compatible blade segments being
combined for optimal site-specific performance.
Figure 4 shows a conceptual modular blade with
three blade tips of varying length to allow better
matching to local wind conditions and operational
constraints.

Through decades of research and development, the
theoretical basis and necessary models for predicting the aerodynamic, acoustic, structural and
aero-elastic characteristics of wind turbines have
been developed and improved in designing the
wind turbines now on the market. As wind turbine
designs become increasingly complex, there is a
continued need for more advanced modelling and
design methods to be used from the early conceptual design phases through to detailed design and
certification. This relates to both the need to model
a larger part of the system during the design phase
due to the highly coupled nature of the physics of
a wind turbine, and the need for more advanced
simulation tools to model the physics involved. To
address the fundamentally multidisciplinary nature
of wind turbine design, advanced optimization
frameworks are increasingly being used to design
wind turbines, with which, for example, the aerodynamic and structural design of a wind turbine blade
can be tailored to achieve aeroelastically stable and
load-efficient designs.
Figure 5 shows a comparison between the openly
available IEA 3.4 MW RWT [9] and the Low Wind
3.4 MW RWT [10] designed for low-wind conditions and ultra-high capacity factors. Figure 6 shows
the detailed blade geometry and its internal structural layout, which was designed using an integrated design approach developed at DTU [6]. In the
design process the balance between aerodynamic
performance, loads and mass are considered simultaneously, sizing both the internal structure and the
aerodynamic shape, together with a peak-shaving
control strategy that results in significantly increased
performance and mass savings. It is also becoming
feasible to treat the traditionally separate airfoil and
blade design phases in a fully integrated fashion,
where the 3D shape of the blade is designed together
with the internal structural geometry in a free-form
fashion. The design of wind turbines presently relies
heavily on the Blade Element Momentum (BEM)
method to predict the rotor’s aerodynamics, but re-

Figure 4.
Conceptual illustration of
a modular blade platform
with a series of blade tips
compatible with a common
inner blade segment.
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Figure 5.
Comparison of (left) the
IEA 3.4 MW RWT [9] with
a 128 m rotor, and (right)
the ultra-high capacity-factor low-wind rotor
LW 3.4 MW RWT [10] with
a 208 m rotor.

cent research has also shown that using high-fidelity
modelling such as Computational Fluid Dynamics
(CFD) is becoming feasible in the conceptual design
phase for design of the blade, allowing for its true
freeform design [11], as well as the design of certain
features such as advanced tip shapes [12].
High-fidelity modelling is also necessary for understanding and mitigating critical stability challenges
for wind turbine blades. One such condition is
during commissioning or standstill idling, where the
flow over the blades can lead to a condition known
as vortex-induced vibration (VIV). This topic has
been the subject of intense research [13] due to possible catastrophic failure of the blade structure if the
turbine design or control system is not equipped to
mitigate this condition. To model this phenomenon,
advanced so-called fluid structure interaction (FSI)
simulations are needed, which couple 3D CFD flow

