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Starting point — Technology lecture in Sep:

Modern wind turbine

" |ncrease rotor size has
improved turbine efficiency

= |ncrease in tower height has
Improved yield

= New materials and new
manufacturing processes

= Square-cube —law:

* Power output ~ r*2

« Weight / materials ~ r*3

_ o _ Manufacturing a blade for Vestas V236 wind turbine prototype
= =>there is a limit where increase Blade length 115.5m.

In size will no longer be worth it

https://www.vestas.com/en/products/offshore/V236-15MW/prototype

27.11.2022 VTT - beyond the obvious


https://www.vestas.com/en/products/offshore/V236-15MW/prototype

Future

= Blades have reached 100m
= Generator capacity 15 MW

= Offshore

" |ncreased interest in
floating offshore

Hywind Tampen —
Assembly of the world’s
largest floating wind
farm - YouTube

Photo courtesy of Cobra Group.
Haliade-X offshore wind turbine - Source:

https://www.principlepower.com/news/kowl-worlds-largest-floating-windfarm-fully-operational

installation time lapse - YouTube

27.11.2022 VTT - beyond the obvious 3


https://www.youtube.com/watch?v=XX2-DE0etcQ
https://www.youtube.com/watch?v=8nAfpTahQoE
https://www.principlepower.com/news/kowl-worlds-largest-floating-windfarm-fully-operational

* Technology

* Larger turbines — upscaling challenge
Lower specific ratings — larger rotors for same generator
Advanced controls — for energy yield, loads and electricity markets
Operation and maintenance, and extending life time
Materials, recycling and end-of-life
Grid support

 R&D challenges
* Beyond LCOE, Social acceptance
 step up from 850 GW today to 6000 GW in future
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Source: Breiter, P, et al, Wind power costs driven by innovation and experience
with further redulgggggr;ﬁson the horizon. https://doi.org/10.1002/wene.398
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Onshore Reference Project Fixed-Bottom Offshore Reference Project

Turbine
Turbine 19.3%
49.2%

Soft Costs
6.1% Balance of System Balance of System

Soft Costs
9.6%

* Balance-of-system costs include all parts of the wind plant except the turbines including
foundations, electrical infrastructure, access roads, etc.

* Soft costs include construction financing and contingency funds

Source: Breiter, P, et al, Wind power costs driven by innovation and ex6perience

e with further reductions on the horizon. https://doi.org/10.1002/wene.398
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Operation and Maintenance

Financial

Balance of System
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https://www.nrel.gov/docs/fy200sti/74598.pdf ’



https://www.nrel.gov/docs/fy20osti/74598.pdf

454

2015 Baseline Plant

5.6

Net 20% CapEx

~ Wind Plant
Economies of Scale,
Turbine Scaling
with Less Material
Use Efficient
Manufacturing

CapEx

'Reduction Through ol

Net 15% Increase in

Energy Production |
through Enhanced
Control Strategies
and Reducing Wind

Plant Losses

AEP

29

Net 25% OpEx
Reduction from
Advanced
Operations &
Maintenance
Strategies

OpEx

24
Net 11% Cost of
Capital Reduction
from Increased
Certainty of Future
Plant Performance
and Reduced Risk

Financing

Innovations enabled
through
advancements in
atmospheric physics,
wind plant
optimization, and
plant-level control
could reduce land-

5.2

Net 27% Cost of 226 based wind costs an
CoUta Racuchon additional 50% by
from Increased 2030
Plant Lifedue to
Improved Design
and Advanced |
Operations &
Maintenance E ﬁmERmREEFY
Office of
Plant Life 2030 Conceptt ENERGY EFFICIENCY &

RENEWABLE ENERGY
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Cost of capital has been a major factor in cost
reduction for recent UK offshore projects

iea wind

Capacity factor increase in region of 10%

Expect turbines in range 9.5 - 10MW (plans for 13MW-15MW)

Opex reductions from improved logistics and (site-dependent) shared facilities

Critical reductions in cost of capital — low interest rates, investor comfort with risks and strategic play to develop
in UK offshore wind market; Now seen as good infrastructure assets to have.

