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Abstract

This master’s thesis focuses on the structural design, optimization, and techno-
economic assessment of a 15 MW offshore wind turbine blade in the Mediterranean
Sea condition. In the current energy context, the optimisation of renewable energy
technologies is playing an important role, especially for technologies such as offshore
wind power, which are constantly evolving. The work aims to do a structural analysis
and aero-structural optimization of a wind turbine blade in different wind conditions
and do a simplified techno-economic modelling to evaluate its performance in
different wind and geographical scenarios.

After a briefly introduction to wind energy, the study begins with the definition of a
reference 15 MW offshore wind turbine blade layout using Co-Blade. The refence
configuration includes aerodynamic parameters and a composite structural
architecture based on carbon spar caps, glass fiber reinforcement, shear webs, and
foam core panels.

Firstly, a frozen load optimization is performed, i.e. only the structural variables are
allowed to change, then starting with this result, an aero-structural optimization
process is performed. The blade is first optimized at rated wind speed (10.6 m/s)
using a Particle Swarm Optimization (PSO) algorithm implemented in MATLAB. The
objective function is defined as the ration between structural blade cost and Annual
Energy Production (Cost/AEP), with structural and geometric constraints that must
be respected. The optimization leads to a structurally efficient blade that satisfies all
constraints while reducing the cost-to-energy ratio. To validate the results obtained,
a robustness analysis of the optimization was performed, i.e. five runs are executed to
verify the consistency of results.

After obtaining the optimized blade at rated conditions, further analyses are
conducted to determine the wind speed at which the blade achieves its most favorable
techno-economic performance. By re-optimizing the blade for wind speed between 10
m/s and 16 m/s, it is shown that this approach, using PSO, isn’t optimum due to
strong increases of uncertainty making the results not reliable. Suggesting a different
method, like the shell model for finite element.

Before the techno-economic analysis a simplified parametric study is performed by
introducing a global thickness multiplier to the geometric variable, allowing
evaluation of blade behavior under different wind speed while maintaining structural
constraint. The final part of the thesis is dedicated to techno-economic analysis. Using
cost data for offshore wind farms and a simplified cost model expressed as a function
of installed power, the Cost of Energy (COE) is calculated for wind speeds between 8
m/s and 16 m/s in three distinct locations: Mediterranean Sea, North Sea, and
Atlantic Ocean. The same analysis is done for two configurations of wind farms: the
bigger with 60 turbines, the smaller with 20 turbines. The analysis highlights how
wind conditions, installed capacity, and spatial density influence overall energy cost
and identifies the most favorable combination of wind speed and location.

il



1ii



Summary

1Y ¢ 13 1 - Tt ST RPRRTIN ii
LISt Of FIGUIE ...ueeeeeeeiiiiiiciieeereetiiiicessneneesetesesssnnnseseesssesssnnseeessssassssnnneessssssssssssnsesssssssssssnnnessssssssssssnnsesssssssssne vi
(1 o) 3 =1 ] [N viii
1 INEFOAUCEION ...eieeeiieeiieeerieeeiieeeeetteeenaneeeeeeeeeennnsssseeeeseennssssssssessennssssssssssssnnssssssssessennssssssssssssnnnssssssenssnnns 9
2 L 13 0 N 11
3 OFffShOre Wind tUrDINE. ....cceeee e rrrreeeeeceee e e eeenaas e eeeeeeeennssssssssesesnnnssssssesssennnsssssseessennn 14
3.1 Dimensions Of Wind tUIDINE..............eeeeeeeeeeeeiiiiiiiiieiiieieiiiiieeeeeeeeteeeeeeaeaeeesesessesasesesssssssssssssssnssnnnnnes 14
3.2 Components of WIind tUIDINe ...............ccooeeeeeeeeeeeee e, 16
3.3 210 (o RS 16
3.3.1 18] g] X< o] il o) fo] il o] Lo LTS PPPTPPPRN 18

3.4 LOGU ..ottt ettt et e e ettt et e e e ettt te e e e e e et raa e e e e e et —r—aa e e e e rb b ————aaarrrraa, 19
3.4.1 K] A=Y 1o 128 o Y- o 19
3.4.2 (@177l T [ Y- Yo S 19
3.4.3 R R =10) o (o T=Tc [PPSR UUPPPPPRONN 20
3.4.1 ] o]l o - 1y ol [oF- [ I OO POTRRRSPPPR 21
3.4.1 ReSONANCE INAUCE [OAAS ....coevviiiiiieeeeiieieteeee et e et e e e e e e e et e e e e e e eeebb e e eeeseeesaaes 22

3.5 2] oo (=3 (=X Yol g | <14 o ¢ PPNt 22
3.5.1 BlatE STIUCTUI ... ciieeeiitieee ettt e e e e e e e e bbbt e e eeseeeab e eeeeseeabbaeeeesseeesraen 22
3.5.2 Blade MATEIIAl ... iiiieeiiiieee e e e et e e e e e a e e e eeearraa, 23
3.5.3 2] Lo L= g Vo B 1 <P PPRRPOPRN 26

4  Structural optimization framework in Co-Blade.......cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiininiinnsssssssssssssssssssssssssssans 27
4.1 INTFrOAUCEION 1O CO-BIAUE .......vvveeeeeeeeeeeeeee ettt ettt e e e et tte e e e e e e vvataaeeesaeessaes 27
4.2 L (g Tol=R Y [ To B Y g ] L= PPNt 27
421 Structural Configuration and Material Definition.........cccooooeiiiriiiiiiicccc e 29

4.3 Frozen Loads Optimization SEtUP QNG FESUILS ...........eeeeeeeveeeeeeieeiiiieeeeeeeieeieseeeeseeseesssssssssssssssssssssnnns 30
43.1 (@] 01410 aTr4=Nd (o] dTEY =14 U] o PSSP 30
4.3.2 OPtIMIZAtION RESUILS. . .uuuuiiiiiiii e ann 32

4.4 Aero-Structural OPLIMUZATION ........covveeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt eeeeeeeeeee e eaaaaaaasasssasasssssssssssssnnes 38
441 Aerodynamic Model and Load Evaluation ...........cccoooooo 38
4.4.2 ACTO-STIUCTUNAI RESUITS .uvviieiiiiiiiiiiiee e et e e e e et e e e e e e e st e e eesseeaaaen 39

4.5 Analysis of the 0ptimizZation RODUSTNESS .........ceeeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaaaseaeaasaassssassssseens 45
451 Variability of the Cost and LCOE aCroSs FUNS..........cccceiiieiiiiieeieeeeeeeeeeeeeeeeeee e, 45
45.2 Ny (Vo (0 = N oY= o =1V Lo (TR 48
45.3 (CT=Te g TN (ol o<1 T 1V o | SRR 50
454 Conclusion of the optimization robUSTNESS..........uuu s 52

iv



4.6 Comparison of Optimal Blade Designs Across Different Wind Speeds .............cccccevvveveeenvveeeennnnnen. 53

4.6.1 Structural response across different rated wind SPeeds ..........ccovvieiiiiiiiiiiniieee e 53
4.6.2 Techno-Economic response to different wind speeds...........ccccuvvveeiieeiiiiciiiieeee e, 55
4.6.3 ODSEIVALION. ...ttt an 56

5 Techno-econOMIC ANAlYSiS . ..iiiiiiiiiiiiiiiiiiiiii e e e s e s e s e e e e eessessessaaeens 58
5.1 L oo [V ot Lo F PPNt 58
5.2 Base-model for the techno-economic ANAIYSIS ..........cc.eeeeecuieieriiiieesiiee et 58
5.3 Techno-economic comparison across wind speeds and 10Cations ............ccceeeeeeeeeeeeeeeeeeeeeeeeeaanennn, 60

6 0o T ol 1113 T S 64
BiblIOGIraphy .....eueeeiiiiiiiieii s s s an e e e s s e s s saane 66
T4 5 T 12 4 =T 41 68