Figure 6.
Conceptual design of a
102 m low-wind wind-turbine blade showing the internal structural geometry
designed in the Low Wind
project [10]
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modelling with an elastic model representing the
turbine. Figure 7 provides a visualization of the flow
over a single blade for a representative stand-still
situation, where the vortical flow structure behind
the blade is shown.
State-of-the-art commercial blade designs rely on
airfoil designs tailored to wind turbine-specific
requirements, most of the largest OEMs now having
in-house capabilities to design such airfoils. There
is a focus not only on aerodynamic efficiency and
robustness towards soiling and erosion, but also low
noise performance, again requiring a coupled design
towards high-efficiency, low-noise airfoils.
To enable aerodynamic testing of airfoils at higher
flow speeds, as well as measurements of noise from
airfoils, DTU Wind Energy has built the Paul La Cour
Wind Tunnel (PLCT), enabling the research community and industry to validate the next generation
of airfoil designs. This test facility is linked to the
recently established rotating test rig, where smaller
blade sections can be tested in atmospheric rotating
conditions that bridge the gap between wind tunnel
and a full-scale wind turbine prototype test.
As for the structural design of wind turbine blades,
new technology such as additive manufacturing
(AM) can also lead to disruptive design leaps for
wind turbine blades. There are various AM methods
that are relevant to composite wind turbine blade
manufacturing, such as tow steering or automated
fibre placement that allow for a greater degree of
tailoring of the structural characteristics and can
allow for greater geometric complexity than conventional manufacturing. While this technology is still
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not sufficiently mature to be used for a full blade,
the components of the blade such as the tip can
potentially be manufactured additively. This can in
turn allow for innovation in both the aerodynamic
and aeroelastic design of the blade. To support the
research activities in the fields of material science,
structural design, manufacturing and testing of wind
turbine blades, DTU has established a Large Scale
Facility at the DTU Risø Campus. This facility and
research undertaken there provide a key link to the
research in aerodynamic and aero-elastic design of
the next generation of wind turbines, providing the
means to develop the necessary manufacturing and
testing methods for such blades, as well as a way of
carrying out the experimental validation of structural design models.
Drive train
The drive train of wind turbines has the role of
converting the mechanical power of the turbine’s
low-speed shaft into electricity by feeding the torque
generated by the turbine rotor into either a gearbox
combined with a high-speed generator or directly
into a slow-speed generator (so-called direct drive),
in which case the gearbox can be omitted [14,15].
The gearbox drive train was historically first introduced with components consisting of off the shelf
parts from other industrial sectors, whereas the
direct drive (DD) generator gained momentum
around 2010 as offshore turbine installations were
ramped up in the European market [14]. The advantage of the gearbox drive train is that the gearbox is
basically made of steel and is lubricated using oil;
it is thus a cheap and relatively light-weight method of transforming the high torque of the turbine
rotor shaft into a low-torque high-speed shaft in the
generator, the cost of which scales with the torque.
However, one downside of gearboxes in wind
turbines is wear and the risk of failure before their
predicted lifetime is reached, which has historically caused high operating and maintenance costs,
especially for offshore wind farms [16]. In order to
mitigate the cost of the unscheduled maintenance
of the gearbox drive train, the direct-drive arrangement was developed by integrating a large multipole
ring generator into to the turbine nacelle and by
connecting the direct-drive generator directly to
the turbine’s slowly rotating shaft. The advantage
of the direct drive train is a considerably lower
number of moving parts and thus the possibility of
greater expected reliability. The downside is that the
direct-drive generator is more expensive and heavier
than the equivalent gearbox drive train consisting

Figure 7.
Illustration of the flow
over a blade during standstill for a flow condition
in which vortex-induced
vibration occurs [13]

