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Preface

For two decades, DTU has regularly published 
the DTU International Energy Report, focusing on 
key topics related to new energy technologies 
and the energy transition. Wind energy has been 
included in many of the reports, and the 2014 
edition focused on the barriers to and drivers 
of wind energy in the global power generation 
mix. Since then strong winds of technological
and political change have been blowing and have
impacted on the energy sector in the direction of
a low-carbon energy system.

We have been witnessing how the COVID-19 
pandemic has sent shockwaves through the 
economy, how global supply chains have become 
depleted and recently we have also experienced 
shortages of energy and high fuel prices. As 
countries strive to recover from the impact of 
the pandemic, the question is whether countries 
will use these crises as an opportunity to further 
accelerate the energy transition. 

The history of modern wind energy has demon-
strated the impressive development in cost 
reduction, scale, capacity and deployment driven 
by an intelligent combination of technological 
development and policies. Today we are witness-
ing a paradigm shift in the development of wind 
energy towards a technology that will take on 
the responsibility for contributing significantly to 
reaching a low-carbon energy system. 

The future development will be even more 
dramatic and will need ambitious and continuous 
public and private investment in RD&D, as well 
as strong engagement and cooperation in the 
further development of wind energy technolo-
gies and systems. In this report, DTU Wind Energy 
aims to present our RD&D perspectives on how 
wind energy can accelerate the energy transition.  

The editors

The DTU International Energy Report series presents global, regional and national perspectives on 
current and future energy issues. The individual chapters in the reports are written by DTU researchers in 
cooperation with leading Danish and international experts. 

Each report is based on internationally recognized scientific materials and is fully referenced. The reports 
are refereed by independent international experts before being edited, produced and published in accord-
ance with the highest international quality standards.

The target readership for the report is DTU colleagues, collaborating partners and customers, funding or-
ganizations, institutional investors, ministries and authorities, and international organizations such as the 
European Union (EU), International Energy Agency (IEA), International Renewable Energy Agency (IRENA), 
World Bank, World Energy Council, C40 Cities, Global Green Growth Institute (GGGI), Partnering for Green 
Growth and the Global Goals 2030 (P4G) and the United Nations (UN).



Page 6  — DTU international Energy Report 2021 

Utilizing wind for energy has a long history, but
the oil crisis of the 1970s led to what we now 

understand as modern wind energy. The devel-
opment started along two separate routes [1]: a 
highly technological approach involving large wind 
turbines (1-5 MW), developed by aerospace and 
engineering construction companies; and a more 
trial-and-error approach driven by pioneering com-
panies and individuals in Denmark, starting with 
smaller wind turbines (10-50 kW). The first failed 
commercially and to some extent also technically, 
leaving the second to lay the foundations of the 
modern wind-energy industry. The evolution of the 
wind energy sector has been remarkable in respect 
of its technological advances, cost reductions and 
deployment. The latter has been facilitated by a 
combination of technology-push and market-pull 
incentives and mechanisms in a triple-helix ap-
proach involving collaboration between industry, 
knowledge institutions and policy-makers.  

Wind energy today is an integral part of the electricity 
system and thereby subject to requirements regarding 
power quality and reliable operation. The technology 
is cost-competitive while still rapidly developing. 
The scale is constantly increasing, with higher hub 
heights, larger rotors and operation at little-known 
heights and in unfamiliar waters and climates. In a 
scenario envisaging 100% renewable energy, the value 
of wind energy goes beyond the electric power sector 
to become the energy source for green fuels and gases 
for use in sectors that are otherwise difficult to decar-
bonize. Wind energy taps directly into the mission to 
reach net-zero emissions by 2050: it is thus a key in-
strument for the Paris Agreement in seeking to keep 
the future global temperature increase well below 2°C. 

This chapter addresses the need to scale up ze-
ro-emission energy technologies, technology trends 
and markets for wind energy. It introduces the four 
parts into which the report is divided: wind-energy 
systems, turbine technologies, materials and com-
ponents, and cross-cutting issues. It concludes with 
a number of key messages to accelerate the develop-
ment of wind energy further, including its value to 
the energy system and to society at large.

Need to scale up zero-emission energy 
technologies
The recent report by the UN Intergovernmental 
Panel on Climate Change (IPCC) is a wake-up 
call on climate change, which is happening much 
faster than originally anticipated [1]. Unless there 
are immediate, rapid and large-scale reductions in 
greenhouse gas (GHG) emissions, limiting global 
warming close to 1.5°C or even 2°C will be beyond 
our reach. What countries are currently doing is far 
from enough. According to the UNEP Gap 2020 
report, 127 countries, representing 63% of global 
GHG emissions, have adopted, announced or are 
considering adopting net-zero goals, but there is 
a huge gap between these goals and the National 
Determined Contributions (NDC) that have been 
issued [2]. Emissions in 2030 will put the world on 
the path to a 3.2°C increase this century, even if all 
unconditional NDCs are fully implemented. There-
fore, ambitions must be roughly tripled for the 2°C 
pathway and increased at least fivefold for the 1.5°C 
pathway. 

How to reach net-zero emissions by 2050, and in 
particular the role of the energy sector in this goal, 
has been thoroughly analysed [3]. The pathway 

Introduction, trends and 
key messages

DTU Wind Energy

Chapter 1

Birte Holst Jørgensen, Peter Hauge Madsen, Gregor Giebel, 
Kenneth Thomsen and Ignacio Martí



DTU international Energy Report 2021 — Page 7

should be technically feasible, cost‐effective and 
socially acceptable and combine short and longer-
term actions. Up to 2030, this includes strong 
incentives for and the deployment of clean ener-
gy technologies and disincentives for fossil-fuel 
technologies. Net-zero emissions by 2050 will 
also require massive new energy technologies and 
innovation in critical areas such as electrification, 
hydrogen, bioenergy and carbon capture, utilisa-
tion and storage (CCUS).   

Wind energy is playing a key role in accelerating the 
global energy transition. The general trend reflects 
the fact that the share of wind energy must increase 
from roughly 6% of the global power mix now to 
more than 30% by 2050 to come near to achieving 
a pathway to well below 2°C [4]. The IEA’s Net-Zero 
by 2050 report foresees a renewable share of 61% 
in 2030 and 88% in 2050, corresponding to annual 
installations of wind power of 390 GW/year in 2030 
and 350 GW/year in 2050 [3].

Long-term energy scenarios differ when it comes 
to the scale of electrification needed for a net-zero 
emissions pathway. In scenarios with higher shares 
of electricity generation, wind power and other 
renewables, when combined with indirect electrifi-
cation (green hydrogen and other Power-to-X fuels 
(PtX)1), are the cornerstone of the transition. DNV 
has projected the share of wind energy in total 

1 PtX refers to electricity conversion and reconversion 
processes used to produce and store fuels, with the ‘X’ 
denoting the resulting fuel. Options include ‘power-to-’ 
hydrogen, ammonia, chemicals, fuel, gas, liquid, methane, 
food and syn-gas.

electricity generation by 2050 by region and distin-
guishes between onshore wind, fixed offshore wind 
and floating wind energy [5]. By 2050, wind energy 
is expected to provide 50% in Europe, 44% in North 
America and more than 30% of electricity in Greater 
China, Latin America and South East Asia, as shown 
in Figure 1. 

A similar forecast for the EU has been made by 
ETIPWind and WindEurope, which predicts 50% 
of wind power in the electricity mix by 2050 [6]. 
Likewise, the Nordic Clean Energy Scenarios 2050 by 
Nordic Energy Research predicts wind power to grow 
from 15% of total generation in 2020 to almost 50% 
in 2050 in the Nordic region [7]. 

Technological trends
Turbines continue to increase in height and capacity. 
The average size of newly installed wind turbines in 
the period 1994-2021 is shown in Figure 2, increas-
ing from 0.5 MW in 1995 to 6.5 MW in 2020 [8]. In 
Europe in 2020, the average size for onshore wind 
in this period was 3.3 MW and for offshore wind 7 
MW. New offshore sites announced 13 and 14 MW 
turbine sizes in 2020, which will be delivered by GE 
13 MW Haliade-X and Siemens Gamesa 14-222 DD 
turbines. Recently, MingYang has announced that 
they will run a pilot for a 16 MW turbine in 2023.2

Rotor diameters are also increasing for wind 
turbines in general. In the EU, the rotor size for 
onshore wind had an average size of 108 m in 2018, 

2 https://www.cnbc.com/2021/08/23/chinese-firm-an-
nounces-giant-264-meter-tall-offshore-wind-turbine.html 

Figure 1.  
Share of wind in electricity 

by region, 2050 [5]

Chapter 1 – Introduction, trends and key messages
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the majority of rotors being between 75 and 150 m. 
For offshore wind, the rotor size in 2018 averaged 
149 m, the majority of rotors being above 150 m [9].  
The largest offshore turbines so far announced have 
a rotor size of 220 for GE, 222 m for Siemens 
Gamesa, 236 m for Vestas and 242 m for MingYang.  

Capacity factors  are also increasing over time, as 
shown in Figure 3 for offshore globally, from 38% 

in 2010 to 43% in 2018. The projection is to have a 
factor of up to 58% in 2030 and 60% in 2050 [10]. 

The capacity factors for onshore wind have an 
average of 25%. The highest capacity factor for land-
based wind in 2020 was reached in Norway (37%), 
the UK and Finland (35%), followed by the US, 
Sweden, Canada, Denmark and Ireland at more than 
30% [8].
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Development of levelized cost of energy (LCoE) 
has been remarkable in recent years. The growth in 
wind energy capacity has been accompanied by 
decreasing costs of wind energy, not least from 2014 
to 2019, as shown in Figure 4.

Historically the LCoE has been driven by energy 
production, capital costs (CapEx), operating costs 
(OpEx), the cost of financing and the lifetime of the 
technology [9]. Energy production is the outcome 
of site-specific wind resources and the choice of 
turbine technology. 

Capital costs cover the turbine, the balance of system 
(such as foundation, electrical infrastructure and 
access infrastructure) and soft costs (construction 
financing and contingency funds). They also depend 
on commodity prices for, e.g., steel and cement, as 
well as labour costs, but also the economies of scale of 
large wind-energy projects. Operating costs include 
the costs of management, maintenance and repair, as 
well as insurance and lease payments for land or ocean. 
Financing costs depend on the market, the perceived 
risk of the investment, the type of investor and national 
(jurisdiction-specific) policies and tax structures. 
In OECD countries, discount rates typically vary by 
3-11% for onshore projects and 6-13% for offshore 
projects. For non-OECD countries, the rate may be 
~3% higher for onshore wind [11]. Finally, the lifetime 
of the wind turbine matters. It is typically 20 years, but 
may be extended to 25 years or even beyond 30 years.

The CapEx and OpEx cost components of onshore 
and fixed-bottom offshore wind are shown in Figure 

5. For onshore wind energy, the turbine represents 
half the costs, and operation and maintenance
(O&M) account for approximately 29%. For off-
shore wind, O&M represents 34% of the costs, and 
the balance of system 37% due to expenditures for 
sub-structures, array cables and export cables; the tur-
bine costs, by contrast, only represent 19%. Financing 
costs vary widely across countries and with time.

The potential for further cost reductions is consider-
able. A recent study shows that experts judge future 
onshore and offshore wind costs to decline by 37-49% 
by 2050, as shown in Figure 6 [12]. In comparison, 
DNV expects cost reductions for onshore and off-
shore wind to be 42-80% by 2050, meaning that cost 
reductions are predicted to be higher for both fixed 
offshore (44%) and floating offshore (80%) [5]. 
WindEurope predicts cost reductions for wind energy 
in Europe to be 45% for onshore, 57% for bottom-
fixed and 78% for floating offshore wind by 2050 [6]. 
In the case of onshore wind, this is due to more rapid 
approvals, larger turbines and repowering at the best 
sites. For bottom-fixed offshore, economies of scale, 
bigger turbines and improvements in O&M matter, 
as do industrialization, knowledge transfers from 
offshore installations and economies of scale.

The factors influencing LCoE reductions are better site 
characteristics and growth in turbine size. Onshore 
turbines are expected to have a capacity of 5.5 MW by 
2035, a hub height of 130 m and a rotor diameter of 
174 m. Offshore turbines are expected to have a capaci-
ty of 17 MW by 2035, with a hub height of 151 m and a 
rotor diameter of 250 m, as shown in Table 1.

Figure 4.  
LCoE relative to total 

installed capacity, 1983-

2019 [11]0.1
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Markets
The historical development of new installations 
(GW) shows that the annual growth rate was +22% 
from 2001-2010, of which only 1% was offshore. 
From 2010-2015 the annual growth rate was +10%, 
but with ~3% offshore. Since 2015 the annual 
growth rate has been 8%, but with offshore shares 
of 5-10% [4]. 2020 added ~90 GW, bringing the to-
tal turbine capacity to 743 GW. This growth was led 
by China. In terms of cumulated installations, the 
top five markets in 2020 therefore continue to be 
China, the US, Germany, India and Spain, which 

between them account for 73% of all wind power 
installations [4]. 

In 20203 the top ten wind-turbine manufacturers 
acquired a new leader: US manufacturer GE Re-
newable Energy benefited from a strong domestic 

3 https://w3.windfair.net/wind-energy/news/37057-
bloombergnef-turbine-manufacturer-top-ranking-instal-
lation-gw-mw-usa-china-vestas-ge-goldwind-onshore-off-
shore, accessed 30/4/2021.

Onshore reference project Fixed-bottom offshore reference project

Turbine
19.3%

Turbine
49.2%

Balance of
system
37.1%Balance of

system
16.2%

Soft costs
9.6%

Soft costs
6.1%

O&M
34.0%O&M

28.5%

Figure 5. 
Wind energy cost 

components [11]

Figure 6.  
Estimated change in 

LCoE over time, median 

response [12]

Table 1.  
Expected relative turbine 

size 2035 for on- and 

offshore wind compared to 

2019 [12]

Onshore Offshore

2019 2035 2019 2035

Capacity MW 2.5 5.5 6.0 17

Rotor diameter m 120 174 150 250

Hub height m 89 130 103 151

Total height m 149 217 178 276

Specific power W/m2 221 231 340 346

Chapter 1 – Introduction, trends and key messages
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market. Next is Goldwind, which was successful 
primarily in its home country of China. In the 
third place is the former leader Vestas, followed 
by Envision and Siemens Gamesa. However, the 
difference between the top three manufacturers is 
small. Together the top ten accounted for over 75% 
of the total global installed capacity of 96.36 GW 
in 2020.4

Markets for wind turbine technologies are one thing, 
the share of wind energy in the electricity system 
quite another. In 2020, Denmark had the highest 
share of wind (56.34%), followed by Lithuania 
(36.8%) and Ireland (35.13%). Next came the UK 
(24.15%), Germany (23.71%) and Spain (20.91%). 
The US, China and India had 8.31%, 6.12% and 
4.5% respectively of wind power in their electricity 
systems (see Figure 7).  

Perspectives on wind energy
Confronted with the tremendous challenges 
that lie ahead in reaching net-zero emissions by 
2050, and taking into account the technology 
and market trends for wind energy, this report 

4  https://blog.bizvibe.com/blog/energy-and-fuels/
top-10-wind-turbine-manufacturers-world, accessed 
30/4/2021.

presents DTU Wind Energy’s multifaceted, 
comprehensive contributions to this mission. 
As a starting point, it summarizes the RD&D 
challenges as described by the international wind 
energy communities and describes the wind 
energy eco-system and the key characteristics of 
the evolving wind energy RD&D in general and 
DTU in particular. 

The report structure follows the organization of 
DTU Wind Energy into three divisions, but also 
covers some cross-cutting activities:

Part I. Wind energy systems provides new knowl-
edge and research that aim to maximize the value 
of wind energy systems combining wind character-
istics, socio-economics, and system integration and 
optimization. 

Part II. Wind energy technologies describes devel-
opments in the technical-scientific foundation for 
larger, more cost-effective and reliable wind turbines 
in the future, together with their development and 
validation.

Part III. Materials and components focuses on the 
development of the next generations of sustainable 
materials, components and structures to minimize 
the footprint left by wind energy technology. 

Figure 7.  
Share of wind power in 

the electricity generation, 

2020 (Our World in Data, 

2021)

Share of electricity production from wind

No data 0% 1% 5% 10% 20% 30% 60%

Source: Our World in Data based on BP Statistical Review of World Energy & Ember (2021) OurWorldInData.org/energy • CC BY
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Part IV. Cross-cutting issues describes efforts 
to integrate sustainability in all aspects of wind 
energy, as well as two important pillars of DTU, 
namely research-based education and scientific 
advice.

Key messages 
Wind energy has a decisive role to play in the 
transition to net-zero energy. First and foremost, it 
is central to the direct electrification of all end-use 
sectors, covering transport, housing and industry. 
Indirect electrification in terms of PtX fuels for 
hard-to-abate sectors such as heavy-duty transporta-
tion and heavy industries will increase the demand 
for cheap wind energy, as 50-70% of green hydrogen 
costs are associated with the price of power [13]. The 
history of modern wind energy has demonstrated 
the impressive development in cost reduction, scale, 
capacity and deployment driven by an intelligent 
combination of technology-push and market-pull 
mechanisms. The future development will be even 
more dramatic and will need ambitious and con-
tinuous public and private investment in RD&D, as 
well as strong engagement and cooperation in the 
further development of wind energy technologies 
and systems.    

The key messages from this report are to prior-
itize the mission-driven RD&D across the whole 
wind-energy value chain, covering cumulative 
research, uncertain research and collaborative 
research.

Cumulative research into wind energy technolo-
gies and systems should add to the existing body of 
knowledge and succeed in driving down the costs of 
energy, increase the social value of wind energy and 
address the sustainability challenges:

• Easing the siting of wind farms by means of
advanced wind atlases with data layers such as
extreme winds, turbulence intensities and flow
inclinations to determine wind turbine design
requirements.

• Although the LCoE continues to be an impor-
tant driver for improvements to wind energy,
the social value of wind energy requires flexible
orientation allowing for a broader scope of opti-
mization variables, such as the technology mix,
the development of the whole energy system,
the supporting regulatory and market frame-
work and citizen engagement.

• Facilitating co-existence between wind energy
and other activities.

• Transforming the [offshore] infrastructure by 
combining transmission with storage and/or 
local demand, and moving from grid-following 
to grid-forming converters.

• Further developing advanced systems engineer-
ing and optimization of the wind energy system 
with high levels of coupling of the individual 
wind-turbine level and at the wind-farm level.

• Upscaling wind turbines through further 
improvements in aerodynamic performance, 
loads, dynamic response and stability. Com-
bining sensors, data and digitalization to help 
the design process, as well as the wind farm’s 
cost-effective, safe operation and efficient 
through-life management and maintenance. 
More intelligent adaptive rotors and more 
dura-ble and safer solutions to combat leading-
edge erosion.

• Further improving floating offshore wind farms 
with cost-efficient floater designs, including 
continued validation of models, test methods 
and innovations in rotor design, mooring sys-
tems, cables and installation methods, logistics 
and weather-window planning.

• Providing advanced structural testing as a 
foundation for our in-depth understanding of 
complex structural behaviour, based on which 
reliable, efficient numerical models will be 
developed and validated.

• Developing the entire wind energy conversion 
process further, supported by well-validated IT 
programmes and model experiments, as well as 
full-scale tests of components and entire wind 
turbines.