List of Figure

Figure 1: old wind technolOgies [1] .....cccoeeieeierieriecieceeeceeee et sae e sae e 11
Figure 2: type of floating offshore wind turbine [2] .........cccooeevieririieniecieieeceeeeee e 13
Figure 3: evolution of wind turbines [3].....cccceeeeviereerieneeeeeeeieseete et 14
Figure 4: wind toward the rotor blade. .........c.coeeieeieciecieeececeeeeee e 17
Figure 5: Attack angle of the airfoil normal operation. ..........cccecveeveeeecieceececceeceeeecee e 17
Figure 6: attack angle bigger than the critical One..........cccceeeeeevieiceieiecreeceeeeeee e 18
Figure 7: performance curve at different blades number...........cccccceeeecieeiecieccieceeieceeeeeeee 19
Figure 8: Gravity 10ad. .......ccuieiieiiiiiieeieceectece ettt sre st sae s ae e s e e s sae s ae e aessaessaaanns 20
Figure 9: Transient 10ad. [5]....ccccceeriiriiiiiiirieeiececteeee et ae e e s ae s sae e saa e s ae e 21
Figure 10: StochastiC 10ad..........cocuiiuiiiiiiiieeecececeese ettt e e s rae s e ae e 21
Figure 11: Blade’s SECHION. [6]....cccuiirieriiiiieiciieeieeciecceecteete et e seessee s reesaessaeesaaessaessasesanesnasnnas 22
Figure 12: blade STTUCIUTE [7] ...veevieiieeeeieeceeeece ettt ae et ae e s eae e e e 23
Figure 13: cross section of different parts of the blade [7] .....cccoceeeeeeieeiercieieceeeeeecee, 23
Figure 14: Layup of Blade's SECHION [6]..c.c.cccueeeieiciiicieeieeieeceecie ettt ae e 24
Figure 15: benefit of wood wind turbine [10] .......cccecieeieiciieniieecceeceeeee e 26
Figure 16: 15 MW reference tUrbine ..........ccoceevveeveevienienieniiininieseeeesesteseeeese e s sses e esaesnes 28
Figure 17: structural configuration of the blade..........cccoocueeoieniiiciinieeeeeceeeeeee, 29
Figure 18: Total blade cost, Frozen-Loads ........cccceeeerirrerierrnieeeeeeeeeeeeeeeeeeeeeseeeeeeeenees 32
Figure 19: Tip deflection, Frozen-Loads.....c..ccccevtereriieneniiininienenieneeteseseese et e s 33
Figure 20: Improved thickness of Spar Cap, Frozen-Load ........c.cccceevervienirnienvernennienenneennenne. 34
Figure 21: Frequency, Frozen 10ads .........c.ccceveeverieneniieninienenicstetesesiese e essessesses e esaeens 35
Figure 22: Total blade mass, Frozen Loads.......cccceeverviereriienennieninienenieneeeeseeseseesaesseesaeenae 35
Figure 23: Buckling along the blade, Frozen Loads.........cccceeueeeeveeernenerneeneeneeeeeeeeeeeeeeenes 36
Figure 24: Normal strain € 11, Frozen Loads........ccccocueveriineniieninnienienrienteeeneeseeseeseesseesaeene 37
Figure 26: Total blade cost, QeT0-StIUCt OPt ...coveeeeeieeeieieee et 40
Figure 25: AEP, Q€TO-StTUCE OPL. ...cootirieeiienienieeieesteeeeeeteste st et eseesseesseessaesssessseessaessseenns 40
Figure 27: Chord, aero-StruCt OPL. c...cceeiiverienierierertereerest ettt sae st saesaesaesaesaeens 40
Figure 28: Twist angle, aero-Struct OPt. ...ccceceeverrieneriierenterertesestese et sae e 41
Figure 29: Airfoil thickness, aero-struct Opt. .......ccoceeviereriieniriiiniriererereee e 41
Figure 30: Spar-Cap thick, aero-struct Opt. .....cocevvervieneriieniniertreseeest et 42
Figure 31: Blade deflection, aero-struct OPt. .....c.cceeeeviereriiininiieniniereeiest et 43
Figure 32: Normal strain, aero-StriCt OPt. ......ccceveererrieneriieneniientrieneesieseesreseesseseesaesseesaesne 44
Figure 33: Buckling, aero-StrUiCt OPt. .....cccoeriirierienerierientenertese et sre e esae e sae s e esaesne 44
Figure 34: Cost variation PET TN ........cceevuerreerieersieertennierrieeseesseesssessseesssesssesssesssesssessseesssesnes 46
Figure 35: LCOE variation PET TUN ......c.ceveereerieersieeneenriesseeeseesseesssesseesssesssessssesssesssessseesssessnes 46
Figure 36: LCOE COIOT IMAP ....cctirieriirierieniereeriententesitestesteseessessesssessssssessesssesssessesssessasssessasaes 47
Figure 37: LCOE COlOT MAP ZOOIM ....cccueruiiriereenrerienieriesesitesesssesesssessesssessesssesssessessessasssessasses 48
Figure 38: FTEQUENCY PET TUI ...c.cecuiruiruiiienieeieeitenienteieeeeereste e stessessesstese st esesstessesseessesnne 48
Figure 39: tip deflection variation Per rin ........cocceeeeviererrieneniienieieneeesccrese e 49
Figure 40: StreSS MAX PET TUI . .cccueeeerrereerrerieersesieesesssessesssessesssessesssessesssessesssasssessesssessassaessassns 49
Figure 41: Twist angle COMPATISON .....ccceeriririieieieteee ettt ettt ettt see e sae e e ees 50
Figure 42: Airfoil thickness COMPAriSON .........cccocevierirrirriiiieieeiee ettt 51
Figure 43: Chord COMPATISOM ...cccveeiirieriiniereerieniesesiteseeeseessesssessesssessesssessesssesssessesssessasseessasnns 51



Figure 44: Maximum Stress VS VEIOCILY ...cceevvererviereniienieeiesesteseeteseestesseesaeseessessessesseessesnns 53

Figure 45: FreqUeNCY VS VEIOCILY ......cecteirtrieirieietetetetete ettt ettt ettt ettt sa e aes 54
Figure 46: LCOE vs Tot blades COSt VS VEIOCILY .....cceerverueeiieeieeiesieieceeieceecte e sae e 55
Figure 47: Single blade LCOE VS VEIOCILY .....cccecteiriiirieiiieieietetetetetetetet ettt sae s 56
Figure 48: Total blades cost VS MUIIPHET ......cceeveereeiieriieieeeeceeteeeee e 59
Figure 49: Total blades cOSt VS V__Tated ......cccueeueevierieeiieeieiecteieceeee et sve e eeneseeens 60
Figure 51: COE for location (60 tUIbine).........cccecueeueevieneriienieeiececteceeie s ecve e ere e saeesaesaeens 62
Figure 52: COE for location (20 tUrbine) ........cccccueeueevienieeiieneeeeceeieceeiesre e ecve e saeesaesaeens 63

vii



List of Table

Table 1: WINA CLASSES [4] cvveeereiirriiiriiiiiecceee ettt eeareessreesseesssseessstesssseesessessssessnssssssseeas 15
Table 2: Main parameter of reference turbine...........ccceeeeeveeeecieniieneecieceececeeeee e 28
Table 3: Material PrOPEITIES .....ccvvecierierieeieceeeecteete st ete e eresteesre s e esaeeaessaesaesseesaesseesessesssasnean 30
o) (SR YAA 1 s T 5 =Wy o s oo X1 ol 5 = R 61

viii



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

1 Introduction

Driven by the global energy transition, renewable energy technologies are
experiencing rapid and continuous development. Among them, wind power has
assumed a significant role, emerging as one of the most significant contributors
within the overall energy mix. The basic concept of wind energy conversion is simple:
wind turbines capture the kinetic energy contained in moving air and transform it
into electrical power. A turbine consists of a rotor with multiple blades, connected to
a nacelle housing the drivetrain and the generator. As the wind sets the blades in
motion, the rotor turns, transmitting mechanical energy to the generator, which then
converts it into electrical energy.

Wind energy production can be divided into two categories: onshore and offshore.
Onshore wind farms benefit from relatively low installation costs and proximity to
consumers, which reduces distribution losses. However, they are often criticised for
their impact on the landscape and for noise emissions, which limit public acceptance
and restrict further expansion in densely populated regions. Offshore wind, by
contrast, is more efficient. Turbines installed at sea exploit stronger and more stable
wind resources, free by topographical features that can negatively affect production
on land. The trade-off, however, lies in higher installation and maintenance costs,
which can be aggravated by severe marine conditions.

This thesis focuses on offshore wind energy, with particular attention to turbines in
the 5—15 MW range and the significant costs associated with their installation. In
recent years, global projects have increasingly been developed in deeper waters and
farther from shore, in regions such as the coastlines of California, Japan, and Europe.
These projects often require floating offshore wind turbines, highlighting how
technological progress is enabling the industry to overcome the challenges imposed
by site conditions.

The offshore technology is divided in fixed bottom and floating, considering the sea
depth, lower for the first one, over 50 m for the second one.

For fixed-bottom offshore wind farms, monopiles remain the predominant
substructure solution. Nevertheless, alternative foundations such as jackets and
gravity-based systems are being adopted in locations with different soil and seabed
characteristics. The choice of substructure depends on local environmental
conditions, particularly water depth and seabed composition. For instance,
significant differences can be observed between Northern Europe and the
Mediterranean. In Northern Europe, where water depths are relatively shallow, fixed -
bottom technology dominates. On the contrary, in the Mediterranean, the greater
depths necessitate the adoption of floating wind technology.

These regional differences also lead to substantial variations in costs. Offshore wind
projects in the Mediterranean face higher installation expenses compared to their

9



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

Northern European counterparts. This is reflected in the Levelized Cost of Energy
(LCOE). Current estimates place the lowest LCOE in the Mediterranean at around 95
€/MWh, with projections suggesting a decrease to approximately 70 €/ MWh by
2050. In Northern Europe, the LCOE is already significantly lower, averaging around
70 €/ MWh, and forecasts indicate that it could fall below 50 €/ MWh in the coming
decades.

In summary, while offshore wind energy presents considerable economic and
technological challenges, it also offers immense potential. Its continued development
will be essential to meet global decarbonisation goals, particularly as innovations in
turbine design, substructures, and floating technology progressively reduce costs and
expand the geographical feasibility of offshore projects.

10
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2 History

Wind power is a reliable source of clean energy that is growing worldwide, following
the journey towards net zero.

The power of wind has been used throughout history, starting with sails for transport
along rivers, then windmills and wind pumps for food production around the 11th
century.

The use of wind energy dates back more than a thousand years. Early windmills with
vertical-axis blades were built in Persia and mainly used for grinding grain. Later,
similar systems spread across Europe, particularly in the Netherlands, where
horizontal-axis designs became more common and were primarily applied in
agricultural activities. These early technologies laid the foundation for the
development of modern wind turbines.

Figue 1: old wind technologies [1]

A turning point came in the 1970s due to the energy crisis in the US, which forced
researchers and leaders to explore alternative energy options.
The world's first wind farm was installed in December 1980 in New Hampshire,

11
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consisting of 20 turbines, each with a capacity of 30 kilowatts. Although the project
did not achieve its desired objectives, it laid the foundations for the subsequent Mod
2 of 7.5 MW, which demonstrated the feasibility of using large turbines to produce
significant amounts of energy. Other wind turbines with increasingly larger rotor
diameters were installed during that decade.

In 1991, the Vindeby plant, the world's first offshore wind farm, began operating off
the coast of Denmark. It consisted of eleven 450 kW turbines with a total capacity of
5 MW.

This was followed by increasingly large installations, resulting in higher energy
production. In 2010 3 GW (offshore) worldwide installed, expanded to 28.3 GW in
2019. This shows an increased installation of almost 30% per year. [1]

This continuous increase in installation and development leads to the technologies
that are known today. Offshore turbines are mainly bottom fixed. This design features
a monopile foundation, i.e. a hollow steel tube driven into the seabed, or a jacket, a
lattice structure with three or four legs, typically fixed to the seabed using pin piles or
suction buckets. However, these systems have the limitation of only being usable at
shallow depths (less than 55 m).

For greater depths, floating wind turbines are used. There are many different designs
for this technology, including semi-submersible substructures that typically consist
of three or four outer buoyant columns or other floating elements that are connected
using platforms. They are ballasted to provide additional stability.

Another important design is the spar substructure that use ballast-stabilised design.
The structure comprises a tall cylindrical form incorporating dense ballast in its lower
part. This configuration lowers the center of gravity below the center of buoyancy,
thereby generating a restoring, self-righting motion.

Others are tension leg platforms or barge substructures and others that offer the
potential for significant mass reduction but often increase the complexity of design,
which is not optimal. Anyway, there are continuous improvements in these
technologies, which will lead to a gradual increase in wind power.