of both a gearbox and a fast rotating generator [14],
although recent developments in the design of
multi-pole DD generators has reduced this excess
weight.
Even though the battle between the gearbox and the
direct drive train has been fought for many years,
the victory of either concept cannot be predicted
because this must be settled by the balance between
a difference in the CAPital Expenditures (CAPEX)
for buying the drive train and the OPeration and
maintenance EXpenditure (OPEX) needed to run
the drive train. In simple terms, the cheaper drive
train might eventually provide a higher Levelized
Cost of Energy if the maintenance cost turns out to
be higher than predicted [15].
Figure 8 illustrates how the turbine rotor sizes and
the power rating of the drive trains have developed
over the years, reaching 15 MW in 2021 for large
offshore wind turbines. The gearbox drive trains
dominated up until about 2010 [17], when Siemens
Wind Power introduced a direct-drive generator
concept based on Rare Earth –Iron –Boron permanent magnets mounted on an outer rotor and with
the armature windings inside the generator mounted on the nacelle [18]. The turbine blades and the
direct-drive generator rotor spin on a single large
main bearing sitting at the front of the nacelle. The
direct drive train was used for both onshore and
offshore turbines by Siemens Wind Power around
2014, but with the merger of Siemens Wind Power
and Gamesa in 2017, a strategy of using geared drive
trains for the onshore turbines and the direct drive
train for offshore turbines was drawn up for the
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combined operation of Siemens Gamesa Renewable Energy [19]. This strategy reflects the general
trend in the wind sector by 2021, where the offshore
turbines shown in Figure 9 all utilize direct drive
trains based on NdFeB permanent magnets expect
for Vestas, who continue to use geared drive trains,
even for their latest 15 MW offshore turbine [15].
In 2021 the gearboxes of the Vestas turbines have
a smaller number of gear stages than the earlier
gearbox designs and use a medium-speed generator
based on NdFeB permanent magnets to compensate
for this change. These medium-speed generators
have a considerably smaller volume and mass than
the direct-drive generators. Vestas’ argument for
using a gearbox is that it is now considered to be a
part subject to wear, that it must therefore be easily
replaceable even in the large offshore turbines, and
importantly, that such replacement generates a lower
LCoE than for a turbine based on the direct drive
train. Secondly, the roller bearings of the gearbox in
the V-236 have all been replaced by journal bearings, which are expected to improve reliability [20].
It should also be noted that the advantage of the
direct drive train in having fewer moving parts has
been challenged by the need for larger diameters
and more complex main bearings, which are expensive to replace offshore. For the onshore market it
can be said in general that the condition monitoring
of gearboxes has improved and that up-tower repairs

Figure 8.
Development of the rotor
size and power rating of
a selection of the main
turbine manufactures in
the global wind energy
market.
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of gear stages have become possible with the development of techniques to open up the gearbox while
it is still sitting at the top of the turbine tower [16].
Thus the battle of the drive trains can currently be
summarized as gearboxes being used for onshore
turbines and direct drive for offshore turbines. There
are a series of alternative drive-train technologies
such as direct drive based on the weaker ferrite
magnets [21], direct drive based on superconducting
coils [22,23] or a drive train based on a magnetic
gearbox combined with an outer ring generator
called a Pseudo Magnetic Direct Drive (PDD),
[24]. The Technical Readiness Level (TRL) of these
technologies ranges from 6 to 8 and has not been
demonstrated at the power levels of the offshore
turbines shown in Figure 9.
Finally it should be mentioned that, with the introduction of floating wind turbines, debate over the
ideal drive train for floating conditions is expected
to call for many investigations of the details of the
load cases for floating turbines (which will depend
critically on the nature of the floating support
and the associated degree of tower-top movement
allowed) and the scenarios for the replacement of
major components such as the gearbox and the turbine’s main bearing [15]. Thus the steady improvements in drive-train design continue to drive down
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the LCoE as the sector increases the power rating by
another factor of 2 towards 40 MW.
The development is indicated by showing the ranges
of turbines supplied in different periods. The triangles illustrate the production range of Vestas, reaching a rotor diameter up to 80 m and a power level of
about 2 MW by the year 2000 (black), a range of 2-4
MW and 80 – 120 m by 2014 (full red), and finally
2-6 MW and 90-162 m for the onshore turbines in
2021 (open red) [17]. Vestas’ offshore turbines are
shown by green triangles with a range from 130236 m and 4-15 MW [17]. A similar trend is seen
for Siemens Gamesa Renewable Energy (squares)
[18], and the offshore turbines of General Electric
(GE) are shown with circles [25]. Future conceptual
research designs are indicated by stars for two lowwind turbines [26, 27] and the range for an assumed
20 MW offshore turbine [28].
Support structure, including foundations
Fixed-base offshore wind turbine substructures are of
different types: monopiles or single piled structures,
mono-buckets or structures with a bucket foundation, gravity-based concepts that provide stability
due to their weight and frame-type structures such
as jackets and tripods. While monopile- and gravity-based structures were initially used at low water
depths, their ease of manufacture and the scaling up
of pile dimensions now makes them attractive solutions even at moderately deep waters of 40 m-50 m.
Requirements for the design of support structures for
wind turbines are covered in relevant international
standards, such as the DNVGL ST-0126 [29]. This
covers in particular the global and localized design
verifications, geotechnical requirements and criteria
to be verified for Ultimate Limit States (ULS), Fatigue
Limit States (FLS) (long-term resistance to cyclic
loads), Accidental Limit States (ALS) and Serviceability Limit States (SLS).
Most installed offshore wind turbines presently rest
on monopiles. The reliability of monopile structures
is strongly dependent on its two end points: 1) the
soil conditions in which the pile is embedded; and
2) the joint that connects it to the tower, which is often linked to a transition piece. The monopile is often
connected to the tower through a grouted joint, that
is, a concrete joint that binds the annular overlap of
the transition piece and the monopile. This joint is often at risk of failure due to the sliding of the concrete
material due to the constant bending vibrations of the
wind turbine’s support structure. To avoid such failures of sliding joints, the commercial grouted joints