Transmission cost reductions partly offset by distance from shore but also benefit from competition in OFTO market
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Market shares of top six wind turbine OEMs show

market dominance and consolidation
(per cent)

37.5GW 62.9GW 50.6GW 63.1GW 20
369

Others 1.9%
— - United Power 1.2%
Enercon 2.4%
- SANY 3.1%
Bl crreazs
- Dongfang 3.2%

Bl cssc Haizhuang 3.4%

e Bl sewind 5.5%

Total
104,704 MW

q Nordex Acciona 6.3%.

Bl vindey 6.7%
2013 2015 2018 2019

B Top3Western [l Top 3 ChineseOEMs [ Other B v 5%

EE GE Renewable Energy 8.5%

Top 3 Western - Vestas, Siemens Gamesa and GE Renewable
Top 3 Chinese — Goldwind, Envision and Mingyang

Source: GWEC Market Intelligence, May 2022
Source: GWEC Market Intelligence, May 2020 GWEC | Supply Side Data 202118
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Vestas 17.7% ==

Envision 8.6% -

Vestas

SGRE

GE Renewable
Goldwind
Enercon
Nordex Acciona
Envision
Mingyang
United Power
Sewind
Dongfang
Senvion
Windey
Suzlon
Sinovel
Others

Global totals

Source: GWEC Market Intelligence, May 2022
GWEC | Supply Side Data 2021110

Goldwind 11.8% -

152,502
119,176
98,111
84,881
57,003
42,117
40,092
33,461
23,469
22,842
20,950
19,461
18,803
18,128
17,090
103,407

871,493

Cumulative MW Total share
to end 2021 end of 2021

17.5%

4.6%

2.6%
2.4%
2.2%
2.2%
2.1%
2.0%

11.9%

~Top 15 suppliers

SlemensGamesa‘)F“q annual market
share 2021

10
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* Meshed grid offshore instead of radial * Denmark pioneering with North Sea and
connections today Bornholm energy islands

 Acting as interconnectors btw countrie * a hub for 200 wind turbines __

-

* Possibility to electrify oil and gas BV ERACEEE (o g Wo [V TelaF
platforms « Stability
i » Fault management
-« Optimal grid topology

Multi-vendor HVDC
Grid forming converters
Market design

Optimal Power-to-X
integration

d turbines, 260m (850ft) in height
a dedicated EU strateqgy on offshore renewable energy (COM(2020)741) Nov 2020 proposes sets targets for an
installed capacity of at least 60 GW of offshore wind by 2030, and 300 GW by 2050



https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2020:741:FIN&qid=1605792629666

AI‘ EC

2020: 25 MW’ 3 x 8.4MW The Hywind Scotland floating wind farm. (Photo: @yvind Gravés / Woldcam - Statoil ASA)

Vestas off Portugal coast 2017: The 30MW wind farm, operated by Statoil in partnership with
50 MW, 5 x 9.4MW Vestas Masdar, is located 25 kilometers offshore Peterhead in Aberdeenshire,

Scotland. Hywind can be used for water depths up to 800 meters, thus

opening up @réas that so far have been inaccessible for offshore wind.

being installed off the
coast of Aberdeen in 2020

26.11.2020




Floating offshore wind — Operating and upcoming

Capacity [MW]
<5

<15
<25

Floating Power Plant - Katanes
Floating Energy Park - Pilo
Kincardine Offshor ;
Windfarm Project o

FWT Groix & Belle-ile

<88

: Canarias (ES) Nautilus Demonstratio g

’
+ * WFLOCAN SI -

0 150 300 km
i | J

Atlantic
(WFA)

Source: JRC 2020: Technology Development Report Wind Energy, Forthcoming

European |
Commission

» Multiple floating designs
(substructure)
* Spar-buoy
« Semi-Submersible
* Tension-leg platform
« Barge

* No concept prevailed
over the others
* Pre-commercial:

Equinor’s spar-buoy

concept (Hywind
Scotland)
JRCZC;O * TRL4-9

<

14, .
1ea winc



e could use different concepts —
turbines

* Multi-rotor concept?