• Better understanding of the behaviour of 
materials in order to develop better materials 
models for the future design of wind turbine 
components (blades), as well as to understand 
the basic materials properties to develop new 
composite materials with improved properties.

• Developing metrics, methods and solutions to 
integrate sustainability into all aspects of wind 
energy, including e.g. life extension, 100% recy-
cled wind turbines, reduction or substitution of 
materials and resources, and the social aspects.

• Providing research-based education of wind 
energy engineers to global markets.

• Collaborating with industry and end-users to 
develop reliable international standards for 
renewable energy.

• Transferring and adapting knowledge of wind 
energy to new settings and actors while ba-
lancing conflicting geopolitical interests and the 
need to accelerate technological development. 

Chapter 1 – Introduction, trends and key messages
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There is also a need for uncertain research, that is, 
basic research the outcome of which is far from 
assured. It may also bring high risk/high rewards 
to the field. This would not necessarily duplicate pre-
vious trial and error procedures in the wind energy 
sector, but rather be based on scientific methods of 
exploring the unknowns and taking advantage of ad-
vanced models and key enabling technologies such 
as digitalization, artificial intelligence, advanced 
sensors and autonomous systems.  

There is no doubt that the collaborative capability of 
the Danish wind energy sector has helped advance 
the technology and positioned Danish knowledge 
producers (OEMs) and users (developers and 
utilities) on very competitive global markets. With 
the launch of the energy islands in Danish waters by 
2033, collaborative efforts will be further tested in 
terms of planning, designing, constructing and op-
erating this large type of wind energy infrastructure 
in the future. Likewise, cooperation across borders 
is needed with neighbouring countries in respect 
of planning, grids and market mechanisms. Finally, 
and in line with previous practice, international 
RD&D will contribute to avoiding overlaps, filling in 
gaps and bringing the best minds on board to solve 
the unknowns.
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Wind energy is a highly sophisticated tech-
nology that is deployed worldwide and 

under continuous development. It has become an 
integrated part of the electricity system and conse-
quently subject to certain requirements regarding 
the quality of power reliable operation. While the 
technology is now recognized as cost-effective 
and reliable (and hence in a sense mature), it has 
not found its final form but is rapidly developing. 
The scale is constantly increasing, with higher 
hub heights, longer rotors, larger foundations and 
operations in little known heights and unfamiliar 
waters and climates [1]. In going towards a 100% 
renewable energy sector, the value of wind energy 
goes beyond power production and may produce 
green fuels and gases to be used in sectors that 
would otherwise be difficult to decarbonize.
 
This chapter provides an overview of the recent 
RD&D challenges in the wind energy sector as 
described by the international research and indus-

try communities. This in large part gives strategic 
direction to the cumulative process of knowledge 
creation, but it also reveals the associated uncertain-
ties. Below, we conduct a bibliometric analysis of 
wind energy R&D in general and DTU in particular. 
In doing so, we cover the key characteristics of the 
evolving wind energy R&D eco-system across mul-
tiple locations, organizations, topics and individuals, 
together with a patent analysis also illustrating the 
collaborative input into knowledge creation. The 
chapter concludes with a discussion and a brief 
outlook.

RD&D challenges and strategies
The international research and industry communi-
ties have constantly explored the challenges, iden-
tified the knowledge gaps and developed strategies 
to address these challenges, fill in the gaps and 
create synergies across disciplinary and institutional 
boundaries. We have chosen to focus on two recent 
strategic papers.

Mapping the knowns and  
unknowns of wind energy

DTU Wind Energy

Chapter 2

Birte Holst Jørgensen and Peter Hauge Madsen

Mazzucato [2] lists three main characteristics of the knowledge creation process. It is by nature cumula-
tive, with investments in science and technology driving economic development. Knowledge adds to the 
cumulated knowledge of the system’s inventions, which is primarily driven by long-term investment and 
engagement. This may be guided by strategic R&D agendas and road-maps in order to accelerate the clean 
energy revolution and transform the energy system. However, the creation of new commercially applicable 
knowledge is far from assured by the outcome of R&D activity. Knowledge creation is therefore also to a 
large extent uncertain, may fail, and can take long time. These technological risks are used to justify the 
need for public investment in RD&D. Finally, knowledge creation is also a collaborative process between 
different actors that pool the risk of investment in unknown areas of technologies and systems, share the 
high costs of research, and benefit from the learnings and efficiency of networks. The sharing of rewards in 
terms of intellectual property rights (IPR) is also part of the collaborative process.

Box 1.
The characteristics of 

the knowledge creation 

process



DTU international Energy Report 2021 — Page 15

The European Energy Research Alliance (EERA) 
Joint Programme of Wind Energy recently launched 
its R&I strategy [3]. This brings together the in-
dustry’s relatively short-term development needs 
(as described in ETIPWind) with the longer-term 
research opportunities of the research community 
(as described by the European Academy of Wind 
Energy or EAWE) to contribute to the European 
targets on greenhouse gas emissions, renewable 
energy and energy efficiency over the coming dec-
ades. It also aims to contribute to a 100% renewable 
electricity system and the mass construction of wind 
farms, amounting to 6,000 GW or >50% of global 
electricity.

The other strategy paper has been drawn up by an 
international research community that has explored 
the grand challenges in wind-energy research that 
are needed to enable the large-scale deployment of 
wind energy, amounting to a third or a half of global 
electricity [4].

The similarities are many. Both represent a para-
digm shift that goes far beyond the most aggressive 
forecast of wind energy and is characterized by the 
simultaneous generation and management of large 
quantities of variable wind energy and dynamic, 
distributed consumption patterns [4]. Both high-
light the cross-disciplinary and system engineering 
approaches, which use high-performance comput-
ing and digitalization to integrate models and data 
across scales and disciplines, and which also need 
methods for handling and streamlining information 
and knowledge exchange across disciplines. There 
is also an emphasis on bridging geospatial and tem-
poral scales, coupling the physics across the spatial 
and temporal scales of wind resources, the flexible 
aero-elastic and mechanical wind turbine system 
and integration with the grid [3,4]. 

The differences are related to the sort of RD&D that 
each option needs. Whereas Veers et al. highlight 
the longer-term classical scientific challenges within 
three interrelated focus areas, the EERA JPWind 
combines the short- and longer term RD&D needs 
to bring the sector further and includes a broader 
perspective on the social value of wind power and 
the demand for education and training. 

The challenges and RD&D priorities of these two 
strategic papers are listed in the table below and fur-
ther described under the headings of Wind energy 
systems, Wind turbine technologies and Materials 
and components. 

Wind energy systems
Wind resources are highly dependent on geograph-
ical location and local terrain, and offshore they 
depend on sea and land breezes, proximity to land, 
water versus land temperatures and wave height. 
In addition, wind resources vary between day and 
night and between the seasons. The wind turbine 
operates in the lower levels (>300 m) of the plan-
etary layer. Because the sources of wind originate 
in the atmospheric layer, but are harvested in the 
surface layer, they constitute a large-scale dynamic 
system, whose physics is separated into flows at the 
large meso-scale and the plant-level micro-scale 
[4]. With larger turbines of up to 275 m, the zone 
spanning 1.5-0.5 km is becoming more important. 
The physics of this zone, called ‘terra incognita’, is 
poorly understood, but is critical to optimizing the 
design and performance of the wind turbine and the 
entire wind plant. 

There are major knowledge gaps concerning wind 
flows in complex terrain or under varying atmos-
pheric stability conditions. And the met-ocean 
conditions pose special problems related to waves, 
atmospheric stability and tropical storms.   

The grid and system integration of variable energy 
sources is a major challenge. A renewable-based 
power system will be radically different from the 
current power system, and a fundamental rethink 
of the power system is needed. However, the RD&D 
challenges listed here are confined to the specifics 
of wind power. The stability of the system is a major 
issue and involves dynamic capacities, as well as the 
dynamics of generating, consuming and distribu-
tion units, and it is made even more complicated 
by the fluctuating character of wind power. The 
scientific challenges are therefore on the one hand 
to determine the stability of a network consisting of 
many sub-systems driven by sources with complex 
randomness like wind, and on the other hand to 
use wind energy as far as possible to establish a 
reliable system. This will require research at the 
intersection of atmospheric flow modelling, indi-
vidual wind-turbine dynamics, wind-plant control 
and the operation of the larger power system [4]. 
More research is needed on how wind power can 
contribute to ancillary services by utilizing either the 
flexibility of in-built wind-turbine control or auxil-
iary or additional wind plant. Due to the prospects 
of energy storage in the system’s overall balance, the 
combination of energy stored in wind farms and in-
tegrated storage facilities needs further research (1). 
New sensors and data management techniques are 
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EERA JP wind R&D strategy Grand challenges in wind energy science

Fundamental wind energy science
-Multiscale modelling from mesoscale to wind-farm
flows
-Physics of larger rotor dynamics
-Efficient multi-disciplinary optimization and system
engineering
-Integrated multi-fidelity system regarding system
components

Improved understanding of the physics of atmo-
spheric flow in the critical zones of wind power 
operation
-‘Terra incognita’ (1.5 – 0.5 km interface between 
meso- and microscale processes) critical to ensuring 
the optimal design and performance of individual 
wind turbines and wind-power plants
-Wind flows in complex terrain
-Uncertainty in meto-ocean environment
-Wake impact on plant performance and loads

Next generation wind turbine  
technology and disruptive concepts
-Develop next generation of test and validation
methods
-Investigate smart turbine design
-Removing barriers to 20+MW turbines
-Develop disruptive technologies (new technologi-
es in rotor, drive-train, support structure, electrical
system etc.)
-New materials and optimized structures

Materials and system dynamics of individual 
wind turbines
-Deciphering factors critical in both power/genera-
ting efficiency and structural safety
-Aero-elastic behaviour of very large and flexible
machines
-Aero-elastic stability for highly flexible and large
rotors
-Offshore requiring modelling aerodynamics and the
hydrodynamic forces of currents and waves
-Offshore extreme weather conditions
-Floating offshore amplified uncertainty associated
with the rotor interacting with its own vorticity for
large blades
-Stability analysis of complex aero-hydro-servo-ela-
stic system never thoroughly studied before
-New materials and manufacturing methods to
enable low-cost, reliable machines

Offshore wind
-Enabling floating wind
-Experiments and multi-disciplinary optimization
models
-Understanding and modelling offshore physics
-Understanding mechanical and electrical design con-
ditions for infrastructure of floating offshore wind

Operation and maintenance
-Development and validation of models of compo-
nents and structural damage and degradation
-Next generation wind-farm control
-Digital transformation in O&M
-Sensor systems and data analytics for health moni-
toring
-Robotics (remote and automated repair)

Grid integration and energy systems
-Design and control of wind-power plants for 100%
RE power systems
-Power market design, energy management and
balancing
-Sustainable hybrid solutions, storage and conversion
-Increased performance of wind power via digitaliza-
tion
-Offshore energy hubs

Optimization and control of fleets of wind plants 
working synergistically within the larger electric 
grid system
-Wind-power plant control
-Converter-based electrical grid
-Integrated data and modelling computational meth-
ods for system analysis and operation

Sustainability, social acceptance, 
economics and human resources
-Value creation of wind power
-Standardized methods for quantitative impact
assessment
-Research-based and continuing education and
training
-Recycling and circular economy
-Best practice to empower citizens and public en-
gagement

Table 1.
Overview of EERA JPWind 

R&D strategy and grand 

challenges in wind energy 

science [adapted from 3 

and 4]
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needed to manage real-time data on the future status 
of the system, including advanced stochastic system 
analysis and data science [4]. 

The higher value of wind energy goes beyond the 
narrow interpretation of making wind energy com-
petitive with conventional energy sources and aims 
at identifying how wind energy can create value for 
society in general. It thus combines the market side 
of high-value energy at low cost with the social side 
of maximizing the socio-economic benefits and 
avoiding the negative impacts [3]. 

Wind turbine technologies
Wind turbines are expected to become larger in 
order to access higher wind speeds and bring down 
levelized cost of energy (LCoE) due to economies of 
scale. This impacts on the design of the wind turbine 
and the wind energy plant and involves evaluation 
of the system’s aerodynamic performance, loads, 
dynamic response and stability in both normal and 
extreme operating conditions [1]. The challenge is 
not only to understand the atmosphere and vari-
ation of inflow, but to decipher which factors are 
critical in respect of power-generating efficiency 
and structural safety [4]. The complexity of the 
aero-elastic behaviour of large wind turbines should 
not be underestimated, as it questions the accuracy 
of the design assumptions.  

There is a demand to investigate game changes and 
new technology solutions for the rotor, drive-train, 
support structures and electrical system and in 
general to remove the barriers to the use of 20+MW 
wind turbines, specifically in blade design and 
testing, rotor-hub design, drive-train design and the 
installation of large and heavy components.

Offshore wind turbines have become the largest 
flexible, rotating machines in the world and must 
operate continuously for more than twenty years 
under conditions of constant complex loading. The 
understanding and modelling of the aerodynamics 
and hydrodynamic forces from waves need to be 
further improved. Offshore wind turbines cannot be 
compared to offshore platforms due to the non-lin-
earity of the rotor system and the bottom-fixed soil 
or floating mooring of the turbine. A better under-
standing and modelling of the offshore physics in 
designing and operating wind plants is needed (for 
example soil-structure-fluid interaction). 

Floating wind turbines may be promising in large 
areas of the ocean with water depths of ~60 m or 

more, but they come with high levels of uncertainty 
related to the complex aero-hydro-servo-elastic sys-
tem, which has not yet been studied thoroughly [4]. 

Materials and components
Operation and maintenance constitute a major part 
of the LCoE, not least offshore. There is a need for 
further research in areas such as automation, robot-
ics and big-data analytics. Operational needs require 
further improvement of the overall performance of 
the wind turbine, which involves better understand-
ing the stress levels in critical components, as well as 
new big-data analytic techniques based on real-time 
data from wind-turbine components [5]. This will 
require more robust, reliable and durable sensors to 
monitor the condition and degradation of the most 
critical components and external conditions. Self-di-
agnostic systems may facilitate the remote sensing 
of external conditions and damage [6]. With regard 
to maintenance, more research is needed to improve 
condition monitoring and life assessment, and also 
to reduce manned interventions by using, e.g., au-
tomated repair methods [5]. However, such remote 
and automated repair technologies and approaches 
depend on the further development of sensors and 
robotic solutions [6]. At best, unexpected failures 
should be avoided and should move away from cor-
rective maintenance towards preventive, predictive 
maintenance [1]. This will require extensive know-
ledge of external conditions, sensor signal informa-
tion, structural degradation models of the system 
and components, and probabilistic models to assess 
levels of deterioration, as well as improvements to 
the modelling of structural failure [1].

Advances in light-weight materials have allowed 
the construction of larger and more reliable wind 
blades. The future challenge is to ensure that such 
materials have less environmental impact, either by 
being reduced, re-used and recycled or decommis-
sioned at the end of their lives [5]. In general, ad-
vanced materials must be developed to reduce the 
weight of wind turbines, the erosion and corrosion 
of their structural parts and the content of critical 
raw materials in drive-train components. Simul-
taneously, advanced materials may also improve 
the durability of wind turbine blades, drive-trains, 
offshore foundations and cables and the mooring 
of offshore structures. Likewise, advanced mate-
rials are key to increasing the circularity of wind 
turbines [6]. Such advanced materials may include 
nano-coatings, high-strength materials, anti-corro-
sion materials and self-healing materials [6]. There 
are also plans to develop engineering tools that are 
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capable of accurately predicting structural respons-
es, covering both micro -and macro-mechanical 
characteristics [1]. 

Finally, the next generation of testing and valida-
tion methods needs to be developed in addition 
or as an alternative to full-scale blade testing, test 
benches for drive-trains, tailor-made wind-tunnel 
models and improvements in materials testing 
[3]. Today, the use of fast, accurate wind-measure-
ment devices, model experiments, test facilities for 
blades, nacelles, drive-trains, support structures 
and other components and full-scale prototype 
testing has advanced the validation of wind tur-
bines. However, the design and execution of a good 
validation of models still awaits development [1].

Having described the scientific challenges to be 
solved, we now describe the wind energy scientific 
community and its output cumulated over time, 
prepared to address some of those challenges. 

Mapping wind energy R&D 
As part of this report, we conducted a bibliometric 
study to improve understanding of the complex 
wind energy R&D eco-system in general and DTU 
in particular, as well as analysing the key character-
istics of the evolving wind energy R&D eco-system 
across multiple locations, organizations, topics and 
individuals [7]. The core part of the analysis is based 
on R&D outputs reported by DTU authors covering 
the period 1971-2021, a total of 8,500 records. This 
is complemented by an international analysis and 
benchmark of wind energy RD&D based on 161,000 
records by more than 5,100 organizations world-
wide.

Figure 1 illustrates the number of wind energy-relat-
ed publications that appeared in the top countries in 
2010-2020. The colour shows the average number of 
citations per publication. Although China is a clear 
number one, the average citations per publication is 
low. This also goes for the fourth top country India, 
while numbers two (US), three (GB) and six (DK) all 
have high average citations per publication. 

In terms of the top organizations crucial to each 
country’s ranking, Figure 2 shows that, for the last 
year (March 2020-March 2021), the top organiza-
tions in the number of publications were the North 
China Electric Power University and the American 
Electric Power Research Institute (EPRI), followed 
by DTU. However, in terms of citations, DTU comes 
out top as number one, followed by the North China 
Electric Power University, whereas EPRI is number 
fourteen. Aalborg University is also ranked high: 
number five in publications and number four in 
citations.

The strong position of DTU has been built up over 
time and goes back to the very beginning of the 
Danish wind energy story. Figure 3 illustrates the 
development of DTU research output over time. It 
can be divided into three periods. The first period 
from 1971-1992 has a relatively modest annual re-
search output, but in 1992 output increased steadily 
and showed a steep increase in 2006 to more than 
300 publications a year, and again in 2010 to around 
600 publications a year.

The top organizations collaborating with DTU in 
wind energy are divided into three groups: uni-
versities, industry and other (including public) 

Color legend:
Average citations per publication

Low Med High

Figure 1. 
Wind power: top countries 

by number of publications, 

2010-2020
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organizations. As can be seen in Figure 4, the top 
companies are Ørsted and Vestas, the Norwegian 
research institute SINTEF, the Approved Techno-
logical Service Institute DHI Water, and Siemens. 
The top three universities are Aalborg University, 
Delft University and the Norwegian University of 
Science and Technology (NTNU), followed closely 
by other governmental organizations, such as the 
US National Laboratory for Renewable Energy 
(NREL), the British National Renewable Energy 
Centre (NAREC) and the Danish Meteorological 
Institute. 

The geographical dispersal of collaborating organ-
izations is concentrated in three regions: Europe, 
China and the US, as illustrated in Figure 5. In 
terms of single countries, Denmark is number one 
with 1807 publications, US is number two with 
396 publications and China number three with 312 
publications. European countries count for more 
than 1,700 publications, which also is reflected 
in the top organizations shown in Figure 4. The 
collaborations demonstrate that DTU’s wind energy 
R&D is highly international and closely related to 
the global outreach and deployment of wind energy. 
International cooperation brings with it direct and 
indirect benefits such as access to expertise, know-

ledge and skills, and to unique sites and specialized 
research facilities, but also to markets and inward 
investments [8]. 

