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Recap: Why wind energy ?

Key in the world’s energy transition:
* Clean, renewable and abundant energy source

* Cost competitive . _

with low operating costs (wind is free)

* Increases energy security (no fuel import)

* Creates jobs

Challenges:

» Sufficient electrification of the energy system

* Energy system integration & _
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Example prediction of the benefits of an
energy transition with incresead electrification
and more wind energy, source: IRENA.

Gas-fired, 3%
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o Hydropower,
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storage, 4%
Onshore Solar PV,
wind, 18% 21%

Example prediction of EU energy

mix in 2050, source: DNV-GL 1,-;U Delft



Recap: Why offshore wind energy ?

A N ”i T

* Excellent wind resource - design environment

* On track to be cost competitive v

* Effective use of land & _

close to centers of population

* Acceptance in society - design environment
* design constrints

]
’ TUDelft



Agenda of this lecture

* Part 1: What is a wind turbine ?

* Part 2: Design objectives

* Part 3: Design process

* Part 4: Design optimization

* Part 5: Constraints and limitations

* Part 6: The role of technology and markets
* Part 7: Current trends

]
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Part 1: What is a wind turbine ?

GE prototype ECO-Rotr, USA Nénuphar prototype VertiWind, France

]
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The wind turbine as energy transformer

Photo source: DoE, GE H-class

Wind mill:
Generates mechanical energy (rotation)
from kinetic energy of the wind

Wind turbine:

Generates electricity from kinetic energy
of the wind using mechanical energy
(rotation) as intermediate step

Gas turbine:

Generates electricity from fossil fuels
using heat (combustion) and mechanical
energy (rotation) as intermediate steps

]
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Recent offshore wind turbines: Giants of the sea

Haliade-X 12 MW

Owlpest IMW 12

* Horizontal axis, upwind rotor, direct
drive generator, monopile

. Eiffel Tower Haliade-X 12 MW  Chrysler
foundation Bullding

. * World largest turbine in operation (rating and rotor size), GE

l‘ prototype in Maasvlakte, NL, uprated to 14MW in 2021

* Larger turbines announced in 2020/21 by SGRE (14MW, 222m),
Vestas MHI (15MW, 236m) and MingYang Smart Technolo

(16MW, 242m) TUDelft

Photo sources: GE
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Wind turbine components

* Rotor (with turbine blades) or equivalent:
transforming kinetic energy of wind (fuel)
into rotational energy

* Drive-train (with generator):
transforming rotational energy into electricity
* Support structures
(e.g. towers, foundation, nacelle, main frame etc.)
holding components in place

*  Control systems
adjusting operation of turbine and components
(passive or active)

*  Transmission system (with converters)
connecting to grid or end-user

]
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Drive train with gear box

Hub Main shaft / Low speed shaft High speed shaft

Image: www.schaeffler-fairs.de

Gearbox Yaw system Generator 4
TUDelft



Drive train without gear box (direct drive)

Image: Lagerwey | Image: Harakosan Europe
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Wind turbine blade

mwld’s largest blade in 2020: 107m
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Part 2: Design objectives
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Community npacts

henual, satety, eranomicy Grid iMegration
Environmental impacts Impacts

™ Srrarnics L0
! ¥

Turbine in a system

*  Wind turbines are part
of a system

* Turbines often
deployed in bundles, D e ’ Wind Cost of Energy

Main Cost Outputs

i.e. a “wind farm” =l

< Wind turbine design _— S r— e |
needs to be aware of oS, S Gonrls ) e e "
- - Balance of Station
this system as it sets (roacs. sssembly and

nstallation,
Intercanmection)

* Environment

Exogenous Economic Inputs

(materal and LAROC Conty, Nnterest

rfates)

= Constraints

. [ ] [ ]
Objectives From Dykes & Meadows NREL/TP-5000-52616, 2011

]
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OEM view

Objectives are

set by
customers

All can set

Regulating
authorities set
institutional
environment

Customers:

Developers

Operators

Regulating
authorities

Independent
engineers

Certification
body

Suppliers:

Gear box

%
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Design as part of the turbine life cycle

Market / application
space identification

End of Life ?

Production, Performance . .
installation & enhancement ~ Life CX'[G?ISIOH
commissioning . - Repowering
Operation and | - Decommissioning/
Engineering maintenance site restoration/
recycling N

Development

)

Realisation

N\

Exploitation

16

1-3 years

1-2 years 20-30 years

,; >
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Definition of wind turbine design

“Wind turbine design is the process of defining the
_ of a wind turbine for a given and

environment.