* First proposals in 1990’s too heavy/costly

 DTU demonstration with Vestas in 2017 (was dismantled)
e could use mass production for smaller turbines, easier to transport to site

e Airborne wind

* Less material, access to high altitude more steady wind

e But: more complex, requires reliable & robust control, depends on high-
performance materials and need to revise current regulatory framework

owever, mosSt currently using state-ort-

26.11.2020 Recognis 15
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Stiesdal

Characteristics of existing and proposed solutions

Shared characteristics
» Very heavy — 2000-6000 tons for 6 MW class turbines
» Construction methods from offshore oil and gas sector
 Fabrication typically at port of floater launch

» Build times typically measured in months

Particulars for steel structures
* Hydrostatic pressure managed with internal braces/stringers
» Tens of thousands of manual welding hours

Particulars for concrete structures
» High weight requires specialized launch arrangements
» High mobilization effort

© Stiesdal 2016, All Rights Reserved

26.11.2020 Recognis TLP: Tension-leg platform.’



Stiesdal

Introducing a world champion ...

The humble wind turbine tower

* Probably the world’s lowest cost per kg of
any large steel structure

» High quality welds and surface protection

* More than 20,000 towers manufactured
annually in highly industrialized processes

How did we get there?
» Separation of fabrication and installation
* Modularization and standardization

* No IP of any significance — costs kept low
through open competition

Picture credit: Danish Wind Turbine Manufacturers’ Association

© Stiesdal 2016, All Rights Reserved

27

In-Float Concept

Guiding Principles

* Keep it simple!

» Tetrahedral structure with minimal bending
moments

* Modular — all components manufactured in
factories, no fabrication in harbor

« Components with dimensions and weights
known from wind turbines, transported by
road

« Components assembled with bolts

* Buoyancy with pressurized tanks —
lightweight structures with no need for
dimensioning to hydrostatic pressure

© Stiesdal 2016, All Rights Reserved 28

26.11.2020 Recognis 18
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* Drive train concepts: gearless
generators, one-stage gearbox with
slowly rotating gearbox, several
generators. Using frequency converter.
Integrated designs

e Towers: managing loads, smart
structures, more slender structures,

offshore: managing wave/wind/ice
loads

* Foundation: new designs for deeper
sea (<50m),




also controlling
the inverters
for grid support
-together with
flow control

Wind farm flow control

Coordination of the actions of individual
turbines in a farm

for the purpose of improving inter-
turbine aerodynamic interaction

to better the overall farm power
production

and/or reduce or distribute the
structural loading among wind turbines

0 1000 2000 3000

X (m)

o

Recognis Consulting

21



300m 13-15MW

5% Dl ¢

19%C 2005 2010 2015 2025
Source: Bloomberg New Energy Flnance BNEF
Offshore: Siemens 14 MW pilot with a 222-m rotor diameter SG 14-222 DD
Nov-21 at Osterild test centre, Denmark. Vestas V236-15MW launched,
mstallatnon in Nov—22 at Osterlld test centre
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costs in:

* Balance of system

winds, increasing yield

Source: Raul Prieto, VTT

turbines per MW, reducing

* Operation & Maintenance

e Higher turbines reach higher

V236-15.0 MW™
Facts & figures

Source : Vestas

POWER

Pluch regulated with

REGULATION varable speed
OPERATING DATA

Roted power 15000%W
Cut In wind speed Im/s
Cut-out wind speed 30mfs
Wind dass ECSorST