The top topics for wind energy R&D consist of four 
different levels, the first level being the most general, 
the fourth level the most specific (see Figure 6). The 
top general topics are not surprisingly engineering, 
environmental science and materials science, as well 

Figure 3.  
Number of DTU wind 

energy-related research 

outputs over time

Figure 2.  
Top organizations, number 

of publications (left) and 

number of citations (right), 

March 2020-March 2021
“Citation count based methods, including h-, g-index and equivalent, treat each citation as equal and perpetual. Saliency, on the 
other hand, imposes weighting on each citation based on the factors of the citing sources, including the reputation and the age of
each citation.”

“Publications with higher citation counts but ranked lower often occur because they receive citations from sources of lower
saliency, or have not been mentioned in recent publications for a while. Conversely, a publication can see increasing saliency if
some of its citing sources are significantly growing in saliencies, even the publication itself does not receive any new citations.”

SOURCE: Arnab Sinha, Zhihong Shen, Yang Song, Hao Ma, Darrin Eide, Bo - June(Paul) Hsu, and Kuansan Wang. 2015. An 
Overview of Microsoft Academic Service(MA) and Applications.In Proceedings of the 24th International Conference on World 
Wide Web(WWW '15 Companion). ACM, New York, NY, USA, 243-246. DOI=http://dx.doi.org/10.1145/2740908.2742839

Ranking number of publications in the topic Ranking number of total citations Saliency ranking*
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as computer science. The top topics in the next level 
are meteorology, mechanics and marine engineer-
ing, followed by structural engineering, control 
theory and composite materials. The third level is 
mainly devoted to wind power, turbine and wind 
speed, whereas the fourth and most specific level 
is dominated by offshore wind power, turbulence, 
aerodynamics, turbine blades and computational 
fluid dynamics.

Finally, the network graph shows collaborations 
across different topics, which are clustered in four 
areas at DTU: energy systems, wind turbine design, 
meteorology and materials. The size of the node rep-
resents the relative number of research outputs for 
that node. Likewise, the size of the edge represents 
the relative number of research outputs between the 
two nodes connected by the edge. The colours show 
groups of closely connected collaborations. 

Companies Academic All others
The numbers show the amount of research outputs

Figure 4.  
Top organizations collab-

orating with DTU in wind 

energy 

Figure 5.  
Geographical distribution 

of collaborations The numbers show the amount of research outputs
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In summary, the mapping of wind energy R&D 
shows that this is a multi-disciplinary research 
area that is deeply rooted in engineering but also 
has strong contributions from environmental and 
climate science and materials science, covering me-
teorology, mechanics, structural engineering and 
control theory, as well as electrical engineering, off-
shore wind power, turbulence and aerodynamics. 

This is a highly international area in terms of both 
markets and research eco-systems. The number of 
publications does not necessary match the quality in 
terms of citations, as illustrated by the top publi-
cation countries, the average numbers of citations 
and the quality. However, this does not quite match 
the publication and citation ranking list in Figure 

2, where the ranking of Chinese publications is also 
matched by a high rank in citations. But Denmark 
has a good match and is well positioned in its 
number of publications and high average citations. 
DTU and Aalborg University both have top ranks in 
publications and citations. 

The Danish position is characterized on the one 
hand by strong national cooperation between 
universities, industry and governmental knowledge 
institutions, and on the other hand with strong ties 
to other north European institutions, leading US 
institutions and Chinese universities. 

Figure 6.  
Top topics for the selected 

research outputs by hierar-

chical level

Figure 7.  
Topic network at DTU

DTU’s Topic Network

Wind Turbine Design

Meteorology

Energy Systems

Materials

Level 1 (most general)

Level 2

Level 3

Rest of the lower levels (most specific)

The numbers show the amount of research outputs

Level 1 (most general)

Level 2

Level 3

Rest of the lower levels (most specific)

The numbers show the amount of research outputs
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high-value inventions represent 60% of the inven-
tions approved.

The patent specialisation differs across countries. 
China has diversified its patent activities in the last 
years, but seems in 2016 to have a strong focus on 
‘Components or gearboxes’ and ‘Control of turbines’. 
The topical focus of the EU patent activity is rela-
tively unchanged over the years and is for 1/4 of the 
patents filed in the category of ‘Blades and rotors’ 
[9].

In summary, patents protect property rights. In this 
respect there is a remarkable difference in Chinese 
patent activity compared to other leading countries. 
The top Chinese rank in terms of patents filed does 
not match the value of those patents and seems 
to focus primarily on the home market, which is 
anyway the number one market for newly installed 
wind turbines. It would go beyond the scope of this 
report to assess the implications of this, both in 
terms of market access and competitiveness. The dif-
ferences in specialization may indicate that Chinese 
companies no longer rely on foreign licenses, but 
benefit to a greater extent from the massive invest-
ment in RD&D in clean energy technologies. 

Discussion and outlook
Wind energy has gone through a remarkable devel-
opment in just a few decades and is today a highly 
sophisticated technology that is deployed worldwide 
and is constantly being improved and developed. 
The forces driving it have been directed to upscal-
ing, reliability and a high capacity factor along with 
reductions of LCoE and the system integration of 
variable energy sources in which wind power con-
tributes to deliver a balance of services to the energy 

Global patent activity
The mapping of wind energy RD&D does not 
include patents and is therefore complemented by 
a patent analysis of wind energy technologies [9]. 
Patent activity in wind-energy technologies has 
developed substantially in the period 2000-2016. 
China ranks first in total wind energy inventions, 
with an annual growth of 50%, going beyond the EU 
in this respect in 2009. 

Just like scientific publications, it is not just a matter 
of the quantity or number of inventions filed and 
granted, but also of the quality or value of these 
inventions. High-value inventions are inventions 
that include patent applications filed in more than 
one patent office and are thereby applicable in 
global markets and not just targeted towards the 
home market. As illustrated in figure 9, only 2% of 
the Chinese-approved inventions are high-value 
inventions and therefore protected in other patent 
offices outside China. For the EU and USA, their 
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Figure 8.  
International compari-

son of the evolution of 

inventions in wind energy, 

2000-2016 [9]

Figure 9.  
International comparison of 

inventions filed and approved 

and of high-value inventions 

in wind energy technologies, 

2000-2016 [9]
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system. In order for wind energy to contribute to the 
ambitious energy and climate targets and to achiev-
ing a 100% renewable power system, both short- and 
longer-term challenges have to be addressed by the 
wind energy knowledge communities, and dedicated 
RD&D must be conducted. This will both be cumu-
lative, uncertain and collaborative, as wind energy 
RD&D has been up to now.

Wind energy RD&D – in particular at the higher 
TRLs – will continue to be cumulative, adding new 
knowledge to the existing body and being driven by 
reducing LCoE. Wind turbines are expected to be 
larger, whereby aerodynamic performance, loads, 
dynamic response and stability need to be further 
researched. The combination of sensors, data and 
digitalization will help in the wind turbine’s design, 
cost-effective and safe operation, and maintenance. 
The entire wind energy conversion process will be 
supported by well-validated IT programmes and 
model experiments, and the full-scale testing of 
components. Moreover, entire wind turbines will 
continue to be central to the validation of wind 
turbines the combination of all these activities 
being further improved for purposes of design and 
execution. 

The development in scientific output and patents 
is proof of the existence of a knowledge field that 
draws on multiple disciplines within engineer-
ing, the environmental sciences and the materials 
sciences. Quantity and quality in scientific output 
do not always go hand in hand. This is also the case 
for patents, where, in a relatively few years, China’s 
specialization has diversified, whereas other leading 
wind-energy countries continue to specialize in 
blades and rotors.    

The development of larger wind turbines that are 
often constructed and operated in unknown waters 
and at unfamiliar heights comes with much uncer-
tainty. This is nothing new: since the early days of 
modern wind energy, the established industry and it 
eco-system has failed to deliver reliable wind energy 
solutions. In fact, the incumbents did not know the 
unknowns, whereas the trial and error advocates did 
acknowledge their unknowns, and, by means of a 
collaborative approach between universities, indus-
try and the authorities, they succeeded in creating 
viable solutions. 

Moreover, moving wind turbines offshore was 
accompanied by a lot of uncertainty. This was not 
just a matter of moving onshore wind turbines 

offshore, nor of just transferring knowledge from the 
oil and gas industry, but in fact meant exploring the 
unknowns of large moving infrastructures in highly 
complex and difficult waters. The uncertainties of 
floating offshore wind turbines are even greater, as 
the complex aero-hydro-servo-elastic system has not 
previously been thoroughly researched.

With larger wind turbines, the ‘terra incognita’ 
becomes increasingly relevant and needs further 
exploration of the variation of inflows and the 
deciphering of factors that are critical to generating 
power efficiently and safely. Although the integra-
tion of 50% or even 70% of large-scale wind energy 
or other variable energy sources may be improved 
incrementally, for example, by new sensors and 
better data-management techniques, a 100% re-
newable power system will require a transformation 
that goes far beyond the existing system. Although 
the LCoE continues to be an important driver for 
improvements in the use of wind energy, the social 
value of wind energy needs to be conceptualized 
and explored for different contexts and settings that 
include citizen engagement, ownership models and 
financing.

The cooperative process of knowledge creation is 
mainly described in the mapping of the scientific 
output and the characteristics of the wind energy 
research area in terms of the wind energy eco-sys-
tem and the networks that link individuals and 
institutions. Wind energy R&D is mission- driven 
and brings together multiple disciplines to solve the 
scientific challenges and develop a cost-competitive, 
reliable form of wind power. The cooperative char-
acter of wind energy R&D is also reflected in DTU’s 
strong cooperation with different stakeholders of 
the eco-system, ranging from other universities and 
companies to governmental institutions. Denmark’s 
position of strength is anchored in close national 
cooperation by public and private stakeholders, but 
it also benefits from international cooperation with 
a broad portfolio of organizations in northern Eu-
rope, leading US research institutions and Chinese 
universities.  

In conclusion, the international RD&D wind en-
ergy communities are collaborating to identify the 
technological and socio-economic challenges and 
prioritize those strategic areas that enable the large 
scale deployment of wind energy, amounting to 
around 50% of global electricity. This cross-discipli-
nary and systemic research field is characterized by 
the challenging mission to simultaneously generate 
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and manage large quantities of variable energy and 
dynamic, distributed consumption patterns.
 
The potential for cost optimization and for wind 
power to become a primary world energy produc-
er is tremendous, but various challenges require 
RD&D, both fundamental and applied in character, 
to reach this potential. Dedicated RD&D is needed 
to explore the physics of atmospheric and wind 
plant flows, to understand and refine the science 
behind enlarged wind turbines and to develop sys-
tem science to integrate wind energy into the future 
decarbonized energy system. RD&D is needed to 
reduce costs and improve the sustainability of wind 
energy technology, to harvest wind resources and 
to reduce the economic, environmental and social 
costs of the construction of wind farms both on- and 
offshore.
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Grand challenges of mapping and under-
standing wind flow and meteorology for 
wind energy
Wind atlases based on measurements
In the infancy of the modern development of wind 
energy, well-proven methods of determining the 
wind resource for single turbine locations or for a 
wider region were lacking, necessitating recourse to 
using local measurements, provided they existed. It 
soon became clear that the straightforward extrapo-
lation and interpolation of standard meteorological 
measurements were not satisfactory and often came 
up with quite erroneous results. Therefore, national 
and international projects were initiated to develop 
methodologies based on basic meteorological prin-
ciples for calculating site-specific and regional wind 
resources by means of climatological measurements.

One such project was the European Wind Atlas 
(EWA)[1], the aim of which was to establish a me-
teorological basis for assessing the wind resources of 
the European Union (1981 -1989). A methodology, 
called the wind atlas method, was developed, result-
ing in a comprehensive set of models for the horizon-
tal and vertical extrapolation of meteorological data 
and estimates of wind resources. 

The models are based on the physical principles for 
flow in the atmospheric boundary layer, and they 
take into account the effect of different surface con-
ditions, sheltering effects due to buildings and other 
obstacles, and the modification of the wind imposed 
by the specific variations of the height of the ground 
around the meteorological station concerned. Figure 
1 illustrates the application of the wind atlas meth-
od, following a procedure in which regional wind 

climatologies are developed from site meteorology 
and then used to produce site-specific wind clima-
tologies. The models and the described methodology 
constitute the Wind Atlas Analysis and Application 
Programme WAsP (www.wasp.dk). 

In fact, the wind atlas methodology was borne out of 
an earlier project, the Danish Wind Atlas published 
in Petersen et al. [2], which actually builds on the ap-
plication of a fundamental meteorological concept: 
geostrophic wind (the wind aloft) and its climatolo-
gy, which was determined using long-term pressure 
measurements at about 55 synoptic stations in and 
around Denmark (43000 km2). The geostrophic wind 
climate was then used to estimate the wind distribu-
tions at a given height over a specific terrain by means 
of the geostrophic drag law, which posits a relation 
between the drag force on the surface, the roughness 
of the surface and the geostrophic wind. The atlas’s 
findings were validated by estimating the wind cli-
mates at twelve specific sites in Denmark, where 
long-term wind measurements had been carried 
out. A key aspect is the summarizing of wind time 
series by using the two-parameter Weibull distribu-
tion to indicate the probabilities of wind speeds in 
different direction sectors. The procedure is depicted 
on the right-hand side of Figure 1, and in the figure 
the geostrophic wind climate is called the general-
ized regional wind climate. Hence the development 
of ‘the wind atlas method’ was initiated during the 
construction of the Danish Wind Atlas.

The European Wind Atlas [1] covers a land area of 
about 2.25 million km2. It employs surface observa-
tions of wind speed and direction, measured over 
a ten-year period, to determine the wind climate at 
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about 190 European meteorological stations. Then, 
using the wind atlas method, the wind climates are 
subsequently referenced to a common set of standard 
topographical conditions, i.e. they are expressed as 
Weibull parameters for five heights and twelve thir-
ty-degree sectors over four different values of surface 
roughness. Wind resource estimates for other sites 
can then be obtained using the same method to de-
termine site-specific topographies. Figure 2 provides 
an overview map from the European Wind Atlas.

The publication of the European Wind Atlas had a 
profound influence on European decision-makers by 
showing that it is possible to find locations with good 
wind resources almost anywhere if the right topo-
graphical settings are selected. This knowledge has 
an important implication for any modelling of wind 
resources, such as mesoscale modelling: the coarser 
the resolution (large grid cells) the meteorological 
models work with, the smaller the average wind re-
source inside the grid cell. This is because favourable 
locations such as small hills are smoothed out. 

Both the Danish and the European Wind Atlas are 
examples of the use of climatological stations be-
longing to national synoptic networks, many of them 
located at airports and where routine observations 
carried out by the meteorological and other public 
services. Many of these stations are part of the exten-
sive Global Observing System. 

Wind atlases based on modelling
After the publication of the European Wind Atlas [1], 
it became clear that it was necessary to develop the 
methodology further in order to decrease uncertainty 
surrounding the calculations in complicated topogra-
phy and climatology. The first major step was an at-
tempt to combine mesoscale and microscale models.

Up to that date, insufficient computer power and 
storage, as well as the lack of sufficiently detailed cli-
matological data and high-resolution topographical 
information, had made such an approach impossible. 
However, the ever-increasing computer power and 
the advent of publicly available large databases on 
long-term global wind climatology and high-resolu-
tion topography (orography and land use) showed the 
potential to develop the wind atlas methodology fur-
ther. The cornerstone of the new methodology is the 
combined application of a mesoscale and a microscale 
model, such that the former typically calculates the 
wind climatology over an area of 1000x1000 km with 
a resolution of, say, 2 km, while a microscale model 
such as WAsP is used to focus in on locations of inter-

Figure 1.
The vertical and horizontal 

extrapolation figure from 

EWA [1].

Figure 2.  
Overview map from the 

European Wind Atlas [1], 

showing the large-scale 

variation of Europe’s wind 

climate. By using the 

legend, a range for mean 

wind speed and mean wind 

energy at the height of 50 

metres can be estimated 

for five topographical 

conditions. This map sends 

an important message to 

politicians, decision-mak-

ers and the general public, 

namely that even in low 

wind areas it is possible 

to find locations for wind 

farms with a good wind 

resource.
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est. Over the next eight years, an EU project, ‘Meas-
urements and Modelling in Complex Terrain’, with the 
participation from most EU countries, worked to de-
velop the methodology. For the mesoscale model, the 
KAMM (the Karlsruhe Atmospheric Mesoscale Mod-
el), developed by University of Karlsruhe for air-qual-
ity forecasts in the Rhine Valley, was chosen, together 
with WAsP as the micro-scale model. In order to test 
and verify the methodology under development, a 
large number of sites were located and meteorological 
masts installed in four ‘test’ areas: Ireland, Northern 
Portugal, Central Italy and Crete. 

After the conclusion of the project, the newly devel-
oped methodology for wind climatology studies (the 
numerical wind atlas method) soon became interna-
tionally accepted, even research groups outside Eu-
rope building model complexes based on the same 
methodology. The KAMM/WAsP concept has been 

continuously developed and was used in many re-
gions around the world. One of its first applications 
was in drawing up a Wind Atlas for Ireland [3].

Due to a lack of computer power, it was not possi-
ble to run the mesoscale model in ‘real time’, i.e. in 
dynamical downscaling over many years to achieve 
stable statistics. Instead a methodology called ‘statis-
tical-dynamical’ downscaling was introduced [4]. In 
the case of both methodologies, one can say that a 
basically prognostic meteorological model providing 
forecasts was turned into a diagnostic model provid-
ing climatological statistics.  Critical to the so-called 
numerical wind atlas method was the same principle 
of generalizing the wind climate (see Figure 1) and 
applying local correction at high resolution when es-
timating actual site conditions [4]. 

The growth of numerical wind atlas applications is 
due to a number of external developments: i) the 
availability of new datasets describing the state of the 
atmosphere and covering several decades at increas-
ing temporal and spatial resolutions (so-called rea-
nalysis datasets); ii) the availability of community at-
mospheric models; and iii) the increasing capacity of 
high-performance computing. Together these factors 
brought about changes in how numerical wind atlases 
were created. The Wind Atlas for South Africa was an 
instrumental project in this context [5,6] moving to 
longer modelling simulations and using the Weather 
Research and Forecasting (WRF) Model [7]. Figure 
3 and Figure 4 show output from the Wind Atlas for 
South Africa, demonstrating that wind atlases not only 
provide spatial data that can be presented as maps, 
they also form a rich dataset of wind speed distribu-
tions and wind direction distributions. Figure 4 also 
illustrates how validation is performed by comparing 
data derived from modelling to high-quality measure-
ment data from tall masts at a number of sites. 

Several mesoscale models developed by the larger in-
ternational meteorological centres have been investi-
gated and are in use. The general experience with the 
established models and methodologies is that they 
work well. This is true if good local data are availa-
ble for purposes of verification, but the wind energy 
community was still hampered by many projects pro-
ducing large negative discrepancies between calculat-
ed and actually experienced resources. Therefore, the 
EU decided to launch a project, ‘The New European 
Wind Atlas’ (NEWA), aimed at reducing the over-
all uncertainties in determining wind conditions. 
NEWA is described further below.

Figure 3.  
Long-term (2010–2017) 

averaged wind speed (m 

s1) at 100 m AGL simu-

lated by the WRF model. 

From [6].