APPICSEGRISHAES + Environment >> Form (& specifications)

Functions Core :
Physical Working
Constraints + .y _ >> CONCePtS |- principles
— Institutional Configuration
Objectives J
Dimensions

]
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Examples of objectives

Y OPEX + Y CAPEX
Low levelized cost of energy (LCoE) LCOE ~ AEP

— beneficial for auctions in subsidy-bidding markets, markets with fixed
price per kWh or grid-constrained markets

High energy yield (annual energy production AEP)
= beneficial in land-constrained markets with (high) feed-in tarifs

Low costs (CAPEX, OPEX and/or life-cycle costs)
- beneficial in markets with high financing costs or low available capital

High capacity factor (Cf) average power production

—> beneficial in baseload-driven markets Cf peak power production

High net present value (NPV) or high internal rate of return (IRR)
- beneficial in subsidy-free markets with variable pricing "
TUDelft
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Opinion poll

What is the most expensive cost contributor in a wind farm ?

Foundation

Wind turbine

Grid connection

Operating and maintenance (O&M) costs
Decommissioning

Finance

Depends on onshore vs offshore wind farm

]
TUDelft



—> Cost structure
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Examples of cost structure

Wind turbine is 22%
typically the largest 2%
cost contributor 204

(ca. 1/3) 9% o, 61%
than Onshore
for onshore (ca. 2/3) 3%

1%
15%
24%

Offshore

€ Wind turbine (including tower) 61%
B Foundation 4%

O Grid-connection 9%

O Consultancy & finance 2%

B Land purchase & roads 2%

@ Operation & maintenance 22%

€ Wind turbine 34%

B Support structure & installation 24%
O Grid connection 15%

O Management 1%

B Operation & maintenance 23%

@ Decommissioning 3%

]
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Example of onshore turbine cost breakdown

Rotor/blades A Construction Finance
ca. 20%

Rotor

Electrical Infrastructure

Nacelle with
drivetrain Assembly and

Installation
(generator & S
gear box etc.) & .
yaw system o
ca. 30% Oovelopmiens
Tower Nacelte

includes drivetrain

ca. 15%

Source: The cost of wind energy 2017, NREL report

]
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More severe onshore
More severe offshore

Example of constraints

- Light erosion

* Noise restriction
* Visual impact restriction

* Space restriction

vedium eroson

* Logistics

e Material deterioration
 Hydrodynamic loading

Heavy e10s4on

*  Wind loading
* |celoading
* Effects on nature (e.g. bird migration)