Standad cpesating
temperate range

fram -10°C 1o «25°C* with adevating
interval from+ 25°C 10 +45°C

Togh aviies mrme aboe satart sninbie

SOUND POWER

ANNUAL ENERGY PRODUCTION

200 1 o

Maximum 11805{4)
ROTOR

Rotor dameter 236m
Swept area 43742 m°

Acrodymamic brake

three blades full featherng

ELECTRICAL

Froquency S0/60Mz
Converter full scale
GEARDOX

Type three pl anetary stages

Siemens Gamesa’s

SG 14-222 DD prototype
offshore wind turbine
installed at the test centre
in @sterild, Denmark
Source : offshorewind.biz
Dec 10, 2021



Growth in the Aircraft Industry

1000

* the overall design efficiency in terms of annual-
energy / top-head-mass divides by 2

P

*
100 4

v

* This unfavourable increase of weight per energy is
the square cube law

e

* |n practice the Square-Cube law has not fully 10

applied in wind until now because:

* By increasing the size of the wind turbine we

are also reaching higher heights, with better 1
Winds 1930 1940 1950 1960 1970 1980 1990 2000 2010

* So far technological progress has continuously year
reduced the mass of components in succesive Source: DNVGL — P. Jamieson “Evolution of wind
wind turbine design generations technology” Supergen Wind Training Seminar

max take off weight [t]

Source: Raul Prieto, VTT



The resulting effect on the specific costs

50 —y . ‘ Lowest cost range |
B 6-8 MW

despite higher
specific turbine cost |

] |
S 45
~

= 40 -
235
230
825
©
820 -
21,5
2
10
=

805
Q.

Y 0,0 -

Turbine rating (MW)
* .. which by the way would also allow other players = Turbine cost == Other cost _emm Total cost
into the offshore wind market, with second round

. : The resulting effect on the specific costs
effects (lower turbine costs due to higher

competition) =5 1| N I
2 o~ ‘ }@\ ‘ Lowest cost range
o . 40 1
Still to be proven that next generation 5as ‘%\\ e
~12MW is more cost effective. e e |
e Market dynamics also important Ez,: l\
g 1,5 T \V’:‘"“"ﬁ.-;i_, e %_,,_h',r T ,;__L, . = ‘:‘
The square-cube law will limit the size at £ e )
some point Foo bt -
0 | 2 3 4 5 6 7 8 9 10
Turbine rating (MW)
e=== Turbine cost === Other cost emmm Total cost

Source: Raul P rieto, VTT Source: Henrik Stiesdal (Stiesdal A/S. 2016)



Source: Raul Prieto, VTT

SWT-3.0-101
CF 44%

V105-3.45
CF 42%

The added benefit of the larger rotor range for smaller turbines

<
~

Onshore , Offshore
P
A 4 » 7 MW equivalent
4 \ i.f . SWT-7.¢790)
| . ’ J CF 52%
N / /
o P .. . -
W | b il
SWT-3.0-108  SWT-3.2-113 NT-3.3-130 SWT-3.15-142 7.0
CF 46% CF 47% CF 57% CF 44% |
Siemens ,
8 MW equivalent
\/20848.0
CF 53%

V112-3.45 V117-3.45 V126-3.45 ﬁu}.ﬁ_ﬂ% [Au_ag_a_o_]
CF 45% CF 47% CF 50% CF 53% CF 43%
Vestas

Source: Henrik Stiesdal (Stiesdal A/S. 2016)
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Advanced technology is required to design and manufacture very large low
specific power density rotors that are lightweight, durable, and high-performing.

Trends in average U.S.
wind turbine specific
power by installation year

246 W/m2 average today
200 W/m2 lowest available today &
[} 150 W/m2 DOE goal
Z
g
S U.S. DEPARTMENT OF
g ENERGY
(o)} - o al O M~ o0 (@)} o o o~ ™ < w
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Installation year RENEWABLE ENERGY




About the LowWind technology:
Higher generation at lower wind speeds

/

©
(e}
1

~3x more
generation at |
044 | 6Bm/s wind
speed

Normalized power (including wakes) [-]

Wake affetected No wakes
(T1=0.1)