Figure 4.  
Comparison of the WRF 

wind climatology at 62 m 

AGL at site WM15. From 

[6]. 
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State-of-the-art wind atlases
In this section, the emphasis will be on describing 
two recent wind atlases. Both projects are wind 
atlases with large spatial coverage, but they can be 
distinguished by the emphasis on development in 
the production and dissemination of wind atlas data 
and research on advanced measurements, mesoscale 
modelling and downscaling. 

The Global Wind Atlas started as part of an inter-
national collaboration. It came about in the frame-
work of the Clean Energy Ministerial (CEM), and 
in particular the CEM Working Group on Solar 
and Wind technologies and IRENA’s Global Atlas 
for Renewable Energy. Work on the Global Wind 
Atlas [8] began in 2012 as a Danish-funded (EUDP) 
project, and the first release was in 2015 (v1). Since 
then, it has developed further with a commitment 
from DTU Wind Energy and support from the 
World Bank Group, leading to two subsequent 
major releases in 2017 (v2) and 2019 (v3). The last 
update was in April 2021 (v3.1). These revisions of 
the Global Wind Atlas included more datasets and 
tools, which can help policy-makers, planners and 
investors identify high-wind areas for wind-power 
generation virtually anywhere in the world and then 
perform preliminary calculations. 

What is important for us is that the vast amounts 
of data that lie behind the Global Wind Atlas bring 
as much value to the user as possible. For this it is 
necessary to create intuitive interaction between the 
user and the approximately 2 TB of data available for 
display in the Atlas (Figure 5). The data come alive 

in the hands of the users through the realization of 
browser-based customized wind and map analysis 
tools. The webpage design allows interaction with 
different kinds of data, including maps, statistical 
distributions, wind roses, temporal characteristics, 
validations reports and associated relevant data for 
wind development. We know from our web analytics 
that the Global Wind Atlas website is used by more 
than 20,000 end-users per month from all around the 
world. 

From this large number of users, we can identify two 
main user groups. The first group consists of agen-
cies and generalists who have a greater appetite for 
overview datasets and guidance in assessing wind re-
sources. The second group consists of wind experts 
and specialists employed by wind-farm developers, 
consulting and investment companies. This group 
has a greater appetite for expert products and, impor-
tantly, faster and more customized access. 

An example of a large-scale application of the Glob-
al Wind Atlas is the ‘GOING GLOBAL Expanding 
Offshore Wind to Emerging Markets’ report by the 
World Bank and the International Finance Corpora-
tion [9]. The report provides analysis based on Global 
Wind Atlas wind resource data to quantify offshore 
wind potential, both bottom-fixed and floating.

While the Global Wind Atlas may be thought of as 
a kind of production wind atlas on very grand scale, 
another critical project is a research wind atlas that 
pushed researchers in Europe to scientific questions, 
methods and validation. The New European Wind 

Figure 5.
Screen shot of the 

Global Wind Atlas web 

page, showing the user 

interface, approximately 

2 TB of data available for 

display in the atlas.
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Atlas (NEWA) was an ERANET+ project, funded by 
the European Commission and nine national fund-
ing agencies, and coordinated by DTU Wind Ener-
gy. It ended in June 2019 with the release of another 
wind atlas website offering more advanced user inter-
faces with the huge amount of data produced by the 
project. For example, the mesoscale modelling was 
performed over an unprecedented time period and 
resolutions, combining multiple modelling domain. 
The scientific findings of the modelling part of the 
project are described in [10,11]. 

In contrast to the EWA, the final validation of the 
NEWA builds exclusively on high-quality measure-
ments from 40 m above the terrain and upwards that 
were not used to build the atlas. This was done in or-

der to minimize the uncertainty introduced by verti-
cal extrapolation. The project gave rise to two model 
chains: a research-oriented open-source model that 
used a non-linear fluid mechanics solver for the re-
al-time downscaling; and a more production-orient-
ed model-chain that used WAsP or CFD-WAsP for 
statistical downscaling. The NEWA production mod-
el-chain was evaluated with 291 tall meteorological 
masts located all over Europe and Turkey provided 
by Vestas (see further below). 

The NEWA project also contained a range of very de-
tailed experiments of flow in complex terrain used to 
understand how to improve the micro-scale models 
and their coupling to the meso-scale model. In total, 
seven experiments were conducted, two offshore and 

Figure 7.
Screen shot of the New 

European Wind Atlas web 

page, showing the user 

interface, for exploring 

microscale modelling 

results. Here a predicted 

mean wind speed at 100 m 

a.s.l. is shown, based on a 

calculation every 50 m.

Figure 6.
Screen shot of the New 

European Wind Atlas web 

page, showing the user in-

terface and the download 

capabilities available.
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five onshore, primarily in complex terrain. All exper-
iments have been used to improve either micro- or 
meso-scale models or both. An overview of the ex-
periments may be found in [12] together with a video 
of the largest experiment performed in Pedigão, Por-
tugal: (see https://www.youtube.com/watch?v=rd-
3MUG715Bs) 

The website permits visualization and exploration 
of the NEWA datasets and downloading by user for 
more detailed analysis and application of the datasets 
(see https://map.neweuropeanwindatlas.eu/). For ex-
ample, the mesoscale modelling time series can be 
downloaded for any location or locations for more 
than 20 variables on 7 heights ranging from 50 to 500 
meters.

Microscaling modelling for NEWA was performed 
on completely new software, called PyWAsP, which 
allowed the calculation of predicted wind climate 
every 50 m at several heights to be performed, (see 
Figure 7). As mentioned earlier, an important aspect 
of any wind atlas is the validation of the results. In 
NEWA, a novel and secure method of using propri-
ety, high-quality wind energy measurement data, 
which never left the data manager’s premises, was 
employed to evaluate the result. Full details can be 
found in [11].

The results of the validation (Figure 8) show the val-
ue of the downscaling methodology of the wind atlas 
approach. Using reanalysis data directly gives a poor 
performance. In areas where elevation complexity is 
low, i.e. flat or gently changing elevation, the micros-
cale modelling results give the best performance. At 
the same time, this points to a need for better mi-
croscale modelling of complex terrain, because at 
present the microscale modelling employed uses lin-
earized equations whose uncertainty increases with 
increased terrain gradients.
  

Future trends 
In this chapter, we have described the development 
of wind atlases at DTU Wind Energy. We have given 
two examples of state-of-the-art wind atlases. These 
atlases have very significant efforts behind them in 
terms of modelling, data management, validation 
against measurement and dissemination on web 
platforms, as well as by traditional means of report-
ing, including journal publications.

Already on our www.science.globalwindatlas.info 
site one can glimpse what future wind atlases will 
contain. In the future, they will most likely move in 
these directions: 

• more validation datasets, such as winds derived 
from remote sensing  

• data layers for siting parameters, such as ex-
treme winds, turbulence intensity, flow inclina-
tion etc., for use in determining wind turbine 
design requirements, which in turn can help 
assess capital expenses 

• translation into different languages
• tools for the assessment of yields for very large 

offshore wind farm clusters
• greater coverage of offshore areas, hand-in-

hand with prospects for floating offshore wind
• inclusion of precipitation parameters to assess 

the risk of erosion on the leading edge of the 
wind turbine blades

• improved temporal information on expected 
production time series to aid integration studies

• improved microscale modelling using CFD to 
achieve better performance in complex terrain 

• improved microscale modelling using better top-
ographic data (especially roughness length) to in-
crease the accuracy of wind climate assessments

• improved mesoscale modelling to reduced 
uncertainty and potentially provide information 
about outer meteorological fields relevant for 
renewables to increase the application of the 
atlas in initial energy system modelling 

Figure 8.
Distributions of wind 

speed biases for ERA5 

(blue), WRF (orange) and 

WAsP (green) split by the 

complexity of the terrain 

(classed by ruggedness 

index, RIX). From [11].
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Climate change impacts and the effects of Wind Energy 
By Andrea Hahmann

A recent publication by the IPCC has again underlined the seriousness of our changing climate [13]. 
Various components of both current and future energy systems, which are the basis for climate change 
mitigation, are affected by a changing climate. However, the opposite trend is also a possibility. That is, 
the rapid development of energy derived from renewable sources could alter future climate.

Impacts on energy supply. Future climate change should not substantially change long-term global wind 
energy resources until late in the 21st century [14-16]. However, recent research has indicated consist-
ent shifts in the geographical position of atmospheric jets under high emission scenarios [17], which 
would decrease wind power potentials across the Northern Hemisphere in mid-latitudes and increase 
across the tropics and the Southern Hemisphere. The various climate models used for investigating 
future wind resources differ in how they can reproduce the current wind resources and wind extremes, 
thus questioning how robust their prediction of future wind resources is [16].

Impacts of wind energy on local climate. Recent studies [18-21] have detected changes to surface 
temperatures in the vicinity of wind farms in the form of night-time warming.  This warming can be 
explained as a ‘suppression cooling’ rather than a warming process [21]. Regional and climate models 
have been used to describe the interactions between turbines and the atmosphere [22]. More sophisti-
cated models confirm the local warming effect of wind farm operations but report that the impact on the 
regional area is slight and occasional [23]. From a physical perspective, wind turbines alter the transport 
and dissipation of momentum locally and near the surface. Still, they do not directly impact the Earth’s 
energy balance as is done by the addition of greenhouse gases. 

Chapter 3 – Wind atlas development 



DTU international Energy Report 2021 — Page 33

10. Hahmann, A.N., Sīle, T., Witha, B., Davis, N.N., 
Dörenkämper, M., Ezber, Y., García-Bustamante, 
E., González-Rouco, J.F., Navarro, J., Olsen, B.T. and 
Söderberg, S. (2020). The making of the new european 
wind atlas–part 1: Model sensitivity. Geoscientific Model 
Development, 13(10), pp.5053-5078.

11. Dörenkämper, M., Olsen, B.T., Witha, B., Hah-
mann, A.N., Davis, N.N., Barcons, J., Ezber, Y., García-
Bustamante, E., González-Rouco, J.F., Navarro, J. and 
Sastre-Marugán, M. (2020). The making of the new Euro-
pean wind atlas–part 2: Production and evaluation. Geo-
scientific Model Development, 13(10), pp.5079-5102.

12. Mann, J., Angelou, N., Arnqvist, J., Callies, D., Cante-
ro, E., Arroyo, R.C., Courtney, M., Cuxart, J., Dellwik, E., 
Gottschall, J. and Ivanell, S. (2017). Complex terrain ex-
periments in the new European wind atlas. Philosophical 
Transactions of the Royal Society A: Mathematical, Phys-
ical and Engineering Sciences, 375(2091), p.20160101. 
https://doi.org/10.1098/rsta.2016.0101 

13. IPCC (2021). Climate Change 2021: The Physical 
Science Basis. Contribution of Working Group I to the 
Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change [Masson-Delmotte, V., P. Zhai, A. 
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, 
L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, 
J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, 
R. Yu, and B. Zhou (eds.)]. Cambridge University Press. 
In Press. 

14. Karnauskas, K. B., Lundquist, J. K. & Zhang, L. (2018). 
Southward shift of the global wind energy resource under 
high carbon dioxide emissions. Nat. Geosci. 11, 38+.

15. Yalew, S. G. et al. (2020). Impacts of climate change 
on energy systems in global and regional scenarios. Nat. 
Energy. doi:10.1038/s41560-020-0664-z

16. Pryor, S.C., Barthelmie, R.J., Bukovsky, M.S., Leung, 
L.R. and Sakaguchi, K. (2020). Climate change impacts 
on wind power generation. Nature Reviews Earth & 
Environment, 1(12), pp.627-643.

17. Harvey, B. J., Shaffrey, L. C. & Woollings, T. J. (2014). 
Equator-to-pole temperature differences and the ex-
tra-tropical storm track responses of the CMIP5 climate 
models. Climate Dynamics, 43, 1171–1182.

18. Xia, G., Zhou, L., Minder, J.R., Fovell, R.G. and Jime-
nez, P.A. (2019). Simulating impacts of real-world wind 
farms on land surface temperature using the WRF model: 
physical mechanisms. Climate Dynamics, 53(3), pp.1723-
1739.

19. Smith, C.M., Barthelmie, R.J. and Pryor, S.C., (2013). 
In situ observations of the influence of a large onshore 
wind farm on near-surface temperature, turbulence in-
tensity and wind speed profiles. Environmental Research 
Letters, 8(3), p.034006.

20. Lee, J.C. and Lundquist, J.K. (2017). Evaluation of the 
wind farm parameterization in the Weather Research and 
Forecasting model (version 3.8. 1) with meteorological 
and turbine power data. Geoscientific Model Develop-
ment, 10(11), pp.4229-4244.

21. Takle, E.S., Rajewski, D.A. and Purdy, S.L. (2019). The 
Iowa Atmospheric Observatory: Revealing the unique 
boundary layer characteristics of a wind farm. Earth 
Interactions, 23(2), pp.1-27.

22. Vautard, R., Thais, F., Tobin, I., Bréon, F.M., De 
Lavergne, J.G.D., Colette, A., Yiou, P. and Ruti, P.M. 
(2014). Regional climate model simulations indicate limit-
ed climatic impacts by operational and planned European 
wind farms. Nature Communications, 5(1), pp.1-9.

23. Wang, Q., Luo, K., Wu, C. and Fan, J. (2019). Impact 
of substantial wind farms on the local and regional at-
mospheric boundary layer: Case study of Zhangbei wind 
power base in China. Energy, 183, pp.1136-1149.

Chapter 3 – Wind atlas development 



Page 34  — DTU international Energy Report 2021 

Over time, the political motivation for support-
ing wind energy has been driven by a diver-

sity of factors. Early demonstration programmes 
initiated in the 1970s were largely motivated by the 
oil crisis [1]. Today, the policy focus has changed to 
emphasise climate change mitigation and the devel-
opment of sustainable energy systems. 

Over the past decade, public awareness about climate 
change and political action in this area have increased 
substantially. The public wants more climate action 
and has increased its demands that governments make 
climate change a policy priority [2]. Indeed, changing 
public priorities and increased public scrutiny have 
led to political pledges around carbon neutrality and 
a sustainable society: ‘net zero energy pledges’ today 
cover around 70% of global CO2 emissions. However, 
less than a quarter of such announcements have been 
incorporated into legislation, and even fewer are sup-
ported by specific policy measures [3]. 

Despite the growing momentum in pledges toward 
zero-carbon energy systems and renewable energy, 
renewable sources of energy still account for only 
10% of global primary energy consumption and 29% 
of electricity consumption [3]. While some areas have 
high penetrations of renewable energy (RE), the ener-
gy mix has yet to see a large-scale shift globally.

Every year, chief executive officers (CEOs), minis-
ters, and high-level European Union policymakers 
come together at the ‘Power Summit’, Europe’s main 
power-sector event dubbed the “Electric Davos,” 
[4] to discuss the most pressing issues and strate-
gic visions for the energy system. Here, the 2020s 
were declared the ‘Electric Decade’ for digital and 

decarbonized electrification, in which an accelerated 
uptake of clean electricity will take place across all 
sectors, delivering reductions in carbon emissions, 
economic recovery from COVID-19, clean air and 
new jobs [5]. Sector integration, e-mobility, grid in-
frastructure and investments have been identified as 
significant sectoral opportunities and challenges [4]. 

At the same time, a new paradigm for wind energy 
policy is emerging that is driven by rapidly decreas-
ing costs, increasing market share and the need for 
more energy system services provided by wind en-
ergy. Increased recognition of the diversity of policy 
needs, tailored to the conditions of each respective 
jurisdiction, is another significant aspect of this new 
paradigm. This evolving perspective has come about 
as onshore (land-based) wind energy has become 
the most competitive technology for new energy 
production in many countries, [6] reducing the need 
for direct financial support. Accordingly, while the 
need for wind energy policy support continues, it 
is becoming increasingly nuanced and focused on 
serving an array of social objectives associated with 
the broader evolution of the energy sector. In the 
future, successful wind energy policies will increas-
ingly be related to creating enabling environments 
and adapting frameworks, as opposed to focusing 
on direct investment incentives alone. This reflects 
a fundamental shift in the perspectives and roles of 
policymakers. This is also the focus of this chapter, 
in which we first provide an overview of the state of 
the art in wind energy policy, followed by upcoming 
policy challenges and research needs. We conclude 
with our perspective on the future focus of wind 
energy policy research. 

Wind energy policy  
and economics

a DTU Wind Energy
b National Renewable Energy Laboratory (NREL)
c Lawrence Berkeley National Laboratory 
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State-of-the-art wind energy policy
Historically, the development of wind energy has 
been heavily policy-driven, relying on governments 
and policymakers to design, implement and enforce 
adequate policy frameworks to attract technology de-
velopment and investments. During the past 30 years, 
major steps in the development of national policies 
have led to the creation of a large and successful wind 
energy market [1], with high growth rates for global 
installed capacity and even more anticipated in the 
future, as described in detail in Chapter 1. In 2019 and 
2020, respectively, the global wind industry saw invest-
ments of $151B and $143B, up from $89B in 2010 [7].

Generally speaking, three complementary strategies 
have been employed to foster the uptake of renew-
able energy [8]: 1) direct financial support for the 
deployment of currently available technologies; 2) 
direct financial support for research and develop-
ment (R&D) and innovation activities to facilitate 
new technologies and reduce the future costs of the 
technology; and 3) indirect support by internalising 
externalities and making undesired (polluting) tech-
nologies less competitive through taxation, carbon 
pricing or regulation. Here, two innovation policies 
interact: technological development through R&D, 
and market deployment through ‘learning-by-do-
ing,’ resulting in two mutually reinforcing cycles that 
together drive down technology costs [9].

Policy-driven growth
Until the 1990s, with some exceptions, including 
Denmark and California, support for renewable ener-
gy was focused primarily on R&D [10]. Broad-based 
market uptake was slow because of economic and 
market barriers, administrative and legal restrictions, 
grid-related problems and other factors [10]. In the 
1990s and especially the 2000s, the focus shifted 
toward supporting the deployment, i.e., the introduc-
tion of renewable technologies into the market. By 
2019, 143 countries had implemented deployment 
policies for renewable energy in the form of fiscal 
incentives or public finance mechanisms to support 
investments in renewable energy [11]. 

A range of different support mechanisms have been 
developed and implemented to promote the deploy-
ment of wind energy, including investment grants, 
feed-in tariffs, feed-in premiums, tax exemptions, 
tax credits, tendering and auctions, net metering and 
renewable portfolio standards. Support mechanisms 
differ greatly between markets, as the requirements 
for implementation vary from country to coun-
try. The selection of support policies is shaped by 

country circumstances, political culture and history, 
the stage of economic development and many other 
factors. The most commonly used production-based 
support policies include the following:

• Feed-in tariff (FIT) schemes are still widely 
used as a technology-specific mechanism that 
offers a guaranteed price to eligible producers. 
They have traditionally been implemented in 
combination with priority dispatch and exemp-
tion from participation in balancing markets. 
Today, these are also often combined with 
competitive support-allocation procedures such 
as auctions. 

• Feed-in premium (FIP) schemes typically provide 
fixed, guaranteed add-ons to market prices. Recent 
feed-in implementations feature sliding premiums, 
incorporating the characteristics of an add-on to 
market price and a guaranteed price level. 

• Traditional tradeable green certificate (TGC) 
schemes are technology-neutral mechanisms 
that require energy suppliers to have a certain 
amount of RE in their portfolio. This require-
ment can be met through green certificates that 
can be acquired from eligible producers in a 
dedicated certificates market. 