Erosion test at LM, AVATAR final report,

Schepers et al. 2017

]
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Example of
environment

‘ wahe
twrbulence

ey
M NRET

tidad & storm sarge
depth vanaton

~~~~~

From Dykes & Meadows NREL/TP-5000-52616, 2011

Tightring

]
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Example of environment: Wind classes

Wind Class/Turbulence

la High wind - Higher
Turbulence 18%

Ib High wind - Lower
Turbulence 16%

Ila Medium wind - Higher
Turbulence 18%

[lb Medium wind - Lower
Turbulence 16%

Illa Low wind - Higher
Turbulence 18%

[llb Low wind - Lower
Turbulence 16%

v

Annual average wind
speed at hub-height

10 metres per second
(36 km/h; 22 mph)
10 metres per second
(36 km/h; 22 mph)
8.5 metres per second
(31 km/h; 19 mph)
8.5 metres per second
(31 km/h; 19 mph)
7.5 metres per second
(27 km/h; 17 mph)
7.5 metres per second
(27 km/h; 17 mph)

6.0 metres per second
(22 km/h; 13 mph)

Based on design standard IEC 64100-1

Extreme 50-year gust

70 metres per second
(250 km/h; 160 mph)

70 metres per second
(250 km/h; 160 mph)
59.5 metres per second
(214 km/h; 133 mph)
59.5 metres per second
(214 km/h; 133 mph)
52.5 metres per second
(189 km/h; 117 mph)
52.5 metres per second
(189 km/h; 117 mph)

42 metres per second
(150 km/h; 94 mph)

]
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Example wind turbine design

Patameter Units Valkoe Paramese Units Value
Power rating MW 15 Drivetan - Duoct grive
Turting class ECCass 18 Shaft ¥ ange 0 6
Spociic rating wim? 332 RO PAcHn RESHMTYy Mass 1 1017
Rotor orentation Upwind
Number of tlados 3 Transition poco haight m 15
Monopio ombtodmeont dopth m a5
Control Vanatio speed Monopio base damotor m 10
Colloctve plch Towor mass 1 050
Cuttin wind spoed m's 3 Monopie mass 1 1818
Rafod wind speed ms 10.5e dog  Cogrovs PM FovOLONS pet minuie
Cuttout wind speed m's 25 m  meNes 1 Medrc tons.
Dosign ¥p-spood ratio . o0 M MONS Dir S6cond WIm®  wams por squar smle
Minimum rolor spoed pm 50
Maximem rolor speed pm 758 Dascription Vel Units
Maximem tp spoed ms 3 — = -
01 Ot W LY J mn
RoR0r Ramar - 20 Q0 oyt engn 2% m
Aol sives . FFAWI Mar sherd (%) mn
e gt - 150 M SAOrd spanwise poston o2 n
HO gament - 7% TP P39 “w -
o " oo L0 )
Wmm :° _‘: Blate Taet e g
STy Biade J0rier of mass w8 n
e predand = 4 Deatign f5-speed ra8o %.00 -
Blace mass 1 o5 Fosl Rapwise Sabise Yeounnoy 0555 MW
L L L L T T W
IEA 15MW offshore reference  Jizir . o
. . Amvim erergy production 77A aan
wind turbine o T
GAh  gigmeas-taury meters

Rotor Radns

120m

+ Hub Height
PR
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Part 3: Design process

Wind Terbdine Dream Mac ines
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From Dykes & Meadows NREL/TP-5000-52616, 2011
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Balanced design
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Overview of the design process

Conceptual Preliminary Detailed Prototype &
design design design certification
\ ' | J

v

Design process commonly formalized with
design reviews at the end of each step

Conceptual Design Review (CDR) or Preliminary Design Detailed Design
System Requirement Review (SRR)  Review (PDR) Review (DDR)

]
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Design steps

Targets for new turbine

Parameters known to design
components independentl

Main component
specifications
{ known

28 All ready for manufacturing of prototype, certification and offering to customer -?U Delft




29

Conceptual design

* Driven by market developments (e.g. auctions, subsidy-free markets,

etc.), new application space (e.g. deep water offshore, low wind speed
sites, etc.), existing experience and capabilities

* Applying simple engineering tools, scaling laws and surrogate models
* Typical outcome:

= working principles with system architecture and configuration
(horizontal vs vertical axis, direct drive vs geared, upwind vs
downwind, monopile vs floating foundation, etc.)

= key dimensions
(rotor size, rating, hub height etc.)

]
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Geometric scaling based on rotor size

Every dimension
scales linearly
with ‘R’

chord, shear web
thickness, ...

5

R

30
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Scaling laws

Quantity Symbol Relation Scale dependence
—LPower, forces, and moments
Power P P /Py = (Ri/R:)* ~ R?
Torque Q Q1/Q2 = (Ri/R2)’ ~ R
Thrust T T\/T2 = (Ri/R2)’ ~ R
Rotational speed Q Q,/Q> = (Ry/R>)" ~ R~}
Weight w W, /Wy = (R/R,)’ ~ R
Aecrodynamic moments M, My /Mp2 = (Ry/Ry) ~ R’
Centrifugal forces F. Fey/Fer = (R /R2)? ~ R?
Stresses
Gravitational Og g1 /0e2 = (R1/R2)' ~ R
Aerodynamic aA aar/oaz = (Ri/R2)" = 1 ~ R
Centrifugal G Ger[Gez = (R1/R2)° = | ~ RO
Resonances
Natural frequency o W [On2 = (R /Ry)" ~R"!
Excitation Qfer  (1/omy)[(Q2/on2) = (Ri/R)’ = 1 ~ R

Note: R, radius

Source: Manwell et al., 2009
31