have locking shear keys or are conically shaped [29].
Figure 9 depicts an offshore support structure with a
grouted joint in between the tower and the monopile.
The embedded length of the monopile within the soil
is of great relevance to the overall CAPEX of the offshore installation and to the reliability of the monopile itself. The natural frequency and damping of the
support structure is often difficult to assess because of
uncertainties regarding the soil properties [30]. The
modelling of the soil conditions is also applicable to
only small diameter piles [31], but a lack of soil measurements relevant for wind-turbine installations has
often forced the modelling of the soil-structure interactions using such simple models. With the advent
of deeper water monopile installations at 40 m-50
m depths, it is becoming increasingly important to
measure and utilize appropriate soil strengths and
deflection curves to accurately model the interaction
of large diameter monopiles at these depths [32].
The aero-elastic loads that influence the support
structure require evaluation under multiple scenarios. Load cases prescribed in the IEC 61400-3 standard for support-structure design need to be assessed
using site-specific measurements and turbine-specific information, such as:
•
•
•
•

Wind and wave conditions
Effect of wind-turbine control
Soil conditions
Isolated events such as storms or ice.

Each of the above factors can contribute to uncertainties in the support structure’s design. As an example,
the effect of the direction of the wind causes a great
variation in the design loads within a wind farm, and
when superimposed with hydrodynamic loading, it
results in different magnitudes of the design load on
the substructure. The reduction of the uncertainties
concerning the support structure’s design provides a
means to optimize the sub-structure locally to eliminate unnecessary material use.
Monopile substructures are especially sensitive to varying wind and wave conditions. A significant amount
of fatigue damage to the monopile substructure is possible under wind/ wave misalignment during turbine
operation due to the low damping of the substructure
in the side-side direction, that is, perpendicular to the
wind direction. The monopile can also suffer from vortex-induced vibrations (VIV), especially in the installation phase, when the rotor nacelle assembly (RNA)
has not been installed on the tower. VIVs are also possible after installation at high storm wind speeds, when
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Figure 9.
Left: types of grouted joint
of monopile: 1) conical and
2) cylindrical with shear
keys. Middle: model of
joint showing the tower
in green, grouted area in
grey, monopile section in
blue. Right: close-up view
of a conical grouted joint
with the inner monopile
section in red.