FIT and FIP are considered price-control instru-
ments, in which policymakers traditionally deter-
mine the support level. TGC schemes are considered 
quantity-control instruments, wherein policymakers 
define a volume quota, and the price is determined 
through trading in a dedicated market. More recent-
ly, auction schemes have been introduced to award 
FIT and FIP support payments. Here, policymakers 
determine a certain target volume of renewables and 
then conduct an auction at which developers offer to 
build projects, and the price (support level) is deter-
mined through competitive bidding. These new FIT 
auction implementations have the characteristics of 
a volume-control instrument while still supporting 
the stability and security of price guarantees.

A support policy (or policy package) is deemed 
effective if it can deliver the desired outcome at the 
desired time without excessive social costs. Accord-
ingly, a key measure of success for support policies is 
how efficiently they allocate support payments. For 
example, can they ensure investment in the low-
est-cost projects with the least amount of support 
necessary?. A dynamic balance must be struck: if 
support levels are too low, there will be underinvest-
ment and a failure to meet deployment targets. 
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Next to the efficient deployment of a technology, 
policymakers often pursue other, secondary policy 
objectives through support schemes. These often in-
clude domestic industry development, job creation, 
the strengthening of technology export capabilities 
and increasing energy security. 

Successful wind energy policy: clarity, commit-
ment and an enabling environment
In a recent study of the past thirty years of wind 
energy policy globally, the International Renewable 
Energy Agency (IRENA) and the Global Wind En-
ergy Council (GWEC) found the elements of policy 
success to be [1]: 
• Clarity in the design of the support scheme, 
• An expression of long-term political commit-

ment, and 
• A sufficient level of remuneration to allow an 

acceptable level of profit for investors. 

While there is evidence that wind energy can de-
velop under typical market economic frameworks, 

e.g. using fiscal incentives, such as tax credits in the 
U.S., a clear and effective pricing structure and a 
stable remuneration scheme are often instrumental 
to drive deployment. However,  such structures are 
not always sufficient [1]: wind energy policy is often 
most successful when it is backed up by political 
commitments from the government and expressed 
through national or state-level targets. Targets are 
important for raising public awareness and sending 
clear, long-term signals to investors [1]. It is criti-
cal that targets are translated into dedicated policy 
schemes and paired with effective rule of law and 
transparency, as well as effective administration and 
an efficient process of issuing permissions. 

Well-designed procedures for permissions and 
siting keep costs and risks down, allow for better 
returns on investment and reduce the likelihood of 
conflicts with local authorities and communities. 
Anecdotally, wind installations in the state of Texas, 
a global leader with more than 33 GW installed 
wind capacity, have been fostered by a relatively 
open and hands-off approach to regulation. Coupled 

Between 2015 and 2017, DTU coordinated the EU Horizon2020 project 
AURES (Auctions for Renewable Energy Support). AURES was the first 
European project solely focused on renewable energy auctions and laid 
some pioneering groundwork for auctions in the European renewable 
electricity sector from both an analytical and practical perspective. Through 
theory-based work, empirical analysis of auctions in 12 European and eight 
non-European countries, model simulations and economic experiments, AU-
RES generated new insights on the applicability of specific auction designs 
under different market conditions and policy goals. The project supported 
the implementation of renewable energy auctions in EU member states. A 
major outcome of the project was the AURES Auction Designer, an interac-
tive online tool for policymakers (aures2project.eu/auction-designer). The 
project was featured by the European Commission as a Research & Innova-
tion project success story [12].

AURES II, likewise an EU Horizon2020 project, running from 2018 to 2022 
and coordinated by Fraunhofer ISI, expands the insights into renewable ener-
gy auctions by providing auction design and results monitoring. It provides a 
detailed database of renewable energy auctions conducted in the EU; further 
collaboration with policymakers on auction implementations and analyses 
on the effects of auctions on the RE sector; technological innovation and 
project financing. The DTU team is leading the financial analysis work, which 
investigates the development of renewable energy financing in the EU, 
has quantified the recent costs of capital and has explored the impact of 
auctions on financing. AURESII elaborates on the topics of multi-technology 
and cross-border auctions, as well as the effects on community projects and 
options to mitigate the undesirable effects of introducing auctions. 
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with supportive policy and the investment to build 
transmission, a culture of energy production and a 
robust electricity market have contributed to wind 
energy deployment in the state for over two decades. 
Moreover, streamlining the permitting process, as 
Germany did, for example, in the early years of tech-
nology deployment by minimizing requirements 
and creating national standards, can also reduce 
project development costs and incentivize more 
actors to enter the market.

Ease of access to the electricity grid is another 
important aspect of a successful framework for the 
deployment of wind energy. Today, in ten of the 
twelve surveyed markets in the IRENA/GWEC 
study, wind energy has priority access to the grid. 
Carefully designed grid-connection procedures are 
best when supported by strategies for the allocation 
of transmission system capacity, otherwise regula-
tory agencies and managers can be overwhelmed by 
a large number of project applications, as has been 
in the case in China [1]. Early experiences in several 
markets have shown that system integration remains 
a critical element for project development, with 
several interrelated aspects: the effective handling of 
grid-connection requests and the rapid allocation of 
grid-connection points; authorization to connect to 
the grid; and ensuring the availability of sufficient 
grid capacity to inject power effectively from the 
wind park into the system [1]. To achieve the latter, 
early and forward-looking planning is required to 
ensure grid access over longer time frames. 

Another important factor for success is the aware-
ness and involvement of local communities. For ex-
ample, in Denmark, Germany, Greece and Scotland, 
policymakers developed policies to ensure that local 
communities received tangible benefits from local 
wind projects [1]. Early technology development in 
Denmark and Germany started by engaging local 
farmers and encouraging them to produce their own 
electricity. This approach facilitated the creation of a 
nascent industry before 1980 and planted the seeds 
for the modern wind industry.
 
Over the past three decades, a number of cases 
have been documented of delays to and failures of 
wind projects due to social factors. Although the 
reasons are multifaceted [13], the main ones have 
been described as community opposition to wind 
projects, lack of public engagement and low levels 
of awareness about the technology [1]. See Chapter 
5 for more details on wind farm planning and social 
aspects. The most successful policies promote ‘win-

win’ ideas for all stakeholders (local industry, local 
residents etc.) during wind farm development.

Wind energy policy is often also about domestic 
industry development. Governments strive to devel-
op local manufacturing capacity to maximize local 
benefits, but also to ensure the supply of equipment 
at reasonable prices, as well as potential technolo-
gy export opportunities. Creating successful local 
supply chains requires large and steady domestic 
demand and growth opportunities to ensure a 
sustained market for locally trained workers, parts 
and machines. Long-term targets can signal future 
market volumes and contribute to success.

Upcoming policy challenges and research 
needs
In 2019, experts declared that ‘renewables are now 
mainstream in the power sector’ [11]. In Europe and 
around the globe, wind energy represents one of the 
primary and most advanced sources of renewable 
energy. Policy challenges around wind energy are 
changing and evolving as the technology matures. 
In this section, we examine major upcoming policy 
challenges and associated research needs.

Notwithstanding the considerable successes achieved 
by wind energy policy, research is needed to under-
stand the effects of past, current and future energy 
policies. This work includes a need for a better 
understanding of the social costs and effectiveness of 
financial incentives, as well as economic evaluation of 
policies, laws and regulations. Assessment and eval-
uation inform how policies are working in practice, il-
luminate best practices and enable tailored replication 
and adoption across different countries in different 
stages of energy transition. Furthermore, as jurisdic-
tions differ in their experiences with wind energy, 
opportunities for learning and sharing experiences 
can help support the diffusion of technology. 

Experience to date has shown that there is no ‘silver 
bullet’ for a comprehensive national energy policy. 
The best policy is one that is tailored to the local 
context that takes many different idiosyncratic fac-
tors into account. Accordingly, wind energy policy 
design will look different in different jurisdictions, as 
it is shaped by market conditions, existing policies, 
the legal system, the policy-making tradition and 
culture. To inform policy customization, different 
kinds of energy policy research are needed. Empiri-
cal research and case studies can explore local differ-
ences and assess their implications for policy design. 
Quantitative economic analysis can help evaluate the 
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impact of energy policies on individual actors and 
systems as a whole, informing which factors drive 
deployment across different contexts. Interdiscipli-
nary analysis, combining economic analysis with 
efforts to explore land, space and the social aspects 
of wind energy, can be used to better inform how 
local host communities are impacted by and interact 
with wind energy, in turn enabling more informed 
decisions regarding the local costs and benefits of 
projects. Such work is increasingly important, as the 
deployment of wind energy is expected to expand; 
projects could be built closer to communities, and 
wind energy facilities could become a more integral 
part of the landscape. 

These varied studies and research projects are allow-
ing researchers to learn more about policy, market 
and technology interactions, and the dynamics of 
different policy interventions. In turn, this will allow 
policymakers to tailor policy design, identify best 
practices and develop recommendations for specific 
sites and countries at different stages of develop-
ment. It is particularly valuable to understand how 
existing and planned policies interact in practice 
and model the effects of policy shifts and the uses of 
different policy instruments. These efforts and the 
knowledge they foster allow adaptation to changing 
market conditions and environments while simul-
taneously providing the stability and reliability for a 
thriving investment market.

Unleashing the full potential of wind energy
The global path to net-zero emissions necessitates the 
immediate and substantial deployment of all available 
clean and efficient energy technologies. The Interna-
tional Energy Agency (IEA) concludes that achieving 
‘net zero by 2050 hinges on an unprecedented clean 
technology push to 2030’ [3], with annual additions 
of up to 390 GW of wind by 2030, equating to 4 
times the record level set in 2020. To bring this future 
about, policies that continue to support new markets 
and that support and address the challenges of mature 
markets will play a major role. 

More specifically, policy can be used to continue to 
drive the growth in wind energy. Setting ambitious 
build-out targets might enable deployment to be ac-
celerated. Targets enshrined in law and accompanied 
by the phasing out of fossil-fuel subsidies, carbon 
pricing and other market reforms send consistent 
price signals to spur wind energy development 
[see also 3]. But this alone will not be sufficient. To 
unleash the full potential of wind energy, additional 
policy work must consider other factors that will 

impact on the manner and extent with which wind 
is integrated into the electricity system. Even with 
the identification of best practices from past experi-
ences (see Section 2), significant issues persist: “The 
barrier to the expansion of wind energy needed for 
the [European] Green Deal is not technology. Nor 
cost. Nor financing. It’s permitting. Europe is simply 
not permitting enough new wind farms to reach its 
renewable energy targets. The rules and procedures 
are too complex. There aren’t enough staff to process 
the permit applications. It’ll be nice to have a higher 
renewables target, but it’ll be academic if we don’t 
tackle permitting,” says Giles Dickson, WindEurope 
CEO [14]. Of course, future technological innova-
tion can focus on alleviating some of the impacts 
of wind energy projects, such as reducing noise 
or impacts on the natural environment. This may 
help projects to become less contentious and enable 
easier permitting procedures for regulators in the 
future. At the same time, policy research and design 
must push to achieve a workable balance between 
the social need for clean energy and the impacts on 
communities caused by specific projects. 

In this vein, identifying sustainable pathways, both 
environmental and social, to the deployment of wind 
energy, both onshore and offshore, is a major task 
with many avenues for future research. For example, 
analysis exploring the use of other policy instruments 
in addition to market-based incentivization schemes 
or evaluating the costs and benefits of more drastic 
command-and-control measures (such as coal and 
oil moratoria, quotas, decarbonization requirements 
for firms, etc.) in light of the pressing challenges of 
climate change could be considered. In addition, pol-
icy research might examine how to better incentivize 
the integration of wind energy into the landscape or 
designs that mitigate the impacts on wildlife. Policy 
that supports a more equitable distribution of the 
costs and benefits of the energy transition may also be 
of relevance. Each of these potential avenues is likely 
to shape future energy policy agendas. 

Wind energy as major market player
Driven by sharp cost declines [15], the share of wind 
energy in electricity markets is rapidly increasing. In 
future decarbonization scenarios, these shares be-
come substantially greater [16]. Given their growing 
presence on the market, wind energy producers will 
probably be expected to take on many of the same 
responsibilities as other dispatchable power produc-
ers. ‘Market-aware’ policies are becoming increas-
ingly necessary for the power markets to continue to 
operate efficiently with high shares of RE, as in a case 
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study for policy changes in the mid-continent  region 
of the U.S. [17] we develop an in-depth, grounded 
case study examining decision making within the 
Midcontinent Independent System Operator, a U.S. 
Regional Transmission Organization. We use a mul-
ti-method approach to the strategic action field theory 
(SAF; e.g. Moulton and Sandfort, 2015, or the Danish 
discussion around the ‘market model 3.0’ [18]. Under 
these conditions, value creation and flexibility become 
relatively more important than reducing costs in a 
system in which energy is sometimes abundant and at 
other times scarce. Producers must be ready to inte-
grate into markets, cease production and ride through 
disturbances while consumers must be prepared to 
adjust their demand flexibly. Moving power across 
large regions to ensure system reliability may also be 
important, as market signals guide energy dispatch, 
and system operations integrate variable resources, 
demand resources and storage in response to dynamic 
system need. These markets and the associated needs 
and incentives will drive wind energy and the electric-
ity system to behave in new ways. Policy research that 
informs the development and management of these 
markets is expected to be increasingly important.

The enhanced focus on value creation also requires 
a broader scope of optimization. The value of wind 
energy will be shaped by the technology mix in 
the overall system and its future development, the 
availability of storage, the demand response, and 
the overall regulatory and market framework. Some 
system developments will benefit wind energy and 
open up new business opportunities, such as the 
interaction between wind and solar energy. In some 
locations, having more solar energy in the system 
will boost the market value of wind energy, as mar-
ket prices will then be more closely correlated with 
solar production rather than wind energy. The hy-
bridization of plants (combining, for example, wind, 
PV and storage at the same site) could exploit this 
effect on a small scale. Here, research can analyse 
the overall potential and added value of different 
options, investigate how regulatory and economic 
barriers interact, and develop specific scenarios to 
take advantage of opportunities.

In addition, innovation in electricity market design 
could create new market opportunities, further 
enabling the massive scaling up of RE generation. 
The IEA estimates that, without changes in electricity 
market design, by 2050 about 7% of electricity gener-
ation from wind and solar will not be readily inte-
grated into markets (and hence curtailed). Moreover, 
the share of zero or negative price hours in a year will 

increase to around 30%, even with the active use of 
demand response [3]. Changes in market design for 
the efficient operation of the market and the better in-
tegration of renewables can reduce system costs while 
improving operations. For example, price signals to 
consumers, faster market operations, shorter gate-clo-
sure times, the participation of all market participants 
in balancing markets, potentially through aggrega-
tion, can change the roles of all market participants.

Investments, risk, financing and capital flows
The rapid declines in the cost of wind technology, 
coupled with reduced support levels (even zero-sub-
isdy – see [19]), make wind energy more exposed to 
market risks. It is often argued that renewable ener-
gy projects have inherently higher financing-related 
risks than fossil-based thermal generation assets 
[20], which in a competitive market makes financing 
issues and the cost of capital significant factors.  

Energy policy directly shapes the market risk 
exposure of wind projects through choice and the 
design of support instruments. Although many 
economic risks can be managed by projects them-
selves through insurance, guarantees, derivatives 
(including financial hedging), risk-sharing (in joint 
ventures etc.) and risk-transfer approaches [21], the 
provision of long-term revenue stability by govern-
ments can be crucial in facilitating the financing 
of capital-intensive projects. In low-risk policy 
frameworks, such projects can achieve greater debt 
capacity and lower costs of debt, potentially reduc-
ing the costs of equity [22, pp. 385, 23].

Future research on financing wind energy is needed 
to address questions such as: How much risk should 
be allocated to renewables projects? Who should bear 
this risk? Research can examine the partitioning of 
risk across different actors and time scales to support 
the development and operations of wind projects. 
Furthermore, improved understanding of the invest-
ment considerations of private investors can inform 
policy design across different contexts. Here, decisions 
depend as much on the variability of returns as on 
the return expectation itself. Project owners are not 
concerned to develop a least-cost project, nor even to 
achieve the highest returns: they are seeking the best 
risk-return relationship for their investments. In addi-
tion, individual strategies, opportunity costs, irreversi-
bility, decision flexibilities, etc., also play a role in their 
decision-making. Risks on both the cost and revenue 
sides must become an integrated part of policy con-
siderations, so that implemented support measures 
can in fact deliver the desired private investments.  
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When risk is added to the context of policy-making, a 
different set of policy instruments becomes available 
with which additional investments can be supported 
and managed. For example, policymakers can help 
to reduce risk through ‘financing support’ measures, 
such as the provision of reimbursable equity or ven-
ture capital from governmental institutions, low inter-
est loans, equity guarantees, loan guarantees and secu-
ritization products [24]. The development of financial 
engineering instruments for smart support policy that 
de-risks investments could also be worthwhile.

Over the next decade, a large increase in capital 
investment in renewable energy assets is expected, 
reaching about USD 1.3 trillion in annual investment; 
such levels are high compared to current renewa-
bles investments, but only slightly more than the 
highest level ever spent on fossil-fuel investments 
(USD 1.2 trillion in 2014) [3]. Traditionally, much 
of the capital in the energy market came from public 
markets or government support. In recent years, 
however, investor profiles have been shifting toward 
private investors, including pension funds and private 
equity firms [25]. With targeted reforms, policy and 
regulatory frameworks can become successful in lev-
eraging more private resources to finance renewable 
energy projects. An interesting development driving 
investment involves initiatives to ensure transparency 
and the disclosure of private financial activities. The 
recently developed EU Taxonomy for sustainable ac-
tivities and related disclosure obligations for financial 
activities is a crucial step in this direction [26]. In 
research endeavours, the impacts of energy policies 
on individual market actors can be investigated to 
improve understanding of the future market develop-
ment potential and industry development. Such work 
will be critical to understanding if and how sufficient 
capital can be made available to enable the invest-
ments necessary for energy transition. 

Electrification, enabling infrastructures and 
digitalization 
The future sustainable energy system is generally 
expected to rely more on electricity, which may 
account for 50% of global energy consumption in 
2050 [3]. The different energy sectors will be more 
integrated, and electricity will play a key role in link-
ing across sectors (including transport, heating and 
industry). To achieve this, total electricity generation 
must increase two to three times by 2050 [3]. The 
scaling up of wind energy in a future energy system 
will coincide with and depends on a shift toward 
electric power and away from traditional fuels in 
all energy sectors (see IEA’s suggested zero-carbon 

pathways [3]). The shift to electricity and increas-
ing the coupling of different energy sectors will be 
partially driven by a ‘mobility revolution,’ in which 
we expect electric vehicles to dominate in transport 
during the next ten to fifteen years [27]; see also 
the recently announced EU sustainable and smart 
mobility strategy [28]. In heating, electrification 
through heat pumps, both large-scale heat pumps in 
district heating and industry and small-scale ones in 
households, is expected to play an important role. 

In areas that are not easily directly electrified, such 
as heavy land and air transport, other solutions are 
needed to achieve decarbonization. In this respect, 
Power-to-X (PtX) technologies might be crucial for 
the energy transition, as they have the potential to 
act as a substitute for fossil fuels. Hydrogen is pro-
duced from electricity through electrolysis and can 
be used directly by industry and for transport pur-
poses, but it can also be injected into the gas grid, 
either directly, in small amounts, or by techniques 
such as the methanization of biogas. In Germany, 
large amounts of hydrogen are already used by 
industry, today mostly produced using natural gas 
as a feedstock. In the PtX process, hydrogen can be 
converted, for example, into ammonia (for use in 
maritime applications), methanol (for use in heavy 
trucks) and kerosene (for use in air transport).