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The square-cube law

e |f all dimensions scale proportional to rotor diameter
Chord, nacelle dimensions, hub height, tower diameter, ...

* Then surfaces scale with R? (square)
Rotor swept area = power = energy yield

* And volumes scale with R3 (cube)
Masses = costs

- under the linear geometric scaling assumption,
costs increase faster than energy yield with size!
- In reality this deviates due to new technologies and other

factors that scale independently

]
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Think, pair & share: Size of turbines

1.

Sit in pairs
(pick your neighbor, move if alone)
Introduce each other

Use the images (right) and this
lecture as inspiration

Discuss with partner: Why are
offshore wind turbines larger than
onshore ?

Think of one reasoning
Share with everybody

0,
23% 3% 22%
° 34%

2%

1% 2%
9% 61%
15% * 4% ’

24%

Onshore (left) vs offshore (right) cost structure:
turbine cost share in blue

(sum of costs)

cost of energy ~ Energy yield

Similarity law — square-cube-law:

surfaces scale with R? (square)

Rotor swept area = power = energy yield
Volumes scale with R3 (cube)

Masses = costs

]
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Why are offshore turbines larger than onshore ?

 Assume turbine cost increases
with R3and energy yield with R?

* Turbine costs are only part of the
sum of costs, not all costs scale
with rotor size

* For offshore, overall costs do not
increase as fast as for onshore
with rotor size

—> Different optimum (at larger size)
possible

0,
23% 3% 22%
° 34%

2%

1% 2%
9% 61%
15% * 4% ’

24%

Onshore (left) vs offshore (right) cost structure:
turbine cost share in blue

(sum of costs)

cost of energy ~ Energy yield

Similarity law — square-cube-law:

surfaces scale with R? (square)

Rotor swept area = power = energy yield
Volumes scale with R3 (cube)

Masses = costs

]
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Preliminary design

Here the research & engineering knowledge is used to full extend. The
following are typical objectives of a preliminary design review (PDR):

,are

* Ensure that all have been

EompIEte, and

Show that the is expected to _
W in the proposed design approach _

* Show that the design is verifiable and a _,

where all risks have been identified, characterized and mitigated
where appropriate.

]
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Design tools

* Numerical simulation tools based

on a mix of
= physics-based scaling laws
= physics-based engineering models
= empirical engineering models

= surrogate models

* Validation and verification critical
* Trade speed vs accuracy depending

on where in the design process
used

Input wind

specificabons

L 4

Turbulent wind
modeling codes

Turbulent wind

¥

data

Component design
codes

Agrodynamic
design codos

Noise
prediction
codes

Comgponent | Aeroelastic
performance coupling

v v

Turbine design

L\
Turbine design,
porformance and

fatigue life

codes .
structural dynamics

& controls

Blade loads

Fatigue life

Turbine dynamic
response

Turbine fatigue life |
analysis codes

Adapted from Manwell et al., 2009

]
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Design requirements: |[EC 64100-1 standard

https://webstore.iec.ch/searchform&qg=61400 T

Objectives of standard: o —
Standards ' IEC 61400-3

Specifies designh requirements and methods to i IEC61400 22

ensure integrity of the wind turbine design. |
Provides appropriate level of protection against

damage of all hazards of planned turbine lifetime L
Wind turbine class | I ] S - — . -:';,1 ——
A Frat (+) 0,16 specified Standards ARRSI ¢ o G
B Frot (<) 0,14 by the
C Jrot () 0,12 designer

]
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Detailed design

Here analysis tools and practical experience are used to full
extend

Details of components and full suite of design loads cases (DLC
of IEC standard 64100-1) need to be given

Typical tools: Design for Manufacturing and Assembly (DFMA),
Failure Mode Effects Analysis (FMEA) , higher order simulation

tools (e.g. Finite Element for structural design, Computational
Fluid Dynamics for aerodynamic design or risk mitigation, etc.)

]
TUDelft
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Part 4: Design optimization

]
TUDelft



Rotor design optimization

From Bak et al., 2013, “The DTU 10-MW reference wind turbine”, DTU report

The method
Airfoil choice |

}

Airfoil characteristics |

 Aerodynamic design |

Structural design |

and control tuni

Aeroelastic mm

 Aeroelastic time
simulations: Loads

Final design

Process results in 1 design,

need multiple designs to optimize! -~ & | owest Cost

41

The DTU 10 MW Reference Wind Turbine

Turbine costs

Turbine performance (AEP)

—> | owest LCoE
----- » Highest AEP

]
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Design trades: Numerical optimization

Each dot is a preliminary
blade design = fast tools