0.2 7 (Q25 worst WD)
— LW-13 === LW-13
-~ SP198 -== SP198
— SP277 === SP277

0.0 1 < —— SP335  --- SP335

0 5 10 15 20 25

Wind speed [m/s]

(same idea for solar PV:
part of the panels facing
North /East /West, not South

Source: DTU LowWind prc>2j8ect



Scientific
knowled ge
mainly basec
on these

guantifying
uncertainty

Wind farm capacity [MW]

W
o
o

* wakes, also btw
countries

\n. @

26.11.2020

20 km

Orsted

29



* These needed for component replacements, but also to determine
when to take down the turbines and replace

e Siemens announced 35 year life time in 2021

26.11.2020 Recognis 30
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Operation & monitoring Manufacturing

Maintenance

RELIABLADE: Improving Blade Reliability through Application of Digital Twins over Entire Life Cycle

> s x- - (o S
st i [ P

‘ Sensor deployment
p ]

Physical Communication & Interaction Digital
As-built blade \ \ Numerical model
R — -
Imperfection characterization W A \
T / \ Imperfection modelling

Cloud computing

Numerical implementation of physical damages

Damage identification

- > S

ano01011 -

0010100010110 1 1

X

Damage initiation

Damage prog.ress'

NN
Physical implementation of proposed repairs Virtual testing (the current performance) Virtual testing (the performance with repairs)
, T D T o BB e oeszeesse 1 F PR [;;‘
- 0 ) ¢ B Z s~ = ,,.vlf' BB s 1 " - o, 2 _;_____—P’”
- £ FE =

Project Manager: Kim Branner Project support: Energy Technology Development and Demonstration Program (EUDP)
Illustration Copyright: DTU Wind Energy Illustration by: Xiao Chen

/ 31



Types of Data Useful for Life Prediction

A detailed procedure for remaining lifetime estimation may require:

Wind turbine

IEC design class

Farm layout

Site-specific
climate conditions

Farm model
- Wakes

stiffness
- controller

- influence of defects

specification - Reference conditions - Turbine positions
- rotor size used for design - Bathymetry - wind speed, direction,
- hub height turbulence
|
- rated ‘
power, ' |
rpm [ ..........
Dynamic model Detailed Material Maintenance Operating history
- aerodynamics component model degradation model history - grid connection
- component weights and - geometry - fatigue rule (S-N) - component repairs - curtailment
- component stresses - SRR

https://iea-wind.org/

Source: IEA Wind Task 42 — Wind Turbine Lifetime Extension



https://iea-wind.org/
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—&—Cumulative sum of turbines over life expectancy

s Nr. of turbine exceeding |fe-time every year

Source Danish Energy Agency

Turbines exceeding 20 years in Denmark
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Lagging growth in this decade leads to wind energy shortfalls by 2030

400

350 Or we reach only 64% of the wind power required by
2030 to stay on-track for a netzero/1.5°C pathway

300

Installations need to grow 4x Q

= 3

% 250 2,000 2

e 5

5 «Q

% 200 1,600 & ., :

5 = Russia’s fossil fuel

£ 150 1,200 & imports and

3 = accelerating the

> 100 800 ’36 growth of

z = renewables: Europe’s
%0 400 wind energy to grow
o o from 190GW to

480GW by 2030

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

®New Wind Capacity @ Projected New Wind Capacity Based on Current Growth Rates
© Annual Capacity Gap to Meet Net Zero by 2050 Scenarios )
® Cumulated Wind Capacity to Meet Zero by 2050 Scenarios Source : Global Wind Energy

Council http://gwec.net/

Source: GWEC Market Intelligence; IEA Net Zero by 2050 Roadmap (2021). Projected new wind capacity from 2026-2030 assumes a ~6.6-7.0% CAGR, based on GWEC's projected

35


http://gwec.net/

elastic demand, then do nothing, focus
on cheap electrons (LCOE)

If dispatchability, capacity value
dominate revenue, then rethink options
and increase value of wind energy
(Beyond LCOE)

. Energy _ Capacity System Services

Future electricity system market structure (Source: Dykes et al
2019 based on Ahlstrom et al 2015)



The Generations Build on One Another e

High Fidelity Modeling

To reach this
future vision,

Generation 4
Future Energy System

O (arbon-Free Design Tools

the grand challenges
need to fill this
massive gap!