This implies that wind energy policy is not and 
should not be about wind energy technology alone. 
An increased focus on enabling infrastructures and 
technologies can ensure the successful transformation 
of the energy system into one that is highly electrified 
and dominated largely by wind and solar energy. 

The first and largest element in this is electric grid 
infrastructure. Recent years have seen a trend toward 
declining investment in electricity grid infrastruc-
ture globally [25], which does not support increased 
electrification. Here, investments in long-distance 
transmission, local distribution networks, new grid 
substation structures, charging stations for electric ve-
hicles and more could improve support for the energy 
transition. Ensuring that this critical infrastructure 
is built with climate adaptation in mind is also key. 
Infrastructure development must anticipate and be 
adapted to future extreme weather events, including 
floods and wildfires.  Some scenarios find that annual 
investments in transmission and distribution grids 
must triple within the next decade [3]. Such massive 
investments in infrastructure require governments 
to take the lead in planning and devising appropriate 
incentivization structures. 
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Second, technologies such as those delivering 
additional flexibility into the electricity system 
have not been developed in the legacy system, 
where they are not needed in the same way. Policy 
can incentivize their development by introducing 
dedicated mechanisms. One of the biggest innova-
tion opportunities is advanced batteries, as well as 
other storage options (thermal and mechanical), 
but also hydrogen electrolysers that can be used to 
smooth the variable production of wind and solar 
production and support value creation (see also 
Chapter 6). Here, leaps in innovation are required, 
with major innovation efforts occurring during the 
2020s in order to bring the required new technolo-
gies to market in time [3]. 

Advances in digitalization and cybersecurity can 
provide new business opportunities to the wind 
industry and complementary actors, as system 
controllability increases and more efficient op-
erations of appliances and processes can reduce 
costs, especially for electricity use. For the past half 
century, energy markets have been dominated by 
large players and state-supported or state-owned 
entities whose scale has been an advantage. In the 
future, however, the driving force behind energy 
markets could be a new interplay between smaller, 
more diverse and more agile participants, includ-
ing residential and industrial energy ‘prosumers’ 
and financial players competing across increas-
ingly local markets. Local competition demands 
extensive use of digital tools to make the business 
manageable. Technologies to support this range 
from advanced analytics to virtualization and from 
automation to blockchain applications [25]. Along 
with advances in digital solutions, cybersecurity 
is increasingly becoming a focus as well, fostering 
access to the desired efficiency gains while protect-
ing critical infrastructure.

Defining new international and domestic rela-
tionships 
Creating net-zero-carbon energy systems requires 
unprecedented international cooperation between 
governments. The global challenges can only be 
solved through coordinated actions, especially on 
innovation and investment. Some best practice 
cooperation initiatives are already forming, such as 
the North Seas Energy Cooperation (NSEC), a coa-
lition of national policymakers from ten European 
countries around the North Sea with participation 
from the European Commission, coordinating the 
offshore grid development and the large renewable 
energy potential in the region [29].

New energy security challenges will emerge for 
governments, as resource and material requirements 
of a renewable energy system differ profoundly 
from those of a system running on fossil fuels. The 
wind energy industry is expected to become the 
largest consumer of raw materials in the world by 
2040 [30]. The production and processing of many 
minerals, such as copper, lithium, nickel, cobalt 
and rare-earth elements, are highly concentrated 
in only a few countries, with the top three produc-
ers accounting for more than 75% of supplies [30]. 
Policymakers across the globe will have to address 
the potential vulnerabilities around the availability 
of critical minerals, as well as ensure that extraction 
is socially and environmentally sustainable. “This is 
what energy security looks like in the 21st century,” 
says Fatih Birol, executive director of the IEA [30]. 

Domestic coordination across ministries and between 
different kinds of stakeholders could enable an effec-
tive and efficient decarbonization strategy, making 
decarbonization an integral part of all policy-making 
in a country, including on finance, labour, taxation, 
transport and industry. Public-private partnerships 
may be increasingly formed to tackle the enormous 
investment requirements in infrastructure and 
production assets. Research will have to accompany 
political efforts in this arena to enable informed deci-
sions and objective evaluations of actions.

The energy transition is reaching into the heart of 
societies, where many more members of societies 
must be deeply involved in change to make the 
zero-carbon future a reality. Energy policy needs 
to evolve to embrace the interests of people and the 
environment within this new expanded reach. In 
effect, “the transition to net zero is for and about 
people” [3]. This has implications for the policy 
process and decision-making: ensuring that future 
energy pathways fundamentally integrate social 
goals requires making energy policy transparent, fair 
and cost-effective at the same time. 

Conclusions and outlook 
Addressing climate change and the rapidly declining 
costs of wind energy provide new opportunities for 
wind energy, but also present new challenges. Even 
though “renewables are now mainstream in the 
power sector” [11], policy challenges remain, and 
new challenges are emerging. This also drives how 
wind energy policy research needs to be structured.

From a historical context, among the most important 
success factors in wind energy policy were 1) clarity 
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in the design of support schemes, 2) expressions 
of long-term political commitments, and 3) suffi-
cient levels of remuneration, allowing an acceptable 
level of profits for investors. Although these remain 
important, in the future a vital part of wind energy 
policy will be rooted in embedding wind energy into 
an enabling environment that allows the technology 
to become an even more significant contributor to 
the energy transition. Well-designed permitting and 
siting procedures are important, as are grid connec-
tion and operational and valuation procedures, which 
must be carefully designed and implemented. Poli-
cymakers need to enable pathways to allocate access 
to grids and markets, including innovative strategies, 
such as power-to-heat and power-to-fuel technolo-
gy interlinkages. Giving a high priority to equitable 
allocations of costs and benefits, as well as public en-
gagement and the involvement of local communities 
in shaping their energy future, may also be critical.

The trend of wind energy becoming a mainstream 
technology implies that wind energy producers are 
now market players with the same responsibilities as 
every other power producer. Looking ahead, value 
creation becomes more important than cost reduc-
tion in a system with variable power resources. The 
increased focus on value creation requires a flexible 
orientation allowing for a broader scope of optimi-
zation variables, wherein the value of wind will be 
shaped by the technology mix, the development and 
operation of the whole energy system, including the 
availability of storage and demand response, and the 
supporting regulatory and market framework. 

This requires a refocusing of current energy policy 
research, creating more and truly interdiscipli-
nary projects to enhance our understanding of the 
dependencies between wind energy technology 
and its surroundings and to enable the creation of 
innovative policy solutions, thereby enhancing the 
embedding of the technology in the natural, social 
and market environments. 

The achievement of a net-zero energy system will 
require unprecedented international cooperation 
between policymakers, market actors, citizens and 
researchers. The global challenges can only be solved 
through coordinated actions in which different targets 
and interests need to be carefully negotiated, evaluated 
and managed, including local issues such as job crea-
tion and commercial advantages against the collective 
global need for clean energy technology deployment.
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Wind energy is today the workhorse in the 
green transformation of our energy sector. 

To reach the 2°C target by 2050, we need to triple 
today’s level of effort in reducing GHG emissions 
and speed up the pace at which we install new wind 
capacity. At the same time, we are experiencing long 
development times for wind farms due to planning 
and permissions processes.  In Figure 1, some of the 
factors that influence both the strategic planning 
and the approval of single projects are shown. The 

legislation sets the scene in that it prescribes the 
approach for carrying out environmental or social 
impact assessments, as well as setting specific limits 
or thresholds in some cases. 

This chapter will address the challenge of balancing 
social interests, of increasing the pace at which we 
allocate space and install wind farms, and of how we 
incorporate the interests of other stakeholders, local 
communities and biodiversity.    

Where to put wind farms?  
Challenges related to planning,  
EIA and social acceptance 

a DTU Wind Energy
b Center for Miljøvurdering, AAU
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Where to put wind farms?  
Challenges related to planning,  
EIA and social acceptance 
Niels-Erik Clausena, David Rudolpha, Julia Kirkegaarda  
and Sanne Vammen Larsenb

Can’t we just put it all in the sea? On the 
need for onshore wind and repowering
From onshore to offshore …. 
Offshore wind energy is widely considered to have 
three main advantages over onshore wind: the avail-
ability of more physical space, better and more stable 
wind conditions, and less public resistance to the 
deployment of large wind farms are all considered as 
having contributed to a shift towards the extensive 
exploitation of offshore wind. 

In particular, the latter issue, manifested in local 
opposition, multifaceted conflicts and scarcer land 
resources, has not only been increasingly identified 
as a key obstacle to the growth of onshore wind 
capacities, but has also partially slowed down the 
realisation of new wind farm projects, especially in 
countries with more advanced wind-energy land-
scapes, like Denmark and Germany. Conflicts over 
the establishment and deployment of renewable 
energy facilities, in particular wind farms, have 
resulted in a wide-ranging and prolific research 
area which has been described as ‘the social ac-
ceptance of renewable energy technologies and 
associated infrastructures’ [for overviews, see 1, 2]. 
Both qualitative and quantitative studies focusing 
on wind energy have played a formative role in this 
research area. Research into social acceptance has 
broadly evolved along two pathways, both aimed 
at advancing the understanding of social contesta-
tions over wind farms. The first strand focuses on 
the procedural aspects of wind farm planning and 
development. This strand deals with the roles of 
the governance and planning processes in shaping 
responses to wind farms [3] and considers issues of 
public engagement and participation [4], trust and 
fairness [5,6]. The second strand of research high-
lights the significance of distributive justice in the 
deployment of wind farms, mainly in terms of the 
distribution of their perceived impacts and benefits. 
Research within this strand has made use of various 
approaches to look at the ownership of wind farms 
[7], the delivery of community benefits [8] and so-
cio-psychological factors related to the perception of 
the visual [9], noise [10] and economic [11] impacts 
or perceived changes to landscapes, place identity 
and place attachment [12].     

In light of the intensifying tribulations of onshore 
wind development in many areas, general expecta-
tions or assumptions share the common understand-
ing that offshore wind farms are less controversial 
and enjoy higher levels of acceptance than those 
onshore. This presumption seems to be inferred from 

the NIMBY (not-in-my-backyard) phenomenon, as-
suming that a location offshore is more tolerable due 
to the larger spatial distance from where most people 
live. However, in contrast to this hopeful assumption, 
offshore wind farms also encounter fresh opposi-
tion with specific characteristics. In one of the first 
overviews to focus on non-technical issues related 
to offshore wind-farm development, Haggett [13] 
already suggested that moving wind farms offshore 
is unlikely to avoid all the challenges that wind farms 
have encountered on land and that in fact novel issues 
are also likely to arise. Indeed, numerous studies 
have described various conflicts between offshore 
wind farms and other marine or coastal uses and 
environmental interests [14-16]. Thus, the emergence 
of offshore wind farms has likewise highlighted the 
need to create new approaches to the co-existence 
of new and established uses of marine environments 
and have urged enhanced marine governance and the 
implementation of strategic planning of such uses. 
This becomes particularly relevant as more and more 
offshore wind farms commence operation. Despite 
their advantages, there are also challenges that need 
to be taken into account in the future. A so far less 
recognised consequence is the potential risk of the 
affective alienation of the general public from the 
urgency of the energy transition, if electricity pro-
duction is largely moved away from people’s everyday 
lives. Given their scale, technological complexity, re-
quired expertise, and the costs and risks involved, it is 
mainly multinational energy companies and utilities 
that have driven the development of offshore wind 
farms. As a consequence, a current feature of offshore 
wind farms is a less diverse ownership structure and 
the material participation of the public compared to 
their counterparts onshore. 

Considering the manifold possibilities and challeng-
es of both offshore and onshore wind, the question is 
neither one of putting all wind turbines offshore, nor 
of emphasising the expansion of one over the other. 
Both developments should be pursued in their own 
right and need to be advanced in parallel while con-
sidering their particular advantages and disadvan-
tages. Although the climate emergency demands a 
certain pace for the large-scale expansion of renew-
able energy, the wider social context must be taken 
into account as well [17]. The energy transition is 
not just about ramping up renewable energy capac-
ities in the most (cost-)efficient way, it also provides 
an opportunity and lever for social transformation. 
This latter aspect is where the utilization of onshore 
wind energy has proved advantageous, although its 
full potential has not yet been realised yet.   
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…. and back again?
On the one hand, the expansion of offshore wind 
energy is much needed to increase the renewable 
energy capacities that are vital if the deep decarboni-
sation of the energy and transport sectors is going to 
reach a position where they can disrupt and replace 
fossil fuels, rather than adding to and compensat-
ing for ever-increasing energy consumption. This 
is where offshore wind will need to be ramped up 
to meet Europe’s targets of installing 250-400 GW 
by 2050 in comparison to 20 GW in 2019 [18]. 
On the other hand, the use of onshore wind has 
shown that ownership of wind turbines and access 
to land to harvest wind can enable meaningful and 
impactful asset-based economic development in 
the areas in which wind farms are deployed. In that 
regard, the production of renewable energy comes 
secondary, whereas the primary purpose of wind 
energy is conceived as way to initiate local sustain-
able development, in particular in peripheral and 
disadvantaged communities. During the early stages 
in the evolution of wind energy development, this 
has mainly been achieved through the cooperative 
local ownership of wind turbines [19, 20]. In light of 
technological advances and the increasing com-
mercialisation of wind energy driven by the larger 
developers, an economic re-anchoring of wind 
turbines in the localities in which they are deployed 
has been pursued either through a proactive re-dis-
tribution of revenues to create positive local impacts 
[21] or a diversification of ownership structures by 
making possible the community (co-)ownership of 
wind turbines [22, 23]. However, new possibilities 
for local benefits have emerged more recently that 
bring production and demand closer together by 
directly linking onshore wind to other sectors, like 
green fuels, transport and agriculture (P2X), or 
linking electricity from wind turbines to a network 
of decentralised energy solutions (e.g. virtual power 
plants, power purchase agreements).    
  
The need for repowering
One of the biggest challenges for onshore wind in 
the pioneer countries, such as Denmark and Ger-
many, is the advanced age of the existing turbines 
[24]. In Denmark, 30% of all onshore wind turbines 
are more than twenty years old, while in Germany 
more than 30% of the wind turbines will reach the 
end of their FiT support in the next four years [25]. 
The approaching end of the operational lifetime 
and phasing out of subsidies requires further large 
rounds of repowering wind turbines if existing 
capacities are not going to dwindle. While previous 
cycles of repowering old turbines between 2001 and 

2003 in Denmark replaced 1480 turbines (122 MW 
in total) with 272 more efficient turbines (324 MW 
in total) [26], the required extent of future cycles 
would need to be substantially larger. In particular, 
the latest Danish legislation requires the removal of 
old turbines before new wind turbines can be built, 
which puts more pressure on developers to incorpo-
rate decommissioning as part of their development 
process. However, this poses a number of regulatory, 
spatial and socio-economic challenges that need to 
be carefully re-considered [27] in order to steer an 
efficient process that enables the fruitful re-attach-
ment of local communities to onshore wind farms 
and facilitates a just transition. These issues include 
expiring and changing subsidy schemes which tend 
to affect the ownership structures of wind farms, 
changing regulations, such as set-back distances 
or environmental assessments, that may constrain 
previous locations, or modifying planning proce-
dures. Furthermore, there is a blatant lack of knowl-
edge on how community responses to wind farms 
may change over time once they are operational. 
Although adaptation to and familiarisation with 
change is assumed to lead to contentment, it cannot 
simply be taken for granted that communities will 
develop highly positive attitudes when living with 
wind farms [2]. Thus, there is also an urgent need 
for research examining how people’s lived experi-
ences with existing wind farms may be manifest-
ed in new iterations of development, end-of-life 
decision-making  and repowering with taller wind 
turbines [28]. Considering these issues becomes par-
ticularly vital because the approach to planning and 
developing wind farms has proceeded with reference 
to greenfield sites, while a holistic framework for 
repowering is still largely absent, resulting in ad-hoc 
practices and a slow pace of repowering.       

Trends in impact assessments for land-
based wind
As stated earlier, an important trend in research 
and practice regarding land-based wind power 
especially is opposition from local residents. The 
conflicts over land-based wind projects are a major 
concern, as they are seen as presenting obstacles 
or delays in the green transformation of energy 
systems [see e.g. 2]. In order to minimize or avoid 
conflict, it is important to know what the conflicts 
consist of. In this context, impact assessments often 
become an arena for disputes, as they are the main 
decision-support tool, where information on the 
impacts of a project is gathered, shared and dis-
cussed in a fixed process that includes transparency 
and public participation [29]. 
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In Europe, impact assessments of land-based wind 
mainly take the form of Environmental Impact 
Assessments (EIA) enacted through the EU Direc-
tive. The EIA is a formalised process of assessing 
a project’s impact on the environment, providing 
information that can enter into the decision-mak-
ing process before a project is approved or reject-
ed. Besides aiding decision-making, the goal is to 
contribute to designing more sustainable projects 
and to ensure transparency for the general public. It 
is characteristic that impacts on the environment are 
broad in their scope, including, for example, popula-
tion and human health [30]. 

A high level of conflict in the process in general 
can result in legal complaints over the decisions 
and the process itself. In Denmark, complaints 
related to EIA are mainly addressed to the Board 
of Appeals on Environment and Food. The content 
of these complaints can be seen as an expression of 
the concerns of local residents and are at the core of 
opposition and conflict. A search on the portal of 
the board of appeals in April 2021 yielded thirteen 
rulings from the board concerning land-based wind 
projects in 2020 and 2021. An overview of the parts 
of the assessments that were subject to complaints is 
provided in Table 1 below. To provide an idea of the 
proportions of these complaints, during 2020, 157.3 
MW of land-based wind power was put into oper-
ation [31], while the complaints for which a ruling 
was made in 2020 cover approximately 172 MW.

Most of the complaints are against assessments of 
the visual and noise impacts, and generally many of 
them concern the social and health impacts, such as 
human health and socio-economic aspects. The con-
cerns about shadow flicker, visual impacts and noise 
are related to human health and well-being (the 
example of noise is treated a further length in the 
next section). Studies have shown that one of issues 
causing conflicts is the mismatch between the EIA 
reports and community concerns; the former tend 
to focus on the biophysical environment, while local 
residents also care about the social and socio-eco-
nomic impacts, as supported in hearing comments 
and in interviews [29]. Assessing the impacts on 
local bat populations is the only biophysical issue 
which surfaces as part of only four complaints. 

Local residents are concerned about the assessment of 
social and human health and the well-being impacts 
of planning wind projects. They are also concerned 
about the process: nine of the complaints are about 
the process and the lack of perceived local authority 
responses to citizen concerns and comments voiced 
in statements and during hearings. This emphasizes 
the importance of the design and transparency of the 
planning process, as it can also be the locus of opposi-
tion and conflicts [see, e.g. 29,2]. 