needed

Pareto front defines optimal
design trades

(here: AEP vs costs with noise
as a constraint)

Design objectives define
design(s) to be chosen

Turbine costs

4

Color: noise levels

AEP

]
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Design trades for conceptual design

Design solution / target | (Claimed) Positive effect (Claimed) Negative effect

High C, of rotor High annual yield High loads

High reliability High availability / low O&M | High turbine costs

Number of blades: Easy to install, less blade Low performance / high loads /
e.g. 2 instead of 3 costs challenging controls

Number of blade pieces: | Easier logistics and O&M, Additional costs of joint / lower
e.g. 2 instead of 1 larger yield possible reliability / lower blade loading
Rotor controls: High reliability Low performance / high loads
e.g. stall instead of pitch

Architecture: Machinery at base for easy | Changes in supply chain & proven
e.g. vert. vs horiz. axis maintenance & less loads designs (less experience)

]
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Example of design 1o

I Choices

interactions: Noise !

Exogenous nfluences

Highly complex interaction
between input design
variable and impact
variables

- Numerical optimization
allows for integrated design

Tranpen

Meadows

I From Dykes & (;
I NREL/TP-5000-52616,
44 TUDelft




Technology evolution

45

Multi-disciplinary rotor design optimization

A Historic Yesterday Today Tomorrow
1RSI (H)H+" ", -
I 2D airfoil design
I Separate objectives for 5(8/6"#8/5*$/ 746 (*7876/0O
aero, loads, noise, etc. Includes uncertainty quantification
I Mostly manual blade /O 14247 OS2/ J for risk assessment
optimization " O - Analytics-based system optimization
Design for life-cycl
Multi-disciplinary, mulit- esign Tor lite-cyce
objective optimization Digital twin capabilities
0(10°-10?) 0(10%-10°) 0(10¢%-107) Investigated designs

TUDelft



Part 5: Constraints & limitations

5 2 a S ' Ice loading
T m

. o Space and visual
" restrictions

-

Erosion

Limitations as technical challenges due to design choices or set by external constraints

]
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Physical limitations: inherent vs. external driven

Inherent physical limitations due to chosen working principles:

Square-cube-law:
Betz limit:

Stall limit:

Speed of sound:
Material limits:
Aeroelastic stability:
Tip deflection limit:

upscaling of power vs loads (mass)

maximum power extraction

maximum angle of attack before lift breaks down
maximum local wind speed before shocks occur
maximum stress before failure, e.g. buckling, fatigue
structural blade failure due to flow interactions
maximum bending of blade before it hits tower

Other physical limitations are imposed by external constraints.

]
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Example how constraints limit blade length

External constraints

1.

2.

3.

4.

Available space

Accessibility for transport ->

Acceptable noise

Minimum operating life

Physical limitations

Number of turbines and their size
Maximum blade length

Maximum component size
Maximum blade length

Maximum tip speed
Maximum blade length

Minimum fatigue & extreme loads
Minimum blade life (e.g. erosion
sets maximum tip speed)

Both set maximum blade length

]
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Mechanical Load Assessment (MLA)

From windpower-monthly.com

For design purposes, the life of a wind
turbine can be represented by a set of
design situations, called Design Load
Cases (DLC), covering the most significant
conditions that the wind turbine may
experience.

Photo: The News-Gazette
from wind-watch.org

MLA sets critical constraints for the
design to avoid catastrophic turbine
failures

{

]
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Design Load Cases (DLC)

Load spectrum = all loads seen by the wind turbine in its life.
Production

Production + fault (grid outage, pitch, yaw error)

Start

Shutdown

Emergency shutdown

Parked / Idling

Parked / Idling + fault

8. Transport, erection, assembly

IEC 64100-1 requires MLA for all DLC with a suitable simulation tool or
testing.

NS s 0D~

]
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DLC from IEC 64100-11

Types of loads by failure mechanism:
* Fatigue (F) and ultimate (U)
*  Normal (N) and abnormal (A)
*  Critical deflection (e.g. tip clearance)
* Partial safety factors:
= vyF :load factor
= yM: material factor

= yN: consequence-of-failure factor

Analysis usually requires time series of
representative wind fields as input
-> wind class sets constraints

Types of loads by physical mechanism:

Gravitational & inertial loads (mass)
Aerodynamic loads (lift & drag)
Actuation load (caused by control system)
Other loads (e.g. icing, hydrodynamic, ...)

Wind turbine class I I m S
Veat (m/s) 50 425 37,5 | Values
A Lot (<) 0,16 specified
B Tot (=) 0,14 by the
C et (%) 0,12 designer
~
- P 7\