12
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Spar-buoy Semi-submaersible Tension Leg Platform

Figure 2: type of floating offshore wind turbine [2]
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3 offshore wind turbine

3.1 Dimensions of wind turbine

The size of wind turbines has increased dramatically over the years to maximize
energy production, since capturing more wind enables greater conversion into
electricity. Early designs were relatively small, with rotor diameters of approximately
30 m, but steady growth in both blade length and tower height has led to today’s
record machines, which exceed 280 m in height and feature rotors spanning up to
230 m. The continuous increase in turbine size reflects the general tendency of the
wind industry toward upscaling. From a theoretical point of view, the square—cube
law indicates that the investment cost per installed megawatt is expected to grow with
turbine size, since structural mass increases faster than the rated power output.

In practice, however, historical data show that ongoing technological progress has
mitigated these scaling effects. Moreover, deploying larger offshore turbines reduces
the number of units required to achieve a given wind farm capacity, lowering relative
expenses related to foundations, installation, electrical interconnection, and offshore
maintenance. Although the levelized cost of energy (LCOE) for offshore wind remains
on average about twice that of onshore wind, it has declined significantly as turbine
size has increased. Looking ahead, a key question for the sector is whether further
upscaling can continue to reduce offshore LCOE or whether fundamental economic
and practical limits will eventually be reached.

Evolution of wind turbine
heights and output

300m 1315 MW 9
i

200m 7 MW 9 MW

100m 1.2 MW

0.5 MW :
1-12kW G 5
} g Voo SN |G

19%C 1990 1995 2000

2010 2015 2025

Sources: Various, Bloomberg New Energy Finance

32 September 19, 2017 Bloomberg
New Energy Finance

Figure 3: evolution of wind turbines [3]

To this increase in size follow a consideration of the external conditions, as they
significantly influence structural loading, durability, and operational performance.

14



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

To ensure adequate safety and reliability, environmental and electrical parameters
shall be explicitly incorporated into the design process and documented accordingly.
Environmental conditions can be divided into two main categories: wind-related and
other environmental factors. Electrical conditions refer to the characteristics of the
power grid to which the turbine is connected.

External conditions are further classified as either normal or extreme. Normal
external conditions represent recurrent load situations that occur throughout the
turbine’s operational life, whereas extreme conditions correspond to rare but
potentially critical events. The design process must therefore account for
combinations of these external conditions together with turbine operational modes
and other relevant scenarios, forming the basis of the prescribed design load cases.
Wind conditions are the most influential external factor affecting the structural
integrity of turbines. However, other environmental conditions must also be
considered, as they can impact aspects such as control system performance, long-
term durability, and resistance to corrosion.

The specific normal and extreme conditions to be applied in the design of wind
turbines are shows in Table 1, in accordance with turbine classes:

Wind Class I I 1l
Viet (M/s) 50 42 5 37.5
Vave (M/S) 10 8.5 7.5

Vet 1 (M/S) 57

A o 0.16
B lref 0.14
C lrer 0.12

Table 1: wind classes [4]

Vref is the reference wind speed average over 10 min.

A designates the category for higher turbulence characteristics.
B designates the category for medium turbulence characteristics.
C designates the category for lower turbulence characteristics.
Iref is the expected value of the turbulence intensity2 at 15 m/s.

The external conditions relevant for wind turbine design depend on the
characteristics of the intended installation site or site type. To address this, wind
turbine classes are defined based on reference wind speed and turbulence intensity
parameters, with the aim of including most applications. These reference values are
not intended to precisely describe a specific site, but rather to provide representative
conditions applicable to a wide range of environments.

The classification system therefore establishes distinct levels of structural robustness,

15



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

each explicitly linked to wind speed and turbulence criteria. (The expression
"turbulence" denotes random variations in the wind velocity from 10 min. averages).

3.2 Components of wind turbine

The turbine converts kinetic energy from the wind into three-phase AC electrical
energy. Most designs have upwind, pitch controlled, variable speed rotors with three
blades. Compared to onshore wind turbines, offshore turbines are larger and there is
an increased focus on reliability and maintainability and a decreased focus on noise,
visual and transport constraints. The design life of an offshore turbine is 25 years.
One component of the wind turbine is the nacelle, that supports the rotor and
converts the rotational energy from the rotor into electrical energy. This includes the
main bearing, gearbox (where used), generator, yaw bearing and yaw system. There
are no major differences in the nacelles designed for floating or fixed offshore wind
farms. Adjustments are needed to the control system to make the turbine suitable for
application in floating.

There is a tower, typically a tubular steel structure that supports the nacelle, it also
provides access to it, to house electrical and to control equipment. The hub height is
about 135 m above sea level (depending on the rotor diameter).

Another crucial element is the rotor, which extracts kinetic energy from the air and
convert this into rotational energy in the drive train (typically for a 15 MW turbine
has a diameter of 224 m).

The rotor consists of blade system, bearing and pitch system.

Higher tip speeds typically lead to more efficient energy capture, and tip speeds
offshore are higher than those used onshore, but these are limited by design to avoid
blade leading edge erosion.

Each blade is mounted on a bearing connected to the central hub, allowing the pitch
mechanism to regulate the blade angle for power control, load reduction, and safe
turbine operation. Independent hydraulic or electric pitch systems ensure
functionality and reliability, even in case of individual system failure.

3.3 Rotor

As mentioned, the rotor is the part where wind energy is converted into momentum.
The power extracted from the wind is:

1
P =5pC,AU?
Where:
- p isthe air density [% ],
- C, is the Power Coefficient,
- A defined with the area of the rotor [m?],
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- U is the wind velocity [? 1.

From Betz theory C, 4, = g, this value is obtained from a study whit no wake losses,

so, taking into consideration the rotating wake, the power coefficient must be smaller
than that maximum value.

f’/-T

L

V=V =] T
e "\\“y{ e, \ J
lq‘_\-_\-_‘h"“‘—‘—-._,___ _.--“' -J‘\
Pmech

<Pmerh. monumentum theory

Figure 4: wind toward the rotor blade.

When exposed to airflow, bodies are subjected to two primary aerodynamic forces:
drag, aligned with the flow direction, and lift, acting orthogonally. The attainable

power coefficients differ depending on whether drag-based or lift-based mechanisms
are used.

Today the most common rotor is aerodynamic lift based.

Blade airfoil string A Fr

Air fluid direction

QL Angle of attack FL it force FD Resistance
Figure 5: Attack angle of the airfoil normal operation.

The Figure 5 presents a cross-sectional airflow around a blade. The angle

between the chord line and the flow direction is defined angle of attack a. During
regular operation, airflow remains attached to the surface, producing higher velocity
above than below, which result in lift (F,) and drag (F),) force.
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This is the condition of large lifting force, and little drag force, but not always happen
this situation.

Blade airfoil string

42_

Air fluid direction I ——

QL Angle of attack FL ift force FbD Resistance
Figure 6: attack angle bigger than the critical one

At sufficiently large angle of attack a, airflow separation occurs above the airfoil,
producing vortices near the leading edge. This leads to a rapid increase in drag and a
simultaneous reduction in lift. This phenomenon is referred to as stall, and the
corresponding threshold is defined stall or critical angle of attack.

3.3.1 Number of rotor blade

In today global market, the upwind, three bladed rotor is the most used configuration.
The choice of the number of blades is a balance among blade stiffness, aerodynamic
efficiency, and tower-shadow impulsive noise.

For efficiency considerations, in general, a high tip speed ratio A is desirable since
meaning in high rotational speed of the shaft, in fact:

_ Tip speed of Blade Q) -R
B Wind speed 7

Where:

- Qs the rotational speed of the rotor [rad/s],

- Risthe radius of the rotor,

- Vis the wind speed.
However, this can’t be too high, so a typical value of the TSR for a three blades wind
turbine is in the range 6-8.
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Figure 7: performance curve at different blades number.

For what concern the number of blades the performance curve is used to define the
best solution, as already mentioned higher the power coefficient, higher the power
output. As in Figure 7 increasing blade number reduces TSR corresponding at the
maximum Cp and increase the Cp up to a certain point, but the shade effect of blades
rise, decreasing the Cp.

Other considerations that favour three blades are the noise, considered less annoying
respect to the two blades rotor, the more dynamically balanced rotor and the more
beneficial rotor dynamics tend to result in lower operating and maintenance cost.

3.4 Load

Before analysing the shape of the blade, it is necessary to understand the loads to
which it is subjected.
The type of load can be divided in:

- Steady load

- Cyclicload

- Transient load

- Stochastic load

- Resonance-induced loads

3.4.1Steady load

These are the loads that do not vary over a relatively long time period. For example,
a steady wind blowing on a stationary wind turbine is considered a static load on the
tower, nacelle and foundation. Instead, the same steady wind blowing on a rotating
wind turbine, induce a steady load on the blades.

3.4.2Cyclic load

Cyclic loads are loads that change in a regular or periodic way over time. In wind
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turbines, they mainly originate from variations in wind speed across the rotor plane
while the blades are rotating. As a result, the aerodynamic conditions experienced by
the rotor vary continuously. Cyclic loads can also arise from design features that break
the symmetry of the rotor around its axis, leading to unsteady loading conditions. In
addition, certain turbine operations, such as yaw motion, generate gyroscopic forces
that may become significant, especially at high yaw rates.

Last source of cyclic load is the gravity, which introduce a load every time the rotor
does a revolution.

Courtesy of Vestas Wind Systems ASS

Figure 8: Gravity load.

3.4.3Transient load

Transient load are sudden changes in the magnitude and/or the direction of a torque
load in response to some temporary external event. Usually, the worst torsional
vibrations or torque generally occur during transient events, such as emergency stops,
load in the drive train resulting from the application of a brake (Figure 9) or also
impulsive load due to wind gusts.
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Figure 9: Transient load. [5]

Such conditions may induce significant vibration excitation. Each spike (observable
in Figure 9) on the response curve indicates a torsional reversal, requiring energy
dissipation and producing impact loads on the bearings distributed throughout the
turbine.

3.4.1 Stochastic load

The stochastic load is a time varying load, in response to a random and fluctuation
force applied by the wind, such as turbulence. In many cases the mean value may be
relatively constant, but there may be significant fluctuations from that mean.

Wind Speed
wz)

"
- -

Trailing Vorticity in the wake

Foundation
Soil

Figure 10: Stochastic load.

21



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

3.4.1Resonance induced loads

The resonance induced loads are cyclic loads that result from the dynamic response
of some part of the turbine being excites at one of its natural frequencies, for example
from the excitation force on the nacelle and amplified due to the slim tower structure
with a concentrated load on the top.

These loads must be avoided, they are mentioned separately because of their possibly
serious consequences.