Challenges related to social acceptability 
and noise 
One of the obligatory aspects, one that, as shown 
above, is of great concern to the general public, that 
an EIA needs to address is the sound made by wind 
turbines and the “amount” of sound (technically 
defined) that is predicted to be present at dwellings 
in the vicinity of a wind farm. However, the neutral-
ity of such approaches is seldom evident, as, in most 
cases, the impact assessment and the regulations 
they are based upon classify the sound as “noise” 
(i.e. an unwanted sound). In Denmark, the statutory 
order on the noise impact of wind turbines1 outside a 
dwelling states that it must not exceed 44 dB(A) at a 
wind speed of 8 m/s and 42 dB(A) at 6 m/s. In areas 
of noise-sensitive land-use (clusters of dwellings) the 
levels are lower: respectively 39 and 37 dB(A). For low 
frequency noise (10 - 160 Hz) the limit is 20 dB(A) 
measured inside the house. The impact applies to all 
the wind turbines in the area and is calculated using 
a method set out in the statutory order. The results of 
these calculations are often displayed in EIA reports 
as contour plots of constant dB(A). Most other coun-
tries have similar specific legislation regarding noise 
and require these to be addressed in EIA reports. 

Despite noise being such a well-regulated area, the 
sound – often framed as unwanted ‘noise’ – emanat-
ing from wind turbines is one of the most contested 
issues in wind-farm planning and development. As 
can be seen in Table 1, noise is the aspect that has 
received the most complaints in the EIA reports 
(10). This is supported by Borch et al. [32] who show 

1 Danish Environmental Protection Act, cf. Consolidation 
Act No 753 of 25 August 2001 and following amendments

Table 1.
Number of complaints 

concerning the impacts 

mentioned in the EIAs. 

A complaint can concern 

more than one impact. Ex-

tract from thirteen rulings 

of the Danish Board of 

Appeals in 2020 and 2021. 

Theme Human 
health

Bats Shadow 
flicker

Socio- 
economy

Visual  
impacts

Noise

Number of 
complaints

3 4 5 5 8 10
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that noise, especially low-frequency noise, is among 
the phenomena that are most commonly com-
plained about and the most highly contested areas in 
planning a proposed wind farm on land. 

One of the techno-scientific challenges involved is 
that the traditional dB(A) weighted sound assess-
ment regime was designed for assessing sounds 
that were more or less constant and for taking into 
account with just one figure of how the human ear 
responds to many various frequencies. All stand-
ards, rules and regulations for wind turbine noise 
use this regime. However, wind turbine noise is not 
constant, but has characteristics that vary, are inter-
mittent, and can be masked or be more evident, as 
well as being dependent on atmospheric conditions, 
particularly the wind itself. 

Fieldwork conducted by DTU Wind in the Wind2050 
project [33] has focused on how developers and 
planners in the planning and development phases 
default to using scientific descriptions and technical 
communications. That is, by deferring to regulations, 
and given their definitive noise-level specifications in 
units of dB(A), the socio-technical interface between 
wind farm planning and development is turned into a 
purely technical domain. This, for most lay people, is 
a difficult area to understand with the proliferation of 
graphs, logarithmic units and comparisons to scales 
of ‘everyday’ noises such as lawnmowers and air-
planes. Further, it often leads to wind farm developers 
and promoters using a ‘present and defend’ approach 
to noise, where they attempt to counter people’s feel-
ings about noise with technical facts and a demon-
stration of the fulfilment of regulations, thus causing 
a contested boundary between the ‘legitimate’ ‘expert’ 
and ‘illegitimate’ lay knowledge [34]. This can help 
explain why noise is the complaint most frequently 
raised at public hearings and why it is a central issue 
in many written complaints as well. 

Several studies in the planning literature have looked 
into the issue of wind turbine noise, thus moving 
beyond the technical perspective. One major part of 
the literature is based on quantitative psychometric 
studies measuring the health impacts of annoyance 
and the perceived risks of noise [35, 36 (Danish 
Cancer Society’s Health Report)]. Here, the sound 
emanating from a wind turbine is treated as a stressor 
that can lead to annoyance, and repeated sounds 
can have a detrimental effect on people’s well-being. 
Survey-based ‘dose-response’ studies have detected to 
what extent the distance from and quantity of noise 
exposure translates into a certain intensity of annoy-

ance and health impacts [10,35,37,38]. In contrast, 
the more qualitative part of the literature has looked 
at how the sound emanating from wind turbines 
produces a social and spatial reaction (annoyance), 
with the noise from wind turbines impacting on the 
landscape, people’s sense of place and their identity 
[e.g. 39]. Others have stressed how uncertainty and 
immeasurability regarding noise impacts can trigger 
public resistance to the ‘scientific facts’ [40]. 
 
Drawing upon recent developments in public 
engagement with science [41] and citizen science 
[42,43], several studies have inquired into how inno-
vative science communication and co-creation [44] 
between diverse experts and publics can ameliorate 
controversies in wind energy development. Building 
on this latter research stream, an ongoing project 
(Co-Green, 2021-2024) led by DTU Wind Energy 
[45] inquires into the many modes of understanding 
of what noise and sound are.

Current and critical topics in offshore EIA 
Marine spatial planning
As touched upon previously in relation to off-shore 
wind farms, marine spatial planning (MSP) is a 
process that is used to balance the needs of the mul-
titude of marine users and uses by applying princi-
ples derived from spatial planning on land. In the 
EU, the directive on ‘establishing a framework for 
maritime spatial planning’ directs the new planning 
with a point of departure in ‘The high and rapidly 
increasing demand for maritime space for different 
purposes, such as installations for the production of 
energy from renewable sources, oil and gas explora-
tion and exploitation, maritime shipping and fishing 
activities, ecosystem and biodiversity conservation, 
the extraction of raw materials, tourism, aquaculture 
installations and underwater cultural heritage, as 
well as the multiple pressures on coastal resources…’ 
[46 p.1]. Based on this statement, marine spatial 
planning aims to prioritize and allocate offshore 
space to various activities, including offshore wind 
turbines, in a holistic and transparent process. This 
represents a shift in the planning paradigm for, e.g., 
offshore wind evolving from planning on an individ-
ual project-to-project basis to having a strategic plan 
as a larger framework. 

The potential of the shift to having a strategic plan-
ning level includes:
• Improved assessment of cumulative impacts 

between the different activities preventing 
over-exposure or exploitation of the natural 
environment
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• A smoother process at project level because 
the assessment and balancing of impacts have 
already been started at the strategic level

• Ultimately securing sustainable development at 
sea, e.g., by using an ecosystem-based approach

In the EU, six of the 22 EU coastal member states had 
handed in their marine spatial plans by the mandated 
deadline of 31st March  2021, including Belgium, 
Denmark, the Netherlands, Finland, Latvia and Por-
tugal [47]. The marine spatial plans are pivotal to the 
continued development of offshore wind energy, and 
it will be crucial to evaluate the outcomes of the new 
planning instrument. The plans are at different stages 
of development, with some having been reviewed by 
stakeholders and others undergoing review currently. 
The review of the Danish Maritime Spatial Plan and 
the associated Environmental Impact Assessment 
report runs from 31 March until 30 September 2021. 

Challenges for offshore wind
The Danish Maritime Spatial Plan identifies ex-
pansion areas for renewable energy installations to 
comply with the political target of a 70% reduction in 
CO2 emissions by 2030. The total area reserved for 
renewable energy is 11,000 km2, of which 4000 km2 
is projected to be occupied by 12.4 GW offshore wind 
by 2030. Table 2 contains an overview over the main 
environmental and social impacts to be considered in 
planning large amounts of offshore wind energy.

For example, consider noise from offshore wind 
farms. Two types of noise are relevant: noise emitted 
into the air, and noise emitted underwater. As regula-
tions for airborne noise refer to humans, this is nor-
mally not an issue for offshore wind farms. However, 
the noise emitted under water can be significant and 
will travel far: in particular, noise emitted in the con-
struction phase can travel 10-20 km if not mitigated. 
Underwater noise originates from the following three 
sources, the first being the main one: 

• Monopile pile-driving 
• Underwater dredging for cable-laying
• Increased vessel traffic during construction  

Although the amount of vessel traffic during the 
construction phase can be quite significant, the 
noise from pile-driving is by far the dominant 
source. During construction with pile-driving the 
noise level is so high that it may harm the hearing 
of marine mammals such as harbour porpoises 
or seals. By 2011 the German authority BSH2 had 
set a limit to the sound exposure level of 160 dB, 
measured at 750 m from the construction site [49]. 
In order to comply with this noise level, developers 

2  Bundesamt für Seeschifffahrt und Hydrographie 
(German regulatory Federal Maritime and Hydrographic 
Agency of Germany)

Figure 2.
Screen shot of the 

Global Wind Atlas web 

page, showing the user 

interface, approximately 

2 TB of data available for 

display in the atlas.
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needed to deploy mitigation measures like air-bub-
ble curtains and double-walled piping.  

During the operational phase of the wind farm, the 
underwater noise is significantly lower, and marine 
mammals will return to the wind farm site and use 
it as before. In this phase, the wind farm and the 
mammals can co-exist. 

In the future, with larger and larger turbines and wind 
farms entering deeper water, we also expect larger 
mono-piles. Accordingly new foundation principles 
or floating platforms for wind turbines are being 
developed for depths of water greater than 60 m.

Discussion and Outlook 
One way to acquire access to more space for renew-
able energy, in particular wind farms on land as well 
as offshore, is to look for areas of co-existence, that 
is, areas where wind farms can exist together with 
one or several other users of the same area. Areas of 
co-existence can be divided into three types [50]:

• Negative co-existence, where there is a mutual 
disadvantage

• Passive co-existence, where there are no disad-
vantages or synergies 

• Active co-existence, where there are mutual 
planned benefits or synergies

An example of applications with passive co-existence 
is an offshore wind farm with tourism activities such 
as whale-watching in the same area, while a wind 
farm on land with farming in between the turbines 
might be an example of active co-existence leading to 
additional income for the landowner. Other exam-
ples of active co-existence are wind farms where a 
part of the annual revenue is earmarked and used 
for the benefit of the local community, for example, 
to upgrade the local infrastructure and invest in new 
sports facilities or similar. On the other hand, areas of 

negative co-existence will often lead to conflicts. 

Finally, it is important to note that although conflict 
can clearly have negative consequences for the speed 
of the transition to renewable energy, it also serves 
purposes such as quality assurance and is part of a 
living local democracy concerning significant infra-
structural developments.  
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Power systems, following some early-stage pro-
totypes, evolved as synchronous systems with 

synchronous generators at their core and alternating 
current (AC) transmission and distribution to connect 
with the power system and deliver power. This funda-
mentally synchronous aspect of the power system dic-
tates how it has been and pretty much still is planned 
and operated. However, we are witnessing a transition 
of the primary energy resource from fossil- or nucle-
ar-fuelled to variable renewable energy (VRE) and in-
verter-based resources (IBR). This transition is driven 
by changes in technology, consumer preferences, and 
government and social expectations and is expected to 
accelerate, influencing transformations of the power 
system for the foreseeable future (Figure 1) [1].

Real-life experience of operating power systems with 
higher shares of variable inverter-based renewable 

energy sources (VIBRES), mainly wind and PV, is 
accumulating (Figure 2). In Denmark, the share of 
VIBRES is approaching 50%, and about 25% of the 
time-renewable generation exceeds the load. Since 
2015 the system has sometimes operated continuously 
for consecutive days without dispatching any of the 
larger thermal power plants, and with system support 
coming from synchronous compensators and new 
voltage source converter (VSC)-type HVDC inter-
connectors [2]. For smaller island power systems, the 
transition to very high or 100% of renewables has been 
both studied (Ireland and Hawaii) and implemented 
in real life (Hawaii, smaller islands in Canada and the 
Caribbean) [3]. Ireland is at 30% IBR (mainly wind) by 
annual energy today, yet it has already reached a ceiling 
of 65% instantaneous IBR share with a target to push 
that ceiling towards 90% and beyond [4].

Moving towards a 100% VIBRES systems implies 
many challenges, as they differ significantly in both 
design and operation from traditional practice. Ca-
pacity and energy adequacy, operational flexibility and 
stability all have to be analysed and robustly facilitated 
to underpin the planning of future RE power system

Transmission technology
The ambitions for offshore wind development – 450 
GW by 2050 in Europe alone – are driving the de-
velopment of high-voltage direct-current (HVDC) 
technology. HVDC transmission is not new, having 
enewable share of annual power capacity expansion1 

1 IRENA, Renewable Capacity Statistics. 2021, https://
www.irena.org/publications/2021/March/Renewable-Ca-
pacity-Statistics-2021 
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Latest figures compared to previous estimates 

Compared to the capacity statistics published in March 
2019, the figures here have been revised upwards very 
slightly. Total renewable capacity in 2019 was reported 
as 2 537 GW last year and the new figure for 2019 is 
2 538 GW (+0.06%).  

As noted last year, most revisions can be explained by 
imprecise early reporting of distributed solar power 
generation in a few countries (which is often 
overstated). Upward revisions were also made this 

year for a few countries where data were not available 
and estimates were made last year. 

The other main revision has been an increase in the 
time-series for off-grid generation, where new figures 
have been found. Given the importance of increasing 
energy access and the widespread use of solar power 
for this purpose, countries are encouraged to continue 
expanding the collection of off-grid data for 
monitoring their national energy goals and targets.
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been around since the mid-twentieth century, 
mainly using line-commutated converters, but the 
development of VSC HVDC technology in the ear-
ly 2000s, combined with the increase in the scale 
of offshore wind developments, has significantly 
expanded the potential and opportunities for 
HVDC-connected offshore wind farms. Thanks to 
their technical properties, HVDC lines can be used
 to: (i) facilitate exchanges between asynchronous 
power systems; (ii) increase coordination between 
regional networks, resulting in more reliable power 
system operation; and (iii) integrate large-scale 
offshore wind, allowing access to offshore sites with 
favourable wind conditions. Until now, they have 
been utilized only as point-to-point connections 
(Figure 3). However, this practice is inefficient, 
leading to increased costs and significant envi-
ronmental impacts. To avoid or at least minimize 
these problems, moving towards the development 
of offshore grids and hubs/islands is envisaged. 
This, however, implies that HVDC converters from 
different vendors would have to operate together 
in a seamless, efficient and stable manner. This 
becomes even more apparent when considering 
the development of energy islands. To facilitate the 
cost-efficient connection of massive amounts of 
offshore wind power, Denmark is revolutionizing 
the grid-connection concept for offshore wind by 
deciding to develop and build two energy islands 

(Figure 3). The North Sea Energy Island is par-
ticularly ambitious, as when fully developed it will 
be one of the largest energy hubs in Europe, with 
a target of 10 GW installed capacity in the long 
term (i.e. double the 5 GW power plants operating 
today).

Power electronic converters are versatile and flex-
ible units, with complex and sophisticated control 
algorithms. Operationally, they are (almost) fully 
defined by control (software) rather than physical 
characteristics (hardware), with the latter mostly 
defining their technical limitations (e.g. voltage, 
current and fault response). In their final form, the 
electrical systems of the offshore energy islands will 
include multiple wind-power plants and HVDC 
converters from multiple manufacturers, and their 
control systems are vendor-specific and confiden-
tial. Consequently, a system (wind-power plant) or 
component (HVDC converter) needs to operate 
effectively with other systems and/or components 
from a different vendor. The challenge here lies in 
developing a process for ensuring interoperability 
without requiring full disclosure of the detailed 
converter control from the manufacturers. Fur-
thermore, it is already being acknowledged that 
converter control software (and even hardware 
technology) is likely to be significantly different in 
2030 compared to today.

Figure 2.
Systems with high shares 

of IBR [5] 
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Flexibility in a sector-coupled future
Driven by the electrification of sectors such as heat 
and transportation, electricity consumption is ex-
pected to increase significantly. Projections in Europe 
towards 2050 show electricity demand doubling or 
even tripling compared to today [8,9]. Electricity 
generation is expected to be dominated by variable 
renewable energy (VRE), mainly wind and solar 
power. This increasing variability on the supply side 
requires flexibility from the demand side to keep the 
power system in balance. Demand-side management 
and integration with other energy sectors, such as 
heat, transport and power-to-X (often called sec-
tor coupling), are active areas of power and energy 
system research [1,9,10]. Power-to-X (PtX) is a way 
of converting electricity production to hydrogen, 
synthetic gases, fuels or chemicals using electrolysis.

Interconnections between countries (see Figure 3), 
mostly using the VSC HVDC technology intro-
duced above, added to the existing synchronous 
interconnection of countries, provide flexibility by 
allowing more optimal flow of energy over large 
geographical regions [11], facilitated by intercon-
nected electricity markets. Recent literature shows 
that sector-coupling can also provide significant 
flexibility to the system, e.g., through P2X and 
utilizing flexibility in the heat sector [9,10]; however, 
it is not either grid expansion or sector coupling, but 
rather a mixture of the two that allows an optimal 
pathway towards the energy systems of 2050. The 
VRE supply side can also be designed to facilitate 
easier system integration. Modern turbines can 
provide roughly double the capacity factor com-
pared to older installations [12], allowing a more 

Figure 3.
HVDC interconnectors in 

Europe (left, reproduced 

from [7]) and North Sea 

Energy Island (right)2

dependable supply. Large-scale deployment of the 
LowWind technology, presented in detail in Chapter 
8, decreases the need for transmission expansion 
[13], as well as increasing revenues for the produc-
ers. As more wind generation is installed, electricity 
prices tend to fall when wind generation is high, and 
new installations push this negative correlation even 
more strongly, driving down revenues. However, the 
LowWind turbine’s tendency to generate when other 
wind turbines are not producing can mitigate this 
cannibalization effect [13].

Sector-coupled and highly renewable European 
energy systems show impressive CO2 reductions in 
studies [9]. However, significant challenges re-
main in achieving these projections. In addition to 

challenges in operating a system dominated by IBR, 
as discussed above, energy adequacy needs to be ad-
dressed to ensure power-system reliability, [1,5]. Ad-
vances in meteorological reanalysis and modelling 
(see Chapter 3 for more information) allow decades 
of weather simulations to estimate the likelihoods 
of extreme VRE generation events [12]. Combined 
with stochastic simulation, this also allows prepar-
edness for high temporal resolution ramp and storm 
events [14]. However, there exists a research gap in 
how to apply this information in large-scale system  
from [7]) and North Sea Energy Island (right)2

2  Danish Energy Agency, https://ens.dk/en/our-responsibili-
ties/wind-power/energy-islands/denmarks-energy-islands 
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analyses that also take changes on the demand side 
into account [11]. An additional uncertainty is how 
climate change may impact on the increasingly 
weather-dependent energy systems of the future, 
as discussed in Chapter 3. The recent incident in 
Texas is a reminder that extreme events can occur 
and highlights the importance of ensuring system 
reliability [15].

From power plants to hybrid energy 
systems 
The falling costs of wind, solar, storage and other 
technologies in recent times have increased the 
focus on combining the technologies into hybrid 
power plants (HPPs). HPPs have been around on 
a smaller scale, either as microgrids or as islanded 
systems, where the objective of HPP design and 
operation has been to deliver security of supply. 
In the last few years, however, interest has grown 
significantly in multi-MW utility-scale hybrid power 
plants being developed all around the world [16], 
such as the Kennedy Energy Park in Australia, Har-

ingvliet in the Netherlands or the planned 15 GW 
hybrid wind/solar Asian Renewable Energy Hub 
in Western Australia. These HPPs generally consist 
of more than one generation source and/or storage 
facility co-located, owned and operated together and 
connected to the grid at a single connection point, 
as shown in Figure 4. The objective of utility-scale 
HPPs is to maximize value for the power plant’s 
owners from the energy and ancillary service mar-
kets along with many other features [18-20] such 
as firm power, peak power support, etc. HPPs have 
been regarded as one of the technical solutions that 
can drive wind-market growth [17]. Although, the 
development of HPPs is largely driven by the struc-
ture of energy markets, nevertheless many HPPs are 
being developed around the world to meet pow-
er-system requirements, for example, the provision 
of peak power or power round the clock.