2 = 7 E Caracteristic extreme
i » Y operating wind gust
s \ “Mexican hat” for DLC
E e — / \ e 1|
3 = BN
! o

]
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DLC from IEC 64100-11

Wind turbine class I | mn S
Veat (m/s) 50 425 37,5 Values
A Toet (=) 0,16 specified
B Ios (<) 0,14 by the
c Trot (%) 0,12 designer
Tha folawing soMevistions we used n Tabe 2
>c Design 0ad cave
ECh Extrome cotmmnt gudl with drection chinge (e §.3.248)
fOC Extrome coection chasge (v £ 24)

00 Extrome cpersting post (aee 63.2.2)
Ewv Extreme wind spend mode (vee i 22.1)
Ews Extroms wind shear (s 622 8

NTW Noroa! terbdence madel (see §.3.1.3)
[ a4 Fatreme tortumace mode! (see 63.23)
Nar Norma | wing grofie model (see §.31.2)

V2 mis Sematraty to sl wind speech I the range shall Be analysed

F Fatgue (see T0.3)

1} Utimate strangh (ses 7 4.2)

N Norma!

A Aorome

T Trarmport snd erecticn

L) Paral salety for latigus (see 7 6.3)

Cetgn eitusdon o WG ¢ aaaiian Othet condtiane Tywe o | P
< - iy
et
1) Powes production 1 NN et Far enmagoaton of u L)
Ll ]
A2 LTty e Von s Ve X
13 | ke Oj«l='cll u ~
14 |BCD o r -3mAn Y, u »
F,e3ws
18 | Nt <t u »
7) Power production TV [ NIV e e, Contrd syvem tat or v »
Pl acarmoce of ont of ectica etwon
o TR Pt s ayiem v A
Iwieteg e
R
213 | BO0 no v v dmsed | Everal ot ems " A
LA e e L T
e of wechdw et b
26 [ NIV er e, Contrd. pramecson, on r <
nOutng o of
s ey
3) St 0 Y [ NP G e e, ’ "
A2 | BOG Kot F2lmn u ~
-
23 [ 00C r e VW aden v »
-,
4 N gt e 4L | e Va*Vun*Voy ’ .
42 | EOG r =7 02 me e u L
Vs
) Emegency v S0 NI vl u "
o Vs
0 Pwrad pamdng O | BN Shaer maswece u L]
l!vw pecod
62 | BN Sgew morwce Lows of smoew v A
- A -
£ | B T reienenie Eavnms yow v »
- at w
64 [ NIM PN <0Tre r -
T) Parvad o faut L T B v A
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Part 5: The role of technology and markets

* Tip-joint s %
g‘ Color: noise levels | New technologies =
8 o.,"g . =
(] g e A %3 34 3
c , ’ BRI TSN 32 N .
o) . L ongtes S e From patent application US 2015/0369211 A1
= “ 3

Advanced simulation tools on supercomputers

w"" ’4{

r.‘ »?

AlAA paper 2017-1163

g—_ & ]
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Forward-leaning designs

Wind ofishore Wind onshore
0-.,755%
-25%
. .'v-.-..,-".".
1 ] 1]
2018 2030 2018 2030

54

Fossh
fuel
Ccost
range

Wind turbine technology progresses fast
Auctions require future LCoE estimates
Need to include next level of technology
to be competitive

OEM in discussion with developers and
commits to LCoE and other targets

OEM is betting on engineering teams and
technologies to deliver

]
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The role of technologies

Expected LCoE g‘ Color: noise levels
Wind offshore Wind onshore (@) °
A : o
Pt ,.-l. o)
- .'-:"’\\. .-:»-":"-L‘. E
LN ! —8
E S T i
Forward leaning design con g e

Needed to be competitive

New technologies

AEP
Technologies as technical opportunities

2018 2030 2018 2030 to (re)move limits and constraints
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Shifting the Pareto front =

Example: reducing LCOE

Pamive twd Seve o
Te rem e | —
Pt o ey |

From Veers et al.,

LCOE

56

Science, 2019

50 -
® Glasfiber Mass, ., = 9E-05*Length® %%
4as b st
Existing a | Corbonfiver
tech no|0gy rs w—l)pscale from 40m blades with x*3 o
'§‘ ~Power (Glasfiber)
30
E «=Power (Carbonfiber)
25
New z =
’ '} i |
_ technology i 2 Mass ., = 0.0023*Length?:”
= - a
5
0
. . 30 40 50 60 70 80 90
Turbine size L Jome

From Bak et al., 2013, “The DTU 10-MW reference wind turbine”, DTU report
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Blade technology examples

* Passive techniques
= Pre-bend design (tip deflection limit)
= Aerodynamic add-ons (e.g. for load reduction or performance enhancement)
= New materials (e.g. for higher load limits)
= Aeroelastic tailoring (e.g. bend-twist-coupling for load reduction)
= Protective layers (e.g. for erosion mitigation)

* Active techniques
= Model based control (e.g. individual pitch control for load reduction)
= Feed-forward control (e.g. Lidar and pitch for fatigue load reduction)
= Active flow control (e.g. flaps for performance enhancement)
= Storage integration (e.g. for extreme load case elimination)

]
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Annual energy production & revenue

Up 5
Energy yield = p(U) P(U) dU i
Ua -
== i
P(U): Power curve of wind turbine ‘ -
p(U): Wind distribution at local site §
U: Wind speed; a: cut-in; b: cut-out £

* AEP (Annual Energy Production = energy yield of one year)
depends on both wind turbine design and on local site conditions

* Revenue (=AEP x price) depends in addition on market design

* New application space and/or market structure -> new wind turbine design !

]
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Marginal cost: cost to incrementally
increase production (ca. price of fuel)

. . . . . I
Se |f_ca NNI ba I |Zat|o N Wind has zero marginal cost!