3.5 Blade description

The blade of a wind turbine involves several structural units, including the skin, spar
caps, and web (Figure 11). The spar caps and web constitute the main spar, the
principal load-bearing element, which determines stiffness, ultimate strength, and
shear capacity. The skin, in turn, has limited structural function and primarily shapes
the blade’s aerodynamic profile.

( \/ Skin Sparcaps  Shear web

\ Joints

S

Joints

Figure 11: Blade’s section. [6]

To guarantee structural strength, the blade thickness near the root must be
important, while ensuring that aerodynamic resistance remains within acceptable
limits. Consequently, turbine blades are required to achieve a high maximum lift
coefficient, a large lift-to-drag ratio, stable aerodynamic behavior under stall
conditions.

3.5.1 Blade structure

The objective of the blade structure is to get the airfoil to work at the angle of attack
before stall to get maximum lift and less resistance. To obtain the most suitable angle
of attack is properly selected the pitch angle  (the angle between the airfoil linear
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Figure 12: blade structure [7]

Due to rotation, the linear velocity “u” of a blade varies along the length of the blade,
being maximal at the tip and minimal at the root. At constant wind speed v, this
causes the inflow angle to be lowest at the tip and highest at the root. To achieve
optimal angle of attack for all sections, the blade must be made torsional.

Figure 13: cross section of different parts of the blade [7]

From Figure 13, it can be seen that the angle between the cross-section strings and
the horizontal plane change along the blade, and it is maximum at the root of the
blade.

3.5.2 Blade material

The structural behaviour of a large wind-turbine blade is strongly influenced by the
properties of the composite materials from which it is manufactured. These materials
are distributed along the span and across the cross-section. Modern blades for multi-
megawatt turbines rely almost entirely on fibre-reinforced polymer (FRP)
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composites, chosen for their high specific stiffness, good fatigue resistance, and
ability to withstand cyclic environmental loading. Because each blade region
experiences different stresses and deformation demands, the material system is not
uniform.

A typical blade can be divided into three principal material regions, each designed to
fulfil a structural function (Figure 14):

e Spar caps (AA in the figure): Located along the suction and pressure sides,
these longitudinal laminates carry the majority of the flapwise bending loads.
To resist the large tension and compression forces generated during turbine
operation, spar caps are almost exclusively made of unidirectional (UD) fibres
aligned along the blade span. UD carbon or UD glass are used depending on
stiffness and cost requirements. Carbon is preferred for very large offshore
blades due to its high specific stiffness, which increases natural frequencies
and reduces overall mass.

e Shear webs (BB in the figure): Webs are vertical internal panels connecting the
two spar caps, forming a closed box-beam structure. Their main purpose is to
provide torsional stiffness and shear load transfer between the caps. For this
reason, they are typically manufactured using +45° glass fibre or triaxial
laminates, which offer high shear rigidity. Local UD reinforcements may also
be added where shear and axial loads combine.

e Shell panels (outer skin): The aerodynamic outer shell must resist local
pressure distributions, surface buckling, and minor impact loads while
maintaining geometric accuracy. It is typically built using balanced +45°
fabrics or biaxial laminates, which provide a good compromise between shear
stiffness, in-plane strength, and over curved aerodynamic profiles. To increase
the shell’s out-of-plane stiffness without excessive mass, thin sandwich panels
incorporating lightweight foam or balsa cores are often used, particularly in
the mid-span region.

%/_" Sector 2 K
' v Sector 3

Sector 1

[

Laminas schedule at AA Laminas schedule at BB

Figure 14: Layup of Blade's section [6]
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In summary, the main material used in a wind turbine blade are: Unidirectional
carbon fibre laminates; Unidirectional glass fibre laminates; Biaxial and +45° glass
fabrics; Core materials (PVC foam, PET foam, balsa); Gelcoat and surface layers.
The material fraction used is not constant along the blade:

- starting from the Root region, here the bending and shear loads are higher
therefore, laminate thickness is greatest here. Unidirectional (UD) fiber layers
are thicker, shear webs are strongly reinforced, and core materials are denser
in order to prevent shell buckling.

- In Mid-span region the loads decrease, allowing more moderate laminate
thickness, sandwich shells become more dominant, and some UD
reinforcements decrease.

- Finally Tip region has the lowest loads, so laminates become thinner, cores
become lighter, and carbon (if present) is significantly reduced, the goal is to
minimise inertia and aerodynamic loads.

This spanwise gradation is fundamental to achieving an optimal trade-off between
structural strength, fatigue life, stiffness requirements, and mass minimisation [8].

It’s also important to notice that wind turbine blade materials are exposed to
environmental factors such as ultraviolet radiation and high humidity, which may
result in moisture ingress, absorption, swelling, and changes in material properties.
When combined with mechanical loading from rain, wind, and other sources, these
environmental effects accelerate the degradation of the blade leading edge.

Erosion together with lightning strikes and manufacturing flaws, is the most critical
within the initial five years. Owing to its recurrence, erosion also constitute the most
expensive degradation mechanism, primarily because of repeated repair
requirements. [9]

Over the past years, multiple approaches to anti erosion coatings have been
examined. Among these, thermoplastic and hybrid thermoplastic- based materials
have shown considerable potential for the development of highly erosion-resistant
coatings. Thermoplastics show more creep and stress relaxation, as compared to
thermosets, and that might be one of reasons for the high potential of thermoplastics
for leading-edge problem.

In the coating, add particles and other reinforcements can cause the dissipation of
stress waves from liquid impact, thus, reducing local stresses, and it can also increase
the strength of the coatings. This opens also a path to the development of sustainable,
bio-based anti-erosion coatings. Compared to polymers commonly applied in anti-
erosion coatings, bio-based polymers generally possess inferior mechanical
properties. Nanocellulose fibres, characterised by chemical inertness, high
mechanical performance, low density, and dimensional stability, present a highly
suitable option for reinforcement in wind turbine blade anti-erosion coatings.
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3.5.3Blade end-life

Apart from the intermittent nature of wind as a resource, one of the major challenges
facing the industry is waste management, particularly the disposal of
decommissioned blades. As mentioned, these blades are typically manufactured from
glass fiber-reinforced polymers bonded with balsa wood using epoxy resins or
polymer foams, and in areas subjected to high mechanical stress, carbon fiber
reinforcements may also be incorporated. The strong bonding of these hybrid
materials is essential for enabling blades to withstand rotational speeds exceeding
250 km/h without damage. However, while this composite design is highly
advantageous for energy production, it poses significant challenges at the end of the
blade’s life cycle, as the separation of the constituent materials is extremely difficult.
One solution is offered by Siemens Gamesa with the new technology RecyclableBlade,
that enables the separation of materials at the end of the blade’s life cycle, allowing
them to be recycled into new applications. These blades are manufactured from a
combination of materials bonded with a specially designed resin that provides
lightweight, strong and flexible components through a mild process, thereby
preserving the integrity of the individual materials.

Another solution is given by Voodin Blade Technology, with its turbine blade made of
laminated wood veneer. This product ensures strength, dimensional stability and
high load-bearing capacity.

Why woodn’t you? The benefits
of wooden turbine blades.

78% less CO2 emissions

20% lower price

100% biodegradable

Figure 15: benefit of wood wind turbine [10]
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4 Structural optimization
framework in Co-Blade

4.1 Introduction to Co-Blade

Co-Blade is an open-source, MATLAB-based framework developed at Sandia
National Laboratories for the structural sizing and analysis of large composite blades
for both wind and hydrokinetic turbines. By coupling aerodynamic loading, sectional
property synthesis (via classical lamination theory), and one-dimensional beam
analysis, the tool enables rapid, parametric exploration of design alternatives within
a computationally efficient workflow. The primary objective of Co-Blade is to
accelerate the preliminary design phase by allowing designers to rapidly evaluate
alternative laminate layups and assess their impact on blade properties, global
deformations, and local stress/strain responses.

In this work, the above objective is operationalized through a data-driven workflow
that makes Co-Blade immediately actionable. Within this thesis, Co-Blade was
employed to perform structural analyses and optimization. The required inputs
consisted of the blade geometric definition, material properties, and aerodynamic
load distributions, together with cost and design constraints. Based on these inputs,
Co-Blade automatically computed the sectional stiffness and mass matrices using
classical lamination theory, with a Euler-Bernoulli theory and shear flow theory
applied to composite beams, assembled the one-dimensional beam model, and
evaluated the resulting deflections, internal forces, and stresses along the blade. The
optimization routine then iteratively adjusted the laminate thicknesses and structural
parameters to minimize the objective function (typically the total blade mass or cost)
subject to the imposed design constraints. This workflow provided an efficient and
reliable foundation for the subsequent aero-structural and techno-economic analyses
presented in the following chapters.

4.2Reference wind turbine

The structural optimization developed within this thesis is based on the IEA Wind 15-
MW Offshore Reference Turbine [11].

Reference wind turbines serve as open benchmarks for research and enable
consistent comparison between different modelling and optimization methodologies.
The IEA 15-MW configuration represents a Class IB, direct-drive, fixed-bottom
offshore turbine characterized by a rotor diameter of 240 m, hub height of 150 m, and
rated wind speed of 10.6 m s71.
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Figure 16: 15 MW reference turbine

The rotor is composed of three 117 m-long blades, each with a root diameter of 5.2 m,
maximum chord of 5.77 m at 0.23 R, and a total mass of approximately 65 t.

The turbine operates at a design tip-speed ratio of 9, achieving a power coefficient of
0.489, and employs a DTU FFA-W3 series of airfoils, specifically FFA-W3-211, 241,
270blend, 301, 330blend, 360, and SNL-FFA-W3-500 near the root.

Table 2: Main parameter of reference turbine

Parameter Symbol Value Unit
Rated Power Prated 15 MW
Rotor diameter D 240 M
Blade length Ly 117 M
Hub radius Rnup 4 M
Rated wind speed Vrated 10.6 m/s
Tip-Speed ratio A 9 -
Hub height Hpup 150 M
Blade mass my, 65 ton
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4.2.1Structural Configuration and  Material
Definition

The structure of the IEA 15-MW reference blade is based on a conventional large-
scale composite architecture, designed to achieve an optimal balance between
stiffness, strength and manufacturability. The layout consists of two primary load-
carrying spar caps made of unidirectional carbon fiber composites (UD-Carbon),
providing high longitudinal stiffness with minimal weight contribution. One located
on the pressure side and the other one on the suction side of the airfoil.