Generation 3
The Plant and the Grid

Further scaling

Grid-Forming = And
Hybrid Plants : Others

Floating Offshore coupled

Generation 2 turbines/foundations

Increasing Impact

The Wind Turbine System Low-Cost Social Floating And
Wind Turbines Sciences Turbines Others Conivol
® ontrois
Generation 1
Wind and the Rotor Ocean/ .
. Environmental And . .
©  Aerodynamics Structures Atmosphere Co-Design Ot:ers R&D Challenges * Design for End of Life

Interaction

* Atmospheric Science

Graphic by the National Renewable Energy Laboratory

R&D Challenges
* Wind Plant Aerodynamics
+ Bird and Bat Collisions

Grand Challenges for Wind Energy Science, 2019, Available at
IEA TCP WIND publications site, now https://iea-wind.org

* Technology Development
« Construction Noise

* High-penetration Grid Integration ‘
Veers, P, et al (2022) Grand Challenges: Wind energy research /' Habitat Changes
Siting and Environmental Impacts

needs for a global energy transition. Wind Energ. Sci. '
Discuss., https://doi.org/10.5194/wes-2022-66 Preprint in
https://wes.copernicus.org/preprints/wes-2022-66/wes-2022-

66.pdf

+ Radar Interference



https://iea-wind.org/
https://wes.copernicus.org/preprints/wes-2022-66/wes-2022-66.pdf

¥
& % Mesoscale Processes

(~100 to 1,000 km)

Grand Challenge #1: g

Mastering the O o ‘
physics of resource N /
from the atmosphere 5 /
to the intra-plant &// ‘/
flows pr e s

Source: NREL

Key Issues

 The size of modern wind turbines places them in a scientific “grey zone”; this grey zone
persists in part due to lack of measurements
Computer models for the micro and meso scales around this zone are of completely different

character
Turbulence, shear, veer, and other effects are uncharacterized, yet they weigh heavily

productivity, reliability, and ultimately cost of energy
Wind plant wakes become increasingly important as deployment continues and capacity
accumulates in a given location



Forcing and Transfer of Energy Across Scales

T.‘:CMS-——T*I 70—

1 Houy 01

(

UTC 13 April 2007

Courtesy Sue
Haupt of NCAR \
and colleagues : Courtesy Jeff
' Mirocha, LLNL



Grand Challenge #2:
Characterizing the
structural, aero and
hydrodynamics of
some of the largest
standing structures
ever built coupled
with access to the
most advanced
material properties
at commodity prices

Low-Pressure Skin

Leading-Edge
Adhesive Bond

High-Pressure Skin

Material Model

~

Shear Web

Blade Model

Source: NREL

e

System Model

NREL | 40



Current generation blade

Passive twist bend Airfoils

I [

Tip shape

Planform and solidity Add-ons

Trailing edge add-ons
for noise reduction

Source: NREL; based on a graphic from Kenneth Thomsen, formerly ,
Siemens Gamesa Renewable Energy. 1980’s blade

Key Issues Q———H

e Turbines scaling continues to support LCOE reduction

* Turbine designers are moving closer to stability boundaries not of concern at smaller sizes
* Experiments at DTU show that the aerodynamics at these scales begin to change
 Existing design criteria may not represent atmospheric conditions at these larger scales

e Constraints on transportation and manufacturing require a rethinking of material and
process choices

* Continuing to drive cost down will also depend on innovation in materials and
manufacturing

NREL | 41



Grand Challenge #3:

Systems science and

control of wind Attt
power plants to

Mesoscale Processes
(~10 to 1,000 km)