m Market clearing at marginal costs Electricity spot price profile over the day

Lower spot prices due to
abundance of “cheap” wind power

o Q2 Quantity produced
. | 0 W S0 e WDy WIS s | O WD SP000T s Wiy Wl
100 Equaboum low wind
- Equalityium hoh wnd From Reich & Swart, Green Giraffe

More wind energy displaces other (fuel burning) production from market
-> electricity spot prices drop (good for consumers)
-> fossile generation drops (desired cannibalization, good for climate)

Revenue of wind drops as well with price
-> self-cannibalization (reduces value story for new wind plants)

]
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profit = revenue — costs
costs = LCoE x AEP x years

Impact of market design ——

Larger AEP turbine

. chant Feed-o Tariff (FiT
Lower LCOE turbine  [RESSHS st S o e vedib Tei (1) -> larger revenue
not necessarily best of ]
for larger revenue & LN ¢ Low FiT favors: _
profit if wind L Lt Lower LCoE tyrbme
production & price A7 ¥ -> larger profit
Maschot e% Merchart rewenues
are strongly coupled onoe 4
(self-cannibalization)
e
Lower LCoE turbine Pay-ot Contract for Difference (CI0) Renewable Obligation Certificates (ROCs) Lower LCoE turbine

[CURMAWS) .
not necessarily

best

-> lower strike price
-> larger profit

Forental upsde charng
Merthart reverues

From lecture of Green Giraffe e tane

Market design decides on who takes the risk of price uncertainty

Impact on self-cannibalization & turbine design optimization

]
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The role of the capacity factor C;

actual energy production

Ce =
f maximum energy production
energy yield

rated power x time

<1

depends on
* site conditions (wind distribution)

Power (Y\W)

§

Veicaity

Veloeity

Energy (kWh)

Velocey

* turbine operation (availability, e.g. downfimes, noise reduced operations etc.)

* turbine design optimization (rotor power coefficient & generator rating)

A large(r) C; could be desirable as it indicates a

- good match of turbine design to application space

- higher usage of assets (C; = 1 is baseload) & lower production uncertainty
but C; alone can be misleading!

]
TUDelft



The role of the capauty factor C;

Average C;in 2019

38% offshore, 24% onshore

Hywind floating ca. 55% (Siemens 6MW 154m rotor)
Haliade-X predicted 63% (GE 13MW 220m rotor)

AEP 4

* Decreasing generator rating (from optimal design)
Cf but AEP (&revenue)d,, LCoE " and profitd,

LY. W PN A |

* Increasing (from optimal design)
Cf> and AEP (&revenue)’ but LCoE /| and profitl,

* Improving rotor technology & design objectives
Cf>, AEP(revenue)’ and profit> but LCoE unclear

C: needs to be assessed together with other

Wttt parameters, e.g. AEP, LCoE and/or profit i1
TUDelft



Standardization &
Part 6: Current trends modular design

Larger rotors & Decommissioning

000 ¥

giant turbines 2000 kW Q124

< BOm

100 kW
SX~
5w
@ 15m :
1980 1085 1090 1995 2000 2008 ‘Wikaa/o"pllaygmuh .. -- <
Source: Ananthan, A2e workshop, 2015 ‘Sourcer Superuse Studios .~
Repowering
Current generation blade
L Passwr Twnd bt hets
1
| ——

Source: Veers et al., Science

Lo ]
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Power density [W/m?]
= rating / rotor area

Larger rotors: Low wind speed sites

"o
O hars

Source: WindEurope 2020

- ——————

Drastic increase of wind energy onshore and offshore
predicted

Best (high-wind speed) sites onshore already in use
-> expand application space to low wind speed sites

Optimizing turbine design for the new application space
results in lower power density and taller towers

New technologies and better physical understanding
remove external limitations to enable larger rotors (e.g.
jointed blades, low noise technologies, etc.) and taller
towers (e.g. advanced controls)

64 For low wind speeds, overall drive to large rotors and tall towers 'I,:;U Delft



Larger rotors: Offshore wind

Economics and society drive trend to more and
larger offshore wind farms. These favor giant
wind turbines because

1. Turbine cost share offshore considerably
smaller than onshore -> larger rotor size &
rating as AEP benefit outweighs cost increase

Turbine cost share: offshore ca. 1/3, onhore ca. 2/3 ] ]
3% 2. New technologies and better physical

34% understanding shift design to larger blades

23%

3. Additional optimization objectives, e.g.
capacity factor, profit (IRR), etc. tend to favor

larger rotors (see next slide)

1%
15%

24%

For offshore wind, main trends reinforce each other towards giant turbines o
e TUDelft
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Large rotors: Revenue-driven de5|gn

Electricity spot price profile over the day

In some markets, more wind results in lower price

LCoE not necessarily best optimization objective
Alternative strategies:

* Low wind speed optimized designs
Higher C; (for similar LCoE)

Revenue or profit optimization (IRR or NPV)
-> all show trends to larger rotors

]