The spar caps are connected by two shear webs, which extend from approximately
10% to 95% of the blade span, ensuring torsional stability and efficient load transfer
between the pressure and suction sides. The webs are made of unidirectional glass
fiber laminates (UD-Glass). Between the spar caps, the webs and the leading/trailing
edge reinforcements foam filler panels are inserted on both sides of the blade to form
sandwich skins, enhancing the out of plane stiffness and reducing overall weight.

Blade: IEA 15MW Offshore Reference Turbine; Section : 0.7

1.00 4 ® CG: Mass Center
GC: Geometric Center
NA: Neutral Axes -

A r Medium Density Foam
]
4 SC: Generalized Shear Center
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Figure 17: structural configuration of the blade

The materials used in Co-Blade have been reduced to minimise computational work.
In the table below are show the used materials, each characterized by its in-plane
elastic moduli, Poisson’s ratio, density and allowable tensile and compressive
stresses.
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Table 3: material properties

ID  Material Ey1[Pa] E,;[Pa] G12[Pa] v12[—] kg
P[ﬁ]
1 | Biaxial Glass | 1.34 x10'° | 1.34 x10'°  1.21 x 10 0.53 1910
2 UD-Glass 432 x10%° | 1.26 x10%° | 4.42 x 1010 0.29 1926
3 UD-Carbon 1.29 x 101! 7.62 % 10° 3.81 x 10° 0.32 1548
4 Foam Core 1.30 x 108 1.30 x 108 5.00 x 107 0.32 130

Within Co-Blade, these materials are defined in the input database as separate layers,
each associated with its corresponding thickness, orientation, and position along the
blade cross-section.

The UD-Carbon layers in the spar caps carry the primary flapwise bending loads,
while the UD-Glass in the shear webs contributes to torsional rigidity and shear
transfer. The Biaxial Glass skins provide shell stiffness and improve fatigue
performance, and the Foam Core ensures geometric stability of the sandwich panels
at minimal mass penalty.

This structural configuration and material definition constitute the baseline model
implemented in Co-Blade, serving as the starting point for the frozen-loads
optimization phase.

4.3Frozen Loads Optimization setup and
results

4.3.1 Optimization setup

The first optimization step is the Frozen Loads Optimization, which consist of a
preliminary stage in the overall design process. In this phase, the aerodynamic
loading and geometric configuration of the blade (chord, airfoil thickness, twist
angle) are keeping constant, evaluated at the rated operating condition (v,4teq =10.6
m/s), while only the structural variables are allowed to change (thickness of Spar Cap,
Outer / Inner shell and Foam).

This approach makes possible to efficiently investigate the influence of the composite
layup, material selection, and spar cap geometry on mass, cost and structural
margins, without the computational overhead associated whit aero structural
coupling.

The Optimization phase start with the Frozen Loads strategy for multiple reasons like,
it establishes a controlled environment for model verification, since the aerodynamic
input is fixed and well defined, deviations in result are attributed to structural or
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material modelling. Another, and more important, reason for starting the
optimization whit frozen loads is that delivers a robust baseline configuration, a
structurally optimized blade consistent with the rated aerodynamic load distribution,
that can subsequently be used as the starting point for the aero-structural
optimization stages.

The final objective of this optimization is to reduce the total blade cost (M€), while
ensuring compliance with structural constraints on tip deflection, frequency, material
stress and local buckling. The optimization problem is:

n}in Chiade (X)

Whit constrains:
( 6tip < Smax =20m
{ fi = fmin = 0.450 Hz
Abuckling < Amax = 0.5
0; < Opax = 0.25 MPa

Where x denotes the laminate thickness distributions of the spar caps, webs, shell,
and foam-core regions, then:

- Cpaqe 1s the total blade cost,

Stip 1s the tip deflection,
- f; the first natural frequency,
Apuckiing the local buckling factor.

These constraints are the minimum features for a realistic overview of the blade.
The tip deflection represents the downwind displacement of the blade tip under the
applied aerodynamic loading, so excessive deflection can lead to several undesirable
effects like, tower violation, where the blade approaches the tower during rotation, or
increased fatigue loading, arising from larger oscillatory motions.
The first natural frequency denotes the fundamental flapwise bending mode of the
blade, computed from the sectional stiffness and mass properties. Maintaining
adequate separation between the blade’s structural frequencies and rotor excitation
frequencies (1P, 3P...) is essential to avoid resonance, which would drastically
increase cyclic stresses and compromise fatigue life. This constraint guarantees that
the optimized blade remains dynamically stable during operation.
The buckling factor ensures that local shell and panel instabilities remain safely below
critical conditions, this is particularly important considered that thin composite panel
experience high compressive stresses near mid-span.
Last, the stress constraint referred to all the type of stress in each composite layer
(tension, compression, shear and transverse stress). These are evaluated along the
span and through the thickness using the lamination theory implemented in Co-
Blade. By enforcing a maximum stress, the optimization ensures that the structural
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configuration remains safe under rated loading conditions.

Together, these constraints ensure that the optimized configuration not only achieves
a reduction in manufacturing cost, but also maintains structural integrity, stability,
and dynamic compatibility with the turbine’s operating environment.

All this optimization routine was implemented in MATLAB via the particle swarm
function, which employs a population-based stochastic algorithm inspired by swarm
intelligence. Meaning, it uses a population of particles that search is best personal
position and the best swarm position. This iterative process allows the swarm to
converge on optimal or near-optimal solutions. This approach proved robust in
avoiding premature convergence and ensuring global exploration, ultimately
providing a stable and cost-effective structural solutions.

4.3.2 Optimization Results

The Frozen-Loads optimization converged to a structurally feasible and cost-effective
configuration, whit the total blade cost stabilizing around 0.68 M€, reduced from the
initial value of nearly 1.2 M€, after nearly 900 iterations (Figure 18).

Total cost

0 100 200 300 400 500 600 700 800 900
iter

Figure 18: Total blade cost, Frozen-Loads

The initial phase of the particle swarm function is more an exploration phase, in the
first 150 iterations, then follow a slower refinement stage as structural constraints
became active and guided the design toward feasible regions.

One constraint-driven behaviour is the evolution of the tip deflection, reported in
Figure 19.

In the initial iterations, the deflection is relatively low, between 10 and 14 m, reflecting
the higher stiffness of the starting configuration.

With the aim of reducing total costs, optimisation reduces laminate thickness,
resulting in an increase in tip displacement to approximately nineteen metres, near
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to the maximum allowable downwind deflection imposed by constraint.

Tip deflecion

20

0 100 200 300 400 500 600 700 800 900
iter

Figure 19: Tip deflection, Frozen-Loads

This behaviour is directly linked to the spanwise distribution of spar cap stiffness,
which represent, first the primary contributor to flapwise bending rigidity in large
composite blades, and second of all, being made of unidirectional carbon fiber, is the
most expensive material used in the blade structure.

In the present implementation, the spar cap thickness, as well as outer/inner shell,
foam and web thickness, is not defined continuously along all spanwise stations, but
rather through six key point located at predefined positions. During each iteration,
Co-Blade linear interpolates the thickness between these control points to generate a
continuous profile along the full 117 m blade span.

During optimization, the particle swarm systematically adjusts their thickness to
satisfy the deflection constraint, in fact the inboard regions (0-25 m) retain relatively
thick spar cap laminates, as these section contribute most of the global bending
stiffness, whereas outboard regions experience more aggressive thickness reductions,
where the structural leverage is smaller and material removal has a stronger impact
on cost than on stiffness (Figure 20).
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Figure 20: Improved thickness of Spar Cap, Frozen-Load

This redistribution explains the monotonic increase in tip deflection across the
iterations: the optimization algorithm progressively reduces spar-cap thickness
toward the mid- and outboard regions until the structural stiffness approaches the
minimum required to maintain compliance whit the allowable tip displacement.

The final configuration thus reflects a structurally efficient layout in which inboard
spar caps are sized by stiffness, and outboard spar caps are sized by cost.

In addition to tip deflection, two other global indicators provide valuable insights into
the evolution of the structural configuration along the optimization process: the
flapwise natural frequency and the total blade mass.

Both quantities evolve consistently whit the progressive reduction in structural
stiffness associated with cost minimization.

The evolution of the natural frequency is reported in Figure 21. As for the tip
deflection, at the beginning of the optimization, the frequency and the total mass,
exhibits significant variability, due to the wide exploration of the design space
performed by the particle swarm.

As the algorithm converges, the frequency stabilizes around 0.49-0.50 Hz, remaining
above the minimum allowable value required to ensure sufficient separation from the
rotor excitation frequencies (1P and 3P).
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Figure 21: Frequency, Frozen loads

The total mass of the blade, shown in Figure 22, follows a trend like the cost evolution.
The initial configuration exhibits a mass higher than 110 tons, which progressively
decreases as unnecessary material is removed from the outboard and mid span
regions, reaching a value of approximately 65-66 tons. This value is consistent with
the mass range typically reported for 15 MW class blades and confirms that the
optimizer successfully identifies a structurally feasible configuration with
significantly reduced material usage compared to the initial case.
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Figure 22: Total blade mass, Frozen Loads

The combined evolution of frequency and mass illustrates the trade-off managed by
the optimizer: as material is removed to reduce cost and mass, the structural stiffness
is adjusted until further reductions would either violate the allowable tip deflection
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or bring the natural frequency too close to the excitation range. The optimization
converges when further material reductions would violate some constraints, thereby
identifying the minimum cost configuration that still meets all structural
requirements.

Another interesting interaction between structural behavior and constraint
reinforcement is highlighted by the buckling safety factor in Figure 23. Co-Blade
discretizes the blade into 30 sections, each representing distinct structural slice along
the 117 m span. For each of these sections, the software computes the local stiffness
matrices, stress fields, and the corresponding local buckling factor, resulting in the
spanwise curve show in the Figure 23. Each point of the plotted curve therefore
corresponds to one of the 30 structural stations of the beam model. The two peaks
represent the points under the most stress and therefore more sensible to
“instability”, while remaining within the limit of 0.5, ensuring that local instability
remains safely below the critical threshold across all stations.