the turbine is not operating. VIVs during installation
can be prevented by completing the installation of the
RNA on the same day that the pile is installed. It is also
possible that, while the primary support structure is
not excited by VIV, secondary structures such as the
J-tubes (pipes carrying electrical wires and connectors) undergo VIVs [33].
The soil embedding the pile is subject to sediment
transport near the surface, leading to a loss of soil
surrounding the pile and a consequent loss of pile
strength. This phenomenon is called scouring, and
its prevention is scour protection. Scour can result in
lowered natural frequencies of the support structure,
leading to increased probabilities of resonant excitation and fatigue damage. If not repaired, scour can
lead to inclination of the support structure, leading to
gradual turbine collapse. Scour protection is usually
required for monopiles and jacket-type substructures
and consists of rock fragments holding the upper soil
layers intact. Such scour-protection features often
need replacement or replenishment during the life of
the wind farm to preserve the soil strength.
Further for floating substructures, the mooring lines
link the floating substructure to the soil, so that the
discussions above relating to soil strength can also
be applicable to the pile of the mooring line. Moreover, mooring lines can be susceptible to VIVs from
ocean currents. Loss of mooring lines due to breakage should be taken into account in the design phase,
so that there is sufficient redundancy in the mooring
system to prevent catastrophic failure.
At moderately deep waters up to 60 m in depth,
jacket- or frame-based substructures can be used,
which are very stiff substructures and have high
hydrodynamic transparency. Figure 10 provides a
schematic diagram of a jacket substructure, along
with the geometry of one of its constituent welded
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joints, a K-joint. These welded joints are the source
of significant stress concentrations, and there can be
large uncertainties in their fatigue lifetime. It is also
uncertain as to which load path from the base of the
tower causes specific stress levels in different welded
joints. Based on the direction of the wind-turbine
rotor, different welded joints in the jacket will be
subjected to varying stresses over the life of the wind
turbine. Hence an accurate knowledge of wind and
wave directions over each year is essential to design
the jacket for a targeted lifetime. The distribution of
stresses at the welded joint is complex and depends
on the type of joint configuration – X, Y or K. Stress
concentrations are quantified using
Efthymiou equations [34]. Portions of the jacket
that cannot be regularly inspected, such as those below the water should have sufficient safety margins
in fatigue to account for the catastrophic consequences of failure.
Moving to 20+ MW wind turbines brings several
new challenges to the design of offshore support
structures. The slow rotation of the large rotor
causes the harmonic excitation frequencies (1P, 2P,
3P etc, where P is the rotor revolution frequency)
of the support structure to be much lower than for
smaller rotors. This, coupled with the already low
structural natural frequency of tall support structures,
implies that designing support structures to avoid
resonant excitation is very onerous. Lowering the
support structure’s natural frequency can also result
in resonant excitation from hydrodynamic loads.
For floating wind turbines, the natural frequency of
the tower is coupled to the rigid-body motion of the
floater, meaning that, for tall wind turbines, the tower
may need to be significantly stiffened to prevent resonant excitation from the rotor harmonics, resulting
in higher material costs. The slow rotation of the rotor
also allows for higher energy from wind turbulence to
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Figure 10.
Left: schematic of a jacket
substructure. Middle: Finite
Element Model representation showing the jacket,
the piles at the base of
the jacket extending inside
the soil and the tower on
top of the jacket. Right:
close-up of a welded
K-joint in the jacket [35].

excite the rotor, thus increasing the dynamic loads on
the offshore support structure. The above design challenges imply that large offshore wind turbines above
20 MW will require fully coupled integrated design
of the support structure with the rotor and advanced
control methods to mitigate the transfer of dynamic
loads from the rotor to the support structure.

Discussion and outlook
This chapter has discussed some of the drivers of
wind turbine research in supporting and underpinning the development trends of wind turbine technology. It also has provided a summary of present
developments.
It argues that evolutionary and disruptive approaches to technological development should be
allowed to coexist, and indeed be encouraged, and
that some trends seem to converge with, for example, up-scaling and siting, like monopile offshore
support structures and high-capacity factor rotors,
while others lead to differentiation. An important
prerequisite for the development of wind-turbine
technology and the exploitation of its considerable future potential in a sustainable way is the
acknowledgement that both lines of development
need continued research.
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