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End-of-life: assets reaches 20 years of life

Options at “end-of-life” | ° -
e Life extension:

Age of wind turbine fleet in Europe: continued maintenance and possibly
* 50% of Danish fleet >15 years modernization of existing turbines, e.g.

e >16GW (30%) of German fleet >15 years  uprating, blade add-ons or replacement,
- bearing replacements, new control

- software and actuators, etc.

* Repowering:
dismantlimg the original turbines
. (including foundations) at an existing site
— and replacing them with new ones

= =i
- | . L. = .. mm ° Decommissioning:
i <ol ool o S R o B o ' dismantling of turbines, reusing,
Source: WindEurope BE10)ee  @202Syen @ recycling or disposing of components,

and restoring the site to another use

5
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Opinion poll: End-of-life options
In Europe, between 2019 and 2023, 22 GW reach “end of life”,

i.e. the assets reach 20 years of age.

What percentage of the turbines
will be fully decommissioned?

J <20%
J 20-40%
J 40-60%
) 60-80%
J >80%

What percentage of the turbines
will be repowered?

J <20%
J 20-40%
J 40-60%
) 60-80%
J >80%

]
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End-of-life options

Fully
decommissioned
2.2 GW

ca. 10%

Capacity under

repowering Lif?time "
2.1GW eXtensroh or "do
nothing"
ca. 10% 17.8 GW

Source: “Economic Outlook 2023”, Wind Europe, 2019

69

In Europe, between 2019 and 2023,
22 GW reach end of life,
i.e. the assets reach 20 years of age

Life extension:

* The standard lifetime of an
onshore wind turbine is 25 years

* Some turbines now reaching up
to 35 years

]
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Standardization & modularization

brake

Gear box Objective:

= Cost reduction via economy of
scale

Philosophy:

Air conditioning = Plattform design concept

Cup anemometer

Means:
Inspiration: = Standardization of components
Automotive sector, with integrated supply allows for larger market with
chain, but OEM holding core expertise in multiple suppliers and OEMs
= System integration & dynamics = Modular design of components
= Combustion engine allows to use (or scale)
= Customer relationship components for different

application spaces

]
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Digitalization: Key words

* On-board analytics (smart turbines)
*  Novel & virtual sensors

* Internet of Things (loT)

* Big data analytics

* Advanced controls

* Cyber security

* Integrated design

* Digital twin

* Digital thread

* High performance computing

Global annual costs, per targeted organization, caused by
cybercrime. Source: Accenture & Ponemon Institute 2017

TUDelft



Digitalization: High-performance computing

Microscope... Macroscope... Optimization...
developing greater component interaction Compare many design or site
physical insight for system performance ~layout solutions

1 m " e’ e
“Magnification” “System or sub-system” “Alternative designs”
Details limited by Domain size limited by computational Number limited by computational
computational horse power horse power horse power

o %
From D. von Terzi, ,Windturbinen und Windparks im Zeitalter des industriellen Internets”“, ERCOFTAC Tech-Tag, 2014 TU Delft



Digitalization: Digital thread

. LN = connected data flow and
‘hiz2 | Physica asset integrated view of assets
throughout lifecycle

\Nm T \Nm — \Nm > vus .~ * Communication framework to
=) = =g =———

* Breaking “silos”

* Delivering “the right
information to the right place at
the right time

e Example: design system and

Source: www.compositesworld.com digital models for
manufacturing can be
incompatible

]
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* Calibrated digital model of a
Digitalization: Digital twin pariesiarasser
ncludes design specifications
and engineering models
describing its geometry,
materials, components and

real-life behavior

W N N N

Physical asset

— * Includes the as-built and
_— operational data unique to the
: specific physical asset

Digitad thread
.—r‘..-‘w * Requires data assimilation
S S techniques, Internet of Things,
Digital Thread

*  For “real time co-simulation”,
requires surrogate models
and/or high-performanc

79 computing TUDelft

Source: www.compositesworld.com
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Summary

We revisited key components of a wind turbine.

We learned about objectives of wind turbine design and how they are
driven by the application space.

We identified the steps of the design process, their purpose and
typical design tools to be used.

We explored the principles and benefits of multi-disciplinary design
optimization and of design trades.

We looked at the role of technology and markets in turbine design

We explored current trends to giant wind turbines with large rotors,
standardization & modular design, end-of-life options and
digitalization.

]
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