- Buckling safety factor along the blade
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Figure 23: Buckling along the blade, Frozen Loads

The influence of the material strength constraints can be assessed through the normal
strain field, shown in Figure 24. The map of the blade exhibits the expected
asymmetry between pressure and suction sides: tensile strains develop mainly in the
pressure side spar cap, whereas compressive strains appear in the suction side spar
cap. The smooth variation of €,; along the span and around the circunfaerence
suggests that no discontinuities or localised hotspots are introduced by the optimizes

layup.
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Figure 24: Normal strain € ,,, Frozen Loads

Overall, the combined interpretation of cost convergence, deflection behavior,
natural frequency, mass evolution, buckling response and normal strain distribution
demonstrates that the frozen loads optimization successfully identifies a structurally
sound and economically efficient baseline configuration. This optimized
configuration serves as robust starting point for the subsequent aero-structural
optimization, where geometric and aerodynamic parameters will be incorporated as
additional degrees of freedom.
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4.4 Aero-Structural Optimization

Following the frozen loads optimization, the next step is the aero-structural
optimization framework. In contrast to the previous stage, where geometry was fixed
and only the structural layup was optimized, this second phase allows simultaneous
modification to both the aerodynamic geometry and the structural configuration of
the blade.
Starting whit, the base of the previous optimization, introducing the Aerodynamic
performance (AEP) is necessary, and this is linked to geometry, particularly chord,
twist and airfoil thickness distributions. These structural features strongly influence
the blade performance and the cost, because they determine loads distribution,
stiffness, mass, and buckling susceptibility.
By allowing the blade geometry to vary in parallel with the composite layup, the
optimizer can explore a richer design space and identify configurations that
simultaneously increase aerodynamic efficiency and AEP, reduce structural mass and
material cost, and satisfy all strength, stiffness, buckling and frequency requirements.
To avoid unrealistic or aerodynamically degraded shapes, some penalties are added
to the previous one employed in the frozen load optimization, for chord and airfoil
thickness:

e 2m <chord <8m, that ensure manufacturability and compatible

aerodynamic loading,
e E Airfoil thickness = 0.210 m, preventing excessively thin sections that
would collapse structurally.

A penalty for the twist angle was also added, although no explicit numerical bounds
were necessary, but a penalty for ensuring a monotonic decrease towards the tip. This
monotonicity is important for avoid unphysical operating conditions, and load
distributions incompatible with smooth BEM convergence.

4.4.1 Aerodynamic Model and Load Evaluation

Now the full optimization problem includes a set of geometry and structural variables,
which defines a multidimensional design space large enough to capture the
characteristics of coupled blade behaviour while still allowing feasible convergence in
a PSO-based algorithm.

At each iteration of the optimization, the aerodynamic loads are recomputed to reflect
the updated blade geometry.

This dynamic coupling ensures that every geometric modification is immediately
translated into aerodynamic performance variations.

The updated geometry alters the local Reynolds numbers, lift and drag coefficients
and inflow angles, adjusting the magnitude and distribution of aerodynamic loads.
Once the distributed aerodynamic forces are obtained, the complete power curve of
the rotor is rebuilt.
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The Annual Energy Production is then computed by integrating the power output
over the representative wind-speed distribution.

Through this procedure, AEP becomes an explicit component of the optimization loop
rather than a post-processing metric, thus ensuring that any geometric or structural
modification is evaluated in terms of its energy performance.

In the Frozen Loads optimization, the objective function was the total blade cost, now
in this aero-structural framework, the objective became the Cost-to-AEP ratio, an
indicator that directly reflects the economic efficiency of the blade:

] (Total Blade Cost)
i AEP

The choice of this metric shifts the design philosophy toward a techno-economic
perspective aligned with the Levelized Cost of Energy.

4.4.2 Aero-structural Results

The introduction of geometry as an active component of the optimization process
changes the behaviour of the blade, both aerodynamically and structurally, and the
results obtained from the coupled simulation framework highlight this mutual
dependence.

During this stage, every iteration of the particle-swarm algorithm triggered a full re-
evaluation of the aerodynamic performance and of the structural response. The
converged configuration thus represents the equilibrium point at which aerodynamic
efficiency and structural feasibility coexist under the minimization of the Cost/AEP
objective function, that numerically correspond to nearly 11.6 €/ MWh. A significant
reduction from the initial value for the 15 MW reference turbine (without
optimization) of approximately 13.5 €/MWh.

The overall trend of this convergence is visible in the evolution of total cost and AEP,
which are reported in Figure 26 and in Figure 25 respectively.
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Figure 26: Total blade cost, aero-struct opt Figure 25: AEP, aero-struct opt.

From the aerodynamic point of view, the geometric distribution of chords, twist and
airfoil thickness define the performance of the blade across the wind-speed spectrum.
The optimized chord profile, shows in Figure 27, displays a more aerodynamically
favorable distribution: compared to the baseline (red line), the inboard region is
reduced, reflecting a decrease of approximately 10-15 %, whereas the outer half of the
blade exhibits a modest increase, particularly beyond mid-span. The redistribution
tends to reduce excessive aerodynamic loading near the root, while enhancing lift
generation where the blade experiences more favorable inflow conditions.
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Figure 27: Chord, aero-struct opt.

The twist distribution evolves quite the same. As shown in Figure 28, the optimized
twist shows a modest increase inboard, followed by a more gradual decrease toward
the tip. These adjustments improve the spanwise angle-of-attack distribution,
moderating high-load regions while enhancing performance in mid-wind regimes.
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The monotonicity penalty ensured the absence of twist reversals, giving rise to a
smooth and physically consistent profile.

20 Twist angle improved
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Figure 28: Twist angle, aero-struct opt.

Complement to these modifications, the airfoil thickness distribution undergoes a
progressive thinning, observable in Figure 29.

Toward the tip, the optimized configuration approaches the minimum allowable
thickness of 0.210 m, nevertheless is lighter than the initial case because of the thin
reduction in the inboard section. By decreasing the airfoil thickness inboard, the
optimization successfully reduces weight without compromising overall structural
performance or aerodynamic efficiency, while thicker airfoils toward the tip
contribute to the blade’s ability to handle larger aerodynamic forces and increase its
performance in high-wind conditions.
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Figure 29: Airfoil thickness, aero-struct opt.
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These geometric modifications immediately influence the structural configuration,
beginning with the redistribution of spar-cap thickness. The optimized spar-cap
profile, shown in Figure 30, exhibits a concentration of stiffness in the inboard region,
where bending loads dominate.

Further outward, the spar-cap thickness decreases, up to 30-40% in some areas,
allowing the blade to achieve significant material saving (Carbon UD, the more
expensive one) without compromising overall stiffness requirements.
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Figure 30: Spar-Cap thick, aero-struct opt.

These structural modifications are mirrored in the global mechanical response of the
blade.

The deformation shape of the blade is shown in Figure 31, where the undeformed
blade is represented in black and the deformed one is represented in red. The
deformation increases progressively from the root toward the tip, at demonstration
that no localized distortion or abrupt changes in curvature are present. This shows
that the deformation is wide inside the 20 m constraint.
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Figure 31: Blade deflection, aero-struct opt.

The normal strain distribution resulting from the aero-structural optimization is
shown in Figure 32, showing a smoother and homogeneous pattern along both the
suction and pressure sides. Like for the frozen load result, the strain distribution is
defined by compressive strains on the pressure side and tensile strains on the suction
side. But, whit respect to the frozen-load case (Figure 24), the overall value of the
strain is much lower, because before the geometry was fixed and only the laminate
thickness could vary, which resulted in higher local strain peaks and in more
pronounced strain gradients near the inboard region and close to the shear-web
attachments.

Once the geometry becomes part of the design space, the optimizer can act
simultaneously on chord, twist, airfoil thickness and laminate thickness. These
additional degrees of freedom enable the blade to redistribute both stiffness and
aerodynamic loading, leading to a strain field that is more uniform and less picked.

43



ERROR! USE THE HOME TAB TO APPLY TITOLO 1 TO THE TEXT THAT YOU WANT TO
APPEAR HERE.

normal strain, e [;-m/m]
2000 1500 -1000 500 0 500 1000 1500 2000 2500

y(m)
(=]

i
100 50\‘ i

z(m) 025 2 15 1

05
x (m)

Figure 32: Normal strain, aero-struct opt.

Finally, the buckling distribution, shown in Figure 33, remains two local maximum
but satisfies the imposed limit of 0.5 at every section of the blade.
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Figure 33: Buckling, aero-struct opt.

Taken together, these results demonstrate that aero-structural optimization has
produced a blade that is simultaneously lighter, and more aerodynamically efficient
and structurally balanced.

This optimized configuration establishes the foundation for the subsequent analysis
that born from the question: “these results are randoms? Or the optimization is
strong and so there isn’t big change from one particle warm iteration to another?”
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4.5 Analysis of the optimization Robustness

The optimization procedure adopted in this thesis relies on a Particle Swarm
Optimization (PSO) algorithm, a stochastic population-based method whose solution
depends not only on the starting data, but also on the randomized process.
For this reason, despite the convergence of results, there is no certainty that the
solution obtained is unique. To analyze whether the results obtained in the aero-
structural optimization are correct, and not simply the result of a random
optimization that “went well”, five independent runs were performed at the same
wind speed, each starting from a different initialization of the PSO particles.
Basically, five PSO runs were performed, with approximately 9oo iterations for each
run, meaning that a total of approximately 4,500 blades were created.
The aim of this analysis is therefore:

e To evaluate how consistently the PSO converges to similar techno-economic

performance metrics (Cost and LCOE),
e To examine the variability of structural constraints across the different runs.

4.5.1 Variability of the Cost and LCOE across runs

The first indicator of robustness is provided by the best blade cost computed for each
run reported in Figure 34.

Despite the inherent randomness of PSO, the cost values cluster within a relatively
narrow band, ranging from approximately 0.545 M€ to 0.645 M€.

This spread, though not negligible, remains acceptable for a stochastic optimization
process involving highly coupled aero-structural variables. The decrease observed in
runs 3 and 4 highlights the ability of the optimizer to occasionally reach more
favorable combinations of geometry and material layout, indicating the presence of
alternative local optima with better cost performance.
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Figure 34: Cost variation per run

A more complete evaluation is given by the Levelized Cost of Energy (LCOE),
objective function of the PSO, which directly relates the blade’s cost to its
aerodynamic productivity.