\
Global Weather Effects \\ \‘
(1,000 km or more)

: Electrig’Systems
/ \ Dyhamics \

NREL | 42



A trade-off between making IBRs fit the grid needs
and making the grid accommodate IBRs

Cost

Tota} Cost
.\‘-\ Unchanged / 4
l\'\._\_ Optimal ey /
-.\\\\ = Sclution " /Costol IBR
_\_\\\ —— —— —"’»
S —_-5:._______\__ Cost of Grid

System Needs & Services
(Operator's perspective)

Make IBR fit the Grid

Masake Grid Accommodate IBR

Data analytics researc
needed to deal with th
massive amount of
information available f
operations and control

System Services
(OEM / IBR Design perspective) + | «



Wind turbines/plants control

First generation Second generation Next generation

—t—

Grid Grid Grid Grid and e (BESS);

Feeding Supporting Forming

- Focus on MPPT - (stil) Focuson MPPT - (maybe) MPPT, more “on * Synchronous

- Ability of controlingP & Q - Ability of controlling P & Q demand” condense IS,
- Needs energized and - Support F & V - Ability of controlling P & Q
strong grid - Needs energized and - Create F &V * HVDC
- Minor contribution to (strong) grid e e G e
system stability - Increased contributionto - Major contribution to system converters
system stability stability

NREL | 44
MPPT maximal nower noint trackine F freaiiencv V voltace



Source: Eirgrid, Ireland

NREL | 45




* global markets, scale, volume and learning

* Grid connection, transmission and flexibility
* Power and energy system integration

 From WPP point of view: electrical performance, grid stability, as well as
energy production estimates in all time scales

* Looking beyond LCOE for system value
* system services
* integrated energy solutions, energy system integration, power2X products

e Streamlined permitting processes — public acceptance

 sustainability and life-cycle environmental impacts ) G W E C

Sources: Torque2020 conference RnD Industry session; GWEC GLOBAL WIND ENERGY COUNCIL



* materials, design, manufacturing
 O&M, digitalisation, digital twins
* Beyond LCOE taking into account the value of wind

 upscaling challenge, larger rotors (lower specific rating)
* |life extension, end of life and repowering, recycling

* Grand challenges:

* physics of resource from the atmosphere to the intra-plant flows
 structural, aero and hydrodynamics coupled with access to material properties

* control of wind power plants to orchestrate wind turbine, plant, and grid forming
operations

* Also other than technical challenges like public acceptance
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https://wes.copernicus.org/preprints/wes-2022-66/wes-2022-66.pdf

Others:

NREL (2019) 2018 Cost of Wind Energy Review https://www.nrel.gov/docs/fy200sti/74598.pdf

Breiter, P, et al. (2020) Wind power costs driven by innovation and experience with further
reductions on the horizon. https://doi.org/10.1002/wene.398

Clifton, A, et al}2022) Grand Challenges in the Digitalisation of Wind Energy. Wind Energ. Sci.
Discuss., https://doi.org/10.5194/wes-2022-29

Veers, P, et al (2022) Grand Challenges in the Design, Manufacture, and Operation of Future Wind
Turbine Systems. Wind Energ. Sci. Discuss., https:/g/ofm.org/10.5194/wes- 022-32

Veers P.,, Dykes K., Lantz E., Barth S., Bottasso C.L., Carlson O., Clifton A., Green J., Green P.,
Holttinen H. et al. (2019). Grand challenges in the science of wind energy. Science Vol. 366, Issue
6464, https://doi.org/10.1126/science.aau2027

IEA Wind TCP publications https://iea-wind.org/
Global Wind Energy Council GWEC publications https://gwec.net/



https://wes.copernicus.org/preprints/wes-2022-66/wes-2022-66.pdf
https://www.nrel.gov/docs/fy20osti/74598.pdf
https://doi.org/10.1002/wene.398
https://doi.org/10.1126/science.aau2027
https://iea-wind.org/
https://gwec.net/
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