The techno-economic behavior of the five optimized solutions is first examined
through the non-penalized LCOE, reported in Figure 35. The variation across the five
runs remains moderate, with values spanning approximately 9.8-13.3 €/MWh,
indicating that PSO consistently converges toward economically favorable regions of
the design space, even though each run follows a different stochastic trajectory.
Further confirmation of stability is provided by the average value of this analysis
(mean LCOE = 11.6), which corresponds to the minimum value obtained in the
previous optimization analysis.
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Figure 35: LCOE variation per run
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A complementary and more informative perspective is provided by the scatter
distribution in Figure 36, where each point represents each blade generated during
the optimization process. The vertical axis reports penalized LCOE, i.e. the effective
techno-economic performance after accounting for constraint enforcement. The color
scale, instead, represents the non-penalized LCOE. This combined visualization
clearly shows how constraint enforcement governs the structure of feasible design
space. Although many geometries exhibit a low non-penalized LCOE, only a small
fraction of these solutions remain admissible once structural and aerodynamic
constraint are applied. The optimization process therefore converges toward a
compromise region, where cost and energy performance are balanced against the
necessity of meeting all structural constraints, (35-40 €/ MWh, as shown in Figure
37)
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Figure 36: LCOE color map
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Figure 37: LCOE color map zoom

4.5.2 Structural behavior

Alongside economic consistency, robustness requires that all runs satisfy the aero-
structural constraints with similar structural performance. The analysis considers the
initial three constraints: natural frequency, tip deflection and maximum stress.

The natural frequency shows extremely limited variability among runs, ranging from
approximately 0.443 Hz to 0.455 Hz. All solutions remain very close to the target
threshold of 0.45 Hz, with only Run 5 surpassing it. This narrow band indicates that
the optimizer systematically identifies geometries with comparable global stiffness.
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Figure 38: Frequency per run
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Tip deflection also shows a similarly compact range, between 12.2 m and 12.9 m. Even
though the aerodynamic variables change between runs, the resulting bending
stiffness remains consistent across all solutions. This suggests that the penalty system
effectively directs the convergence toward structurally feasible blades.
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Figure 39: tip deflection variation per run

Last, the maximum stress along the span, for the best blade for every run, is
concentrated between 0.23 and 0.25 MPa. These small variations confirm that the
optimizer does not exploit unsafe regions of the design space, remaining in a narrow
range under the maximum limit of 0.25 MPa.
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Figure 40: Stress max per run
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Overall, the structural consistency across runs demonstrates that the constraints
inserted in in the objective function successfully regulate the underlying mechanics
of the blade, preventing divergent or structurally anomalous solutions.

4.5.3 Geometric behavior

To understand the source of the small economic variations observed, the geometric
output of the five runs is examined. The three main geometric parameters are
compared, between runs, across the key points defining the blade.

Starting with the twist angle profiles that remain coherent across runs, especially in
the mid-span region where aerodynamics and structural bending interact most
strongly. To notice all the profiles, maintain a monotonic decrease toward the tip,
obtaining so feasible blade for each run.

Twist angle per run
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Figure 41: Twist angle comparison

The airfoil thickness distributions exhibit small differences, particularly inboard
where structural requirements are dominant. All runs converge toward similar thick
root sections and comparable mid-span value, with only minor variations near the

tip.
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Figure 42: Airfoil thickness comparison

The chord distribution shows the largest relative variability among geometric
variables yet remains bound between the enforced limits. The five solutions exhibit
similar general trends, moderate inboard chords, a peak near 30-35 % span, and a
progressive reduction toward the tip, but with small shifts in magnitude that explain
the differences in cost observed among run in Figure 34.
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Figure 43: Chord comparison
Examining these three geometric features confirms that the optimizer explores a
portion of the design space where different geometric combinations produce similar
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structural behavior but slightly different aerodynamic performance. This explains the
moderate dispersion in the economic indicators while simultaneously showing that
no run diverges towards infeasible geometries.

4.5.4 Conclusion of the optimization robustness

The analysis of robustness demonstrates that the optimization framework behaves
consistently across repeated executions. While some geometric variability is observed
(mostly in the chord distribution) the structural behavior is nearly invariant, and the
economic outputs remain clustered within a relatively narrow range. This
combination indicates a stable multi-objective optimization in which several optima
coexist, all providing similar trade-offs between cost and energy production.
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4.6 Comparison of Optimal Blade Designs
Across Different Wind Speeds

After analyzing the robustness of the optimization process, it became possible to
extend the investigation by determining the optimal blade configuration for a range
of operating wind speeds. Basically, this required running a full Particle Swarm
optimization independently for each selected wind regime. Through this approach, it
was possible to identify the wind speed at which the blade achieves its most favorable
techno-economic performance.

Co-Blade was therefore used to re-optimize the same reference blade at rated wind
speeds of 10, 11, 12, 13, 14, 15 and 16 m/s, while maintaining a consistent optimization
framework across all cases (objective function, structural and geometric constraints).
This systematic procedure allows the quantification of how aerodynamic loading,
structural demand and blade cost evolve as the design is progressively modified for
increasingly energetic wind regimes. The resulting trends are essential for selecting
the most suitable blade design for Mediterranean conditions (typically characterized
by moderate and less turbulent winds) as well as for identifying the most appropriate
rated speed for blades intended to operate in the more severe environment conditions
like the North Sea environment.

4.6.1 Structural response across different rated
wind speeds

The first metric investigated is the maximum structural stress reached by the
optimized blade at each rated wind speed.

Stress vs Velogcity
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Figure 44: Maximum stress vs velocity
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The results show a monotonic increase in stress with wind speed. At 10-11 m/s, the
maximum stress lies around 0.23-0.25 MPa, below the allowable limit. However, as
rated speed increases, the aerodynamic loads grow significantly, and the stress peaks
rise accordingly, reaching almost 0.50 MPa at 16 m/s. Meaning that the optimizer
prefers to put some added stress on the blade for a much lower cost-to-AEP ratio.
This trend indicates that higher wind-speed designs require considerably stiffer and
thicker laminates to maintain structural robustness, and their feasibility becomes
increasingly sensitive to fatigue and extreme-load considerations.

The second parameter considered is the flapwise natural frequency of each optimize
blade.
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Figure 45: Frequency vs velocity

Across most wind speeds, natural frequency remains above the required 0.45 Hz
threshold, indicating that all configurations maintain adequate dynamic stiffness.
Only the design optimized at 15 m/s shows a slight dip towards 0.44 Hz, marginally
below the threshold. Nevertheless, this deviation is small and can be considered
acceptable within typical modelling uncertainties.

Overall, natural frequency remains relatively stable within the range 10-14 m/s, while
rated speeds above this range introduce dynamic risks unless additional structural
reinforcement is introduced.
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4.6.2 Techno-Economic response to different
wind speeds
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Figure 46: LCOE vs Tot blades cost vs velocity

The total manufacturing cost of the optimized blade shows an increasing trend with
higher rated wind speeds. For this graph all three blades of the wind turbine are
considered in the analysis of the cost and subsequentially of the LCOE, so the value
obtains, basically, represent the cost of the rotor of the turbine. At 10-11 m/s the
overall rotor cost is approximately 1.7-2.0 M€. At 12 m/s the cost stabilizes near its
minimum, representing the most economical solution among all configurations.

As the rated wind speed rises to 14-15 m/s, the blades cost increases significantly,
reaching values around 3.0-3.2 M€, as a direct consequence of the additional material
required to maintain structural integrity at higher load levels.

This relationship illustrates a fundamental trade-off: while higher rated wind speeds
can potentially increase energy capture, doing so requires a substantially more robust
(and thus more expensive) structural design.

More detailed is Figure 47, showing the LCOE for the single best blade for all the

velocity, providing the clearest indication of which rated wind speed delivers the best
performance.
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LCOE vs Velocity
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Figure 47: Single blade LCOE vs velocity

The trend obtained from the optimization shows a LCOE minimum at 12 m/s, where
the value drops to roughly 8.7 €/ MWh, representing the most advantageous balance
between structural cost and aerodynamic performance.

At lower rated speeds (10-11 m/s) the LCOE is slightly higher (11-12 €/MWh),
primarily due to the reduced energy gathered despite the lower structural cost.

At higher rated speeds (14-16 m/s) the LCOE increases up to 13.5 €/MWh, driven by
rapidly escalating structural cost and only marginal improvements in energy capture.
This confirms that pushing the rated speed too high yields diminishing returns and is
economically unfavorable.

4.6.3 Observation

The sensitivity analysis performed across different rated wind speeds provides an
initial indication of how structural and techno-economic performance vary under
Mediterranean operating conditions. However, the results obtained through full
optimization at each wind speed must be interpreted with caution.

In this study, the Particle Swarm Optimization (PSO) algorithm is independently
applied at each rated wind speed, generating structurally and geometrically different
blade designs. While this approach allows exploration of the design space, it also
introduces a significant level of variability in the results. Therefore, the observed
trends in cost and LCOE are affected by the stochastic nature of the optimization
process, leading to a dispersion that does not fully reflect a consistent physical
relationship between wind speed and cost.
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In particular, the resulting cost—wind speed trend does not follow the expected
smooth behavior (e.g., linear or quadratic) but instead shows irregular variations
since each optimized blade corresponds to a different design configuration.
Therefore, the identification of a single optimal rated wind speed based solely on
these results may be misleading.

For this reason, the previously obtained graph (Figure 47) is not considered
sufficiently robust for a direct techno-economic interpretation within the scope of this
thesis. To address this limitation, a simplified and more consistent approach is
adopted in the following analysis. Instead of performing a full optimization at each
wind speed, a single reference blade, optimized at 10 m/s, is used as a baseline
configuration. The effect of varying wind speed is then modeled by scaling the
structural thickness through predefined scaling laws. This approach reduces
variability, ensures comparability between cases, and allows a more reliable
evaluation of the techno-economic trends.
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5 Techno-economic analysis

5.1 Introduction

The techno-economic analysis is used to evaluate the LCOE or COE value. The LCOE,
i.e. levelized cost of energy, represents the minimum price at which the energy
produced by the plant must be sold in order to cover all costs incurred throughout its
entire life cycle. Technically, is the revenue required to achieve a rate of return of
investment equal to the discount rate over the entire lifetime of the wind farm.

The LCOE is used to compare the cost of electricity production with different
technologies. The unit of energy is in €/MWHh, so lower is this value, lower will be the
cost or higher will be the power product, so better will be the technology analyzed.

?1It+Mtt
=11
LC0E=(—-E|;r)

n t

t=1 (1 + ‘I")t
Where:
I; Investment expenditure in year t
M, Operation, maintenance and service expenditure in year t
E; Energy generation in year t
r Discount rate or WACC
n Lifetime of the project in years

Today the LCOE of wind technologies is decreasing reaching around 8o €/ MWh for
the best solution of the wind offshore, still higher of the onshore wind technologies
[12].

In this thesis, the techno-economic analysis, for simplicity, is based on the Cost of
Energy rather than the Levelized Cost of Energy. The COE simply neglects the
discount effect, inflation and so provides a direct relationship between total costs and
energy production. The following comparison is strictly related to energy production,
and total wind farm costs for each site.

5.2Base-model for the techno-economic
analysis

After completing the optimization procedures described in the previous chapter, the
analysis is extended through a dedicated study aimed at identifying a direct
relationship between blade structural cost and wind speed. At this stage, the objective
is no longer to further optimize the blade geometry or structural layout, but rather to
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quantify how the blade cost evolves as increasing wind velocities require progressively
higher structural robustness.

The blade optimized, in the precious chapter, at rated wind speed of 10 m/s is selected
as a reference configuration. Starting from this baseline design, blade structural
properties are modified through the introduction of a single global thickness
multiplier applied uniformly to the main structural components (spar cap, shell
laminates, shear webs and foam core thickness). In this way, the original optimization
problem involving many design variables is reduced to a limited number of structural
components governed by a single scaling parameter.

For each wind speed in the range between 8 and 16 m/s, a sequence of blade
configurations is generated, with CoBlade without PSO, by progressively increasing
the thickness multiplier. A full structural analysis is performed, and the multiplier is
increased until both max stress and max buckling are satisfied, both with a max value
of 0.5. The minimum multiplier fulfilling these requirements is then selected as the
representative solution for the corresponding wind speed.

This procedure ensures that, for each velocity unnecessary overdesign is avoided, at
the same time, the resulting blade configurations remain closely related to the refence
geometry. The outcome of this study is a monotonic relationship between wind speed
and blade cost (Figure 49). In particular, the progressive increase in wind speed leads
to higher aerodynamic and inertial loads, which in turn require thicker structural
components to maintain acceptable stress and stability margins. This effect translates
into an approximately linear increase in blade cost with respect to the thickness
multiplier, as shown in Figure 48.

TOTAL BLADES COST VS MULTIPLIER

18
16
14
12

=08
0.6
04

0.2

0.5 1 1.5 2 2.
MULTIPLIER

v
w
w
w

Figure 48: Total blades cost vs multiplier
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Figure 49: Total blades cost vs v_rated

The present approach enables a transparent and approximate assessment of how
increasing wind speeds impact blade cost and so introduces a key point for the
following techno-economic analysis.

5.3 Techno-economic comparison across wind
speeds and locations

Once the structural sizing strategy was defined and the blade behavior across wind
speeds was characterized, the analysis was extended to a techno-economic level in
order to understand how these structural trends translate into the cost of energy.
In this phase, the focus was no longer on optimizing the blade geometry, but on
evaluating the economic consequences of operating the same optimized turbine
design at different wind speeds and in different offshore locations and so aimed at
identifying the most suitable location for the installation of a wind farm.
Initially it was considered a large wind farm, made of 60 turbines.
This analysis was done for three different locations: Mar Mediterranean, North Sea
and Atlantic Ocean (coast of Canada).
The starting data taken from MATLAB are only the Power and the blade mass. To
obtain the COE (Cost Of Energy) is also used the data available in Error! Reference
source not found., whit the following assumption:
e A = Development and project management constant whit the turbine power
[€]
e B = Wind turbine cost and balance of plant cost directly proportional to the
power [€/MW]
e C = Installation and commissioning cost, Operation maintenance and service
and Decommissioning cost proportional to the square root of the power

[€/VMW].
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Table 4: Wind farm cost [12]

Category Rounded cost

155.000 £/ MW
£/ MW
£/ MW
£/ MW
£/ MW
£/ MW
£/ MW
£/ MW
£/ MW

£/ MW

Development and project management
72.000
9.000

Development and consenting services
Environmental surveys
Resource and metocean assessment 7.000
4.000

3.000

Structure
Sensors
Maintenance 1.000
9.000

9.000

Geological and hydrographical surveys
Engineering and consultancy
48.000
1.350.000 £/MW
834.000 £/MW
360.000 £/MW
156.000 £/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/MW
£/ MW
£/MW/Y ear
£/MW/Y ear

Project management
Wind turbine

Nacelle

Rotor
Tower
Balance of plant 2.418.000

Dynamic array cable 115.000

Export cable

|

80.000
1.313.000
316.000

Cable accesso
Floating substructure
Mooring systems
282.000
44.000

Offshore substation
Onshore substation
Installation and commissioning 1.376.000
154.000

153.000

Inbound transport
Mooring and anchoring pre-installation
72.000
114.000
171.000

Floating substructure - turbine assembly
Floating substructure - turbine installation
Offshore cable installation
8.000
52.000

Onshore export cable installation
Offshore substation installation
29.000
13.000
6.000
2.000
1.000
4.000

Onshore substation construction

Offshore logistics

Sea-based support

Marine coordination
Weather forecasting and metocean data

Marine safety and rescue

610.000
98.000

Contingency and insurance
Operation. maintenance and service
Operations. maintenance and service port
£/MW/Y ear
£/MW/Y ear

Operations
Offshore logistics
d £/MW/Y ear

Decommissioning 450.000

269.000

<

Maintenance and senv

(@)}
Juiy
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In this way the total wind farm cost is obtained from the following equation:
CtOt=A+B.P+C '\/ﬁ

Follow the Cost of Energy calculation:

C
COE tot

~ AEP n

With ‘n’ the lifetime of the plant, considered of 25 years, and AEP the annual energy
production that is obtain from the Power and the Capacity Factor (CF), that change
not only with the velocity but also with the location, increasing going from the lowest
in the Mediterranean Sea to the highest in the Atlantic Ocean.

AEP = hyqep P - CF
The following curves are obtained:

COE PER LOCATION [60 TURBINE]
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60.00
7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00

VELOCITY[M/S]

Figure 50: COE for location (60 turbine)

A first observation concerns the absolute COE values. For all wind speeds, the
Mediterranean location consistently exhibits the highest COE, while the Atlantic
Ocean shows the lowest values, with the North Sea lying in between. This behaviour
is primarily driven by differences in capacity factor and annual energy production,
which directly influence the denominator of the COE calculation. Despite the same
turbine design and cost model being used in all cases, the reduced wind resource
availability in the Mediterranean results in a lower AEP and, consequently, higher
COE values. Beyond the value the trend is also important because show that for all
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three locations, the COE exhibits a shallow minimum at low wind speeds, around 9-
10 m/s, followed by a steeper increase as wind speed rises. That’s because for higher
wind speeds is required significant structural reinforcement (higher multiplier) and
so increasing the blade mass and cost. This resulting increase outweighs the benefits
of additional energy production beyond a certain wind speed threshold.

Now the same analysis was taken for a plant of 20 turbine instead of 60, reducing so
the energy production but also the total cost.

COE PER LOCATION [20 TURBINE]
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Figure 51: COE for location (20 turbine)

From an absolute perspective, the COE values are systematically higher than those
observed for the 60-turbine configuration, regardless of wind speed or location. This
behaviour is expected and is primarily attributed to the reduced scale of the wind
farm.

This minimum is not coincidental but directly linked to the design methodology
adopted in this work. The blade geometry and structural layout were originally
optimized at a rated wind speed of 10 m/s. Consequently, the turbine achieves its best
compromise between structural cost and energy production in the vicinity of this
operating condition. Therefore, the presence of a COE minimum around this wind
speed is an expected and physically consistent result.

One important difference whit the 60 turbines case is the spacing between the curves.
Compared to the large wind case, the vertical separation between the Mediterranean
Sea, North Sea and Atlantic Ocean curves become slightly more pronounced. This
indicates that for smaller wind farm, the benefit of operating in high resource
locations becomes more significant.
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6 Conclusion

This thesis developed and validated an integrated aero-structural and techno-
economic framework for the design and assessment of a 15 MW offshore wind turbine
blade, with a specific focus on Mediterranean operating conditions. Rather than
focusing solely on geometric optimization, the work aimed to investigate how
structural sizing, aerodynamic performance, and economic indicators interact under
wind regimes characterized by lower average wind speeds.

A primary outcome of this work is the successful generation of a blade design adapted
to the Mediterranean context. The structural optimization process demonstrated that
it is technically feasible to redesign the blade starting from a North Sea reference
configuration, achieving a reduction in the Cost/AEP while maintaining all structural
constraints. The frozen-load optimization highlighted the possibility of reducing
material usage through an efficient redistribution of laminate thickness, while the
subsequent aero-structural optimization further improved performance by coupling
structural and aerodynamic variables. The final design exhibited a more uniform
strain distribution and a more efficient use of materials, confirming the effectiveness
of the proposed framework.

Although a comparative optimization across multiple rated wind speeds was initially
performed, these results were not considered sufficiently robust for the final techno-
economic assessment. The independent application of the Particle Swarm
Optimization at each wind speed leads to structurally and geometrically different
blade configurations, increasing the variability of the results and preventing a
consistent comparison of cost trends. For this reason, the identification of an optimal
rated wind speed based on PSO multi-speed optimization was not retained as a
conclusive result within this study.

The techno-economic analysis was therefore conducted using a simplified and more
consistent approach, based on a reference blade optimized at 10 m/s and modified
through scaling laws applied to structural thickness. This approach allowed the
evaluation of the COE trend under varying wind conditions while maintaining
comparability between configurations.

The results of the techno-economic analysis indicate that, within the Mediterranean
context, the adoption of a specifically optimized blade does not lead to a highly
advantageous reduction in the Cost of Energy. This is mainly due to the compensation
between structural cost and energy production: lower wind speeds reduce the
structural demand and cost, but also significantly decrease the annual energy
production. Additionally, the presence of high fixed costs in offshore wind farm
deployment limits the overall economic benefit of blade-level optimization alone.
Furthermore, the cost modelling adopted in this work is affected by limitations
related to the use of scaling laws, particularly for floating structures, installation, and
maintenance costs. These cost components are highly complex and site-dependent,
and their representation through simplified scaling relationships requires further
validation.
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From a structural perspective, the modelling approach could also be improved. The
current analysis is based on beam-like structural representations, which, although
computationally efficient, may not fully capture local effects. A more advanced finite
element modelling approach, such as shell-based models, would allow a more
accurate validation of the blade geometry and structural response.

Finally, to strengthen the techno-economic conclusions, further work is required to
refine and validate the scaling laws used for cost estimation, as well as to integrate
additional effects such as wake interactions within the wind farm.

Overall, this work demonstrates that the design of a blade adapted to Mediterranean
conditions is technically feasible, but highlights that its economic advantage is limited
and strongly dependent on the accuracy of cost modelling and large-scale system
considerations.
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