HPPs combining wind and solar power have the 
advantage of increased availability of resources 
owing to the inverse correlation between wind and 

NSON-DK (funded by EUDP, the Danish Energy Agency) studied how the fu-
ture massive offshore wind power and the associated offshore grid develop-
ment affect the Danish power system on short term, medium term, and long 
term towards a future sustainable energy system. The impacts on electricity 
markets, balancing needs, adequacy, and security of supply were studied.

Figure 4.
Hybrid Power Plant
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solar power. Additionally, if the HPP has significant 
storage, its flexibility increases. The capabilities of an 
HPP are listed below.

• Energy arbitrage. An increasing share of renewa-
bles leads to a fluctuation of electricity prices. For 
example, electricity prices are generally low when 
wind-power generation is high in a wind-dom-
inated power system. Wind-power plants can 
suffer from reduced income in a subsidy-free 
electricity market. Energy storage in the HPP 
provides the flexibility to store energy at times 
when energy generation is high and then provide 
power to the grid when the wind is low. 

• Frequency services. Storage, especially battery 
storage, supercapacitors and flywheels, have 
the ability to control active power production 
rapidly, making HPPs a suitable source for 
frequency service provision.

• Reactive power provision. Reactive power 
support from renewable power plants can be 
obtained from the power electronic converters 
of renewable generators. In an HPP, there is an 
abundance of converters in the wind turbines, 
inverters for the solar PV capacity and con-
verters for interfacing with electrical storage. 
Therefore, HPPs have the flexibility to provide 
reactive power at a level greater than would be 
available from a wind-power plant alone. 

• Balancing services. With an increased share of 
renewables in the system, imbalances due to 
forecasting uncertainties also increase, which 
results in increased requirements for balanc-
ing power in such power systems. Like energy 
arbitrage, storage in an HPP allows flexibility in 
providing balancing power.

• Reduction of uncertainty. Some power systems 
require renewable power plants to balance their 
forecast uncertainties, otherwise a financial 
penalty is incurred. Storage provides the flex-
ibility to mitigate those forecast uncertainties 
and reduce such penalties.

• Restoration support. Following a blackout in a 
renewables-dominated power system, the gener-
ating capacity of renewable sources can be used 
to restore the power system. Since no electricity is 
available during a blackout, the energy stored in 
an HPP can be used to power the auxiliary equip-
ment and control systems, which can then be used 
to start up the HPP. Additionally, as restoration 
can last multiple hours, the higher availability of 
HPPs as opposed to individual renewable power 
plants makes them a suitable choice.

• Specialized power plants. Some power systems 
might require specialized power plants such 
as peak power plants, round-the-clock power 
plants or load-following power plants. The high 
availability of wind-solar and flexible genera-
tion from storage makes HPPs suitable as such 
specialized power plants.

• Sector coupling. The flexibility of HPPs can be 
extended from the electricity sector to cover 
other energy sectors such as gas or heat. Sec-
tor-coupled HPPs have the flexibility to convert 
renewable energy from wind/solar into gas or 
heat, either when grid cannot absorb it or when 
electricity prices are too low for electricity to be 
sold to the electricity market.

Stability: reliability services
Maintaining a balance of load and generation sec-
ond by second and, related to this, a (near) constant 
frequency and voltage is a central responsibility of 
the power-system or grid operator. Higher VRE 
shares introduce greater variability and uncertainty, 
leading to more frequent and greater voltage fluctu-
ations and challenges to generation-load balancing, 
which results in frequency variation. Consequently, 
the concept of a ‘steady state’ tends to become that of 
a ‘quasi-steady state’ [1]. Major upcoming challenges 
are depicted in Figure 4, arranged according to the 
share of VIBRES when concerns become heightened 
versus the associated difficulties in resolving them.
However, there are many topics, looking forward 

HYBRIDize (Indo-Danish project, funded by Innovation Fund Denmark for the 
Danish part) develops new methodologies for sizing and operation of wind, 
solar, battery storage- based utility-scale grid connected hybrid power plants. 
A supervisory controller algorithm is being developed which interacts with an 
Energy management system for market participation as well as interacts with 
lower order individual plant controllers for meeting the market commitments, 
grid code requirements, and ancillary services.
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from a wind-power technology perspective, in 
which advanced capabilities towards grid form-
ing operations and green-/black-starts are highly 
relevant.

As described in detail in [21], wind turbines and 
wind-power plants in operation today are all grid 
following (GFL) in that they depend on an external-
ly controlled grid voltage of sufficient strength for 
their stable operation. While already contributing to 
system stability through the provision of ancillary 
services like fault ride-through (FRT), fast frequency 
response and reactive current injection, the large-
scale grid integration of offshore wind power plants 
(OWPP) and VSC-HVDC makes offshore wind one 
of the prime candidates to take up the system role 
of the conventional large thermal plants that are in-
creasingly being decommissioned. This includes not 
only more active participation in advanced voltage 
and frequency control through their converter inter-
face to ensure stable and robust grid operation, but 
ultimately also to participate alongside VSC-HVDC 
in providing black-start and to participate in the ear-
ly stages of power restoration.

Until recently, the power electronic converters used 
with wind and PV have been GFL operating in 
synchronism with the network waveform. Increas

ingly, a new extended class of grid-forming (GFM) 
power-generating modules and HVDC converters 
is required to ensure stable system operation with 
a high penetration of non-synchronous generation 

and IBR. GFMs use sophisticated control that allows 
them to create the system voltage and frequency, to 
counter harmonics and the lack of balance in system 
voltage and to contribute to short circuit power and 
system inertia. This is limited by the extent of energy 
storage capacity, including some from wind-turbine 
rotor inertia, and the available power rating. The 
ability to take the lead in creating the system voltage 
and frequency, rather than following a stable voltage 
delivered by synchronous generation, is key to en-
suring the flexible, efficient and reliable operation of 
future decentralized grids.

Traditionally, the first generation of IBR were 
connected to the grid to supply real and reactive 
power. These grid-feeding converters have basic 
survivability over a range of frequency and voltage. 
However, with the displacement of synchronous 
generation due to increased penetration by renewa-
ble energy, advanced control functionalities like low 
voltage ride-through and fast frequency response are 
being requested more and more from second-gen-
eration IBRs, classified as grid-supporting units. As 
such, the next generation of converters should be 
capable of more actively supporting grid operation 
under normal, alert, emergency and blackout states 
without having to rely on services from synchro-
nous generators. These grid-forming units include 
capabilities such as creating the system voltage, 
preventing adverse control interactions, countering 
harmonics and unbalances, and support-system 
survival. A very high level of representation of the 
three classes is shown in Figure 6.

Figure 5.
Summary of challenges 

and gaps for stability to 

achieve higher shares of 

IBR versus the difficulties 

of resolving them (repro-

duced from [1])3 
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At its simplest, a GFM converter is required to con-
trol the magnitude and frequency of its output volt-
age. This is commonly achieved through a cascaded 
voltage-current controller in which a faster inner 
current-control loop is used to limit over-currents 
during transients and faults which can damage the 
semiconductor devices in the converter.

Traditional power-system restoration comprises 
different stages (Figure 7) viz.: (i) preparation, in-
cluding defensive actions like sectionalizing strategy 
and planning restoration paths; (ii) system build-up, 
initially using black-start units that can work auton-
omously, followed by HV transmission backbone 
energization and load recovery in power islands; and 
(iii) load restoration, which consists of block-load-
ing, meshing and synchronization of the islands 
to enhance the resilience of the recovered network 
before connecting to the grid.

Grid-forming control of converter-interfaced re-
newable generation has been highlighted as one of 
the key technological innovations required to ensure 
system stability and robust operation for maintaining 
a resilient supply of power. Inclusion in the power 
system restoration strategy is essential to the reliabil-
ity and security of the future carbon-neutral grid that 
depends on non-traditional sources like renewables 
and distributed generation, since maintaining the 
status quo is no longer an option anymore. 

However, apart from the potential value to system 
operators of contributing to system stability by acting 
as a harmonic sink and by damping unbalances, as well 
as to grid recovery through black-start, grid-forming 
offshore wind turbines are expected to provide benefits 
to developers through their self-sustaining islanding 
capabilities. This can help minimize dependence on 
diesel generators to supply their own systems dur-

Figure 6.
Working philosophy of 

(a) Grid feeding, (b) Grid 

Supporting and (c) Grid 

forming units;

reproduced from [21]

Figure 7.
Target states in the 

energization sequence of 

HVDC-connected OWPP 

(reproduced from [21])
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ing grid outages or cable failures, and thus keep the 
turbines and converter station warm by energizing the 
offshore network, including cables and transformers, 
and supplying the distributed auxiliary loads through-
out. However, this so-called green-start capability 
presents a range of technical challenges due to the 
offshore grid being converter-dependent and low in 
physical inertia, with a large resonance potential due to 
the network of cables, transformers and filters, compli-
cated by the complex control interactions between the 
online converter units. This requires modifications to 
the wind-turbine control, which come at a cost but can 
help boost their potential in playing a more active role 
in providing ancillary services and making the wind 
farm more self-reliant.

Outlook
Wind power has all the prerequisites to become the 
cornerstone of the decarbonized energy systems of 
the future. While significant progress has been made 
already, numerous major challenges still need to be 
addressed. Some of the most prominent ones are 
defined by the profound changes that are anticipated 
in the future, e.g.: 

• Transitioning from connecting each offshore
wind project directly to shore to developing
offshore infrastructure combining transmission
with storage and/or local demand (power-to-gas)
such as energy islands/hubs.

• Extending the scope from wind-power plants to
hybrid energy systems able to provide improved
flexibility.

• Moving from grid-following to grid-forming
converters for turbines and wind-power plant, as
well as PV and battery storage.
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Wind farms are complex systems that involve 
many disciplines in science, engineering, 

and mathematics, with significant coupling across 
domains, from the wind resource to the machines to 
the larger electricity grid, energy systems, markets 
and society. In this chapter, we look at how all these 
elements come together to create the integrated 
design, operation and control of wind farms and 
renewable energy parks. A high-level perspective 
treating systems engineering as a framework for ho-
listic wind-energy system analysis and optimization 
is presented, followed by a more in-depth look at the 
physical modelling of wind farms, the state of the art 
in wind farm control and integrated wind farm de-
sign and operation. Finally, new frontiers in research 
into floating wind energy, hybrid power plants and 
wind farms designed for market and sustainability 
objectives are presented. 

Wind energy systems engineering
Wind farms are complex systems with high levels of 
coupling at both the individual wind turbine level 
through aero-servo-hydro-elastic couplings of the 
machine dynamics, and the wind farm level through 
intra-turbine and even inter-farm flows, as well as 
electrical dynamics and interactions with the larger 
grid system. Beyond the technical aspects, addition-
al complexities arise from the number of stakehold-
ers involved with the system design over its lifetime, 
which is of the order of twenty to thirty years or 
more. Wind farm design and operation also face a 
high degree of uncertainty from a variety of sources, 
including technical uncertainties, such as wind and 
met-ocean conditions, as well as market uncertain-
ties, such as current and future electricity prices. 
Systems engineering is an academic field that has 

developed specifically to focus on the research ap-
plied to systems with large levels of complexity and 
uncertainty, such as wind farms [1]. In the last dec-
ade, use of systems-engineering techniques, such as 
multi-disciplinary design, analysis, and optimization 
(MDAO) in wind energy applications, has grown 
substantially [2]. Systems engineering is character-
ized by an approach to system design, analysis and 
optimization that is multidisciplinary, integrating 
aerodynamics, mechanics, controls, electrics and 
more; holistic, addressing a large system range, from 
small-scale components to subsystems to systems 
and systems of systems; and integrated, accounting 
for all stakeholder interests, as well as covering the 
full life-cycle from cradle to grave. Figure 1 illus-
trates the multidisciplinary nature of wind farms 
that necessitate a systems engineering approach.
 
A recent effort to review the outstanding ‘grand 
challenges’ in wind energy research noted that the 
multidisciplinary nature of wind-energy systems 
would benefit from treating wind energy as a disci-
pline that integrates all the academic fields that are 
relevant for wind energy science and engineering 
[3]. DTU Wind Energy is a pioneer in realizing this 
vision, as it has a university department covering 
all the major disciplines of importance to progress 
in wind energy science and engineering. Through 
systems engineering and optimization, its discipli-
nary research across the department is integrated 
together to enable the holistic analysis, design, and 
operation of wind farms for current and future 
energy systems. The key elements of this include: 1) 
multi-fidelity approaches to the physical modelling 
of wind farms to balance accuracy with computa-
tional effort; 2) control of wind farms to optimize 
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their profitability while balancing this with other 
operational requirements; and 3) the integrated 
analysis and design of wind farms to account for all 
disciplines of interest. The following sections ad-
dress each of these topics in more detail. In addition, 
a section on new frontiers looks at burgeoning re-
search opportunities in specific areas of application, 
including floating wind farms, hybrid wind farms 
and wind farms optimized for market and sustaina-
bility objectives.

Multi-fidelity wind farm modelling with 
an eye towards optimization
To explore the potential of innovation, design, and 
control techniques to improve holistic wind farm 
performance, models that accurately capture the 
relevant physics at affordable computational costs 
are necessary. In recent years, a significant amount 
of research effort has focused on how to improve 
representation of the physics of interest into engi-
neering models that are computationally efficient for 
use in controls engineering and design optimization. 
Historically, simplified engineering wake models 
have been used to support the layout optimiza-
tion of wind farms and other applications from a 
pure power and energy production perspective. 
As wind farms were relatively small and mostly 
located onshore, optimizing them with reference 
to their wake effects did not unlock large amounts 
of value. However, since wind farms have become 
larger and larger and are now often located offshore, 
with lower inflow turbulence, a larger potential for 
improvements to annual energy production (AEP) 
and levelized cost of energy (LCoE) can be achieved 

by carefully placing the turbines, considering their 
complex interactions through reductions in wind 
speed and increased turbulence. This has led to a 
need for wake models that are both fast enough to 
be used for optimization and accurate enough to 
capture the essential physics of the wake effects. 
While too slow to be used in normal design con-
texts, high-fidelity modelling (e.g. mesoscale models 
in [4] and microscale CFD-LES in [5]), medi-
um-fidelity modelling (e.g. CFD-RANS in [6] and 
dynamic wake-meandering in [7]) have been used as 
qualitative analytical tools to investigate wind farm 
flow and turbine power and loading for a broad 
range of environmental and operational conditions. 
These include different sorts of atmospheric stability, 
wind turbine, and farm control settings (both induc-
tion setpoint and wake-steering) and accounting for 
specific site features, such as complex terrains or the 
blockage effect of large-scale offshore wind farms. 
 
The current trend is to design engineering submod-
ules inspired by and based on the physics of high- and 
medium-fidelity wind farm models, and to incorpo-
rate them into the faster optimization-friendly wind 
farm flow-engineering models. Two approaches are 
being used. When possible, assumptions are made to 
simplify the fundamental equations describing the 
physics of wind farm flows. This can lead to efficient 
semi-engineering methods that still capture the 
physics that are relevant to the problem. When this 
is not enough, a wind farm flow surrogate can be 
created by parametrizing the input space and creating 
a machine-learning meta-model of medium- and 
high-fidelity models (e.g. blockage).

Figure 1. 
Wind farms as complex and 

highly multidisciplinary 

systems (credit: Martin 

Kirchgassner).
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To investigate the potential of control strategies or 
to optimize wind farm layout design by considering 
thousands of different wind turbine layout configura-
tions, the physics of these higher fidelity models are 
translated into engineering models with the compu-
tational performance necessary to carry out highly 
iterative analyses. In the context of gradient-based 
optimization, it can also be necessary to calculate the 
gradients of the objective function and constraints 
with reference to the design variables. This need can 
translate into a demand for more rapid estimates 
of the wind farm power and load gradients with 
reference to the turbine’s position and its operational 
characteristics. This can be achieved by incorporating 
analytical or automatic gradients into the engineering 
wind farm flow codes or by replacing the flow models 
with surrogate models with native support of the 
gradients (e.g. Gaussian process, neural networks).

Modelling wind farm load surrogates
Apart from wind farm production, an important 
sub-topic in wind farm modelling concerns the 
loads experienced by the different wind turbines 
within the farm. While there has been a direct 
transfer of knowledge and learning from high-fideli-
ty wind-farm flow-modelling into engineering-level 
tools, the variety of operating conditions and the 
uncertainties associated with individual machine 
dynamics have limited the potential to create low-fi-
delity models that are accurate enough to reflect 
how control and design changes impact loading. 
Instead, over the last several years, the research 
community has used mathematical techniques 
known as ‘surrogate modelling’ to create simplified 
models of loads that can be used for design and 
control [8-11]. Surrogate models use intelligent 
sampling from high- or medium-fidelity models 
to create a data set of input parameters and related 
predefined model output results, which are then fed 
into either statistical or machine-learning analyses. 

The results are parametric models trained from the 
higher-fidelity models that are nonetheless compu-
tationally efficient and can be integrated into wind 
farm optimization for purposes of design and/or 
control. A recent example of this is a wind farm lay-
out-optimization study that included a constraint on 
added turbulence-induced wind turbine loads using 
a load-surrogate model based on detailed aero-elas-
tic turbine simulations with HAWC2 [12].
The potential for surrogate modelling extends well 
beyond wind-turbine loads to address complex 
aspects of flow physics and offshore wind dynamics, 
including floating wind energy dynamics. The devel-
opment of surrogate models is tailored to applica-
tions such as control and design, as addressed in the 
next two sections. 

Wind farm control and optimization of 
wind farm operations
A large modern wind farm is not just a collection 
of autonomous wind turbines: it is a wind power 
plant (WPP) feeding increasing amounts of power 
into the electricity grid. It is also a highly complex 
physical system in which all the turbines interact 
actively with each other. Wind farm control (WFC) 
investigates this interaction to produce a collabora-
tive design and operation for the wind farm. WFC 
can be broken down into control of the wind flow 
through the farm (WFFC) and control to optimize 
the electrical properties of the plant to benefit the 
grid to the maximum (WPPC). Although the two 
fields overlap, generally research on wind farm flow 
control focuses on increased energy production and 
decreased loads, while in wind farm grid control the 
focus is on supporting the grid through active and 
reactive power control. Accordingly, WFC promises 
an increase in power production and a decrease 
in structural loads, while providing better integra-
tion of wind power into the grid. It enables better 
revenue management, especially for the upcoming 

Figure 2. 
CFD RANS simulations of 

the Anholt offshore wind 

farm addressing coastal 

effects on the flow [6].
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flexible electricity markets, making wind power 
‘market-fit’, which in turn decreases the project costs 
and contributes significantly to the green transition. 
Other potential control objectives are improving 
reliability and reducing the external impacts on the 
environment and local communities.
A well-performing WFC depends on the converter 
and the WTC to implement the optimum control 
signals. Particularly with the aim of mitigating wake 
interactions in the case of the WFFC, three distinct 
flow-control areas have gained increasing attention 
over the last two decades and more:

1. Wake steering, where wake interactions are 
modified by redirecting the wakes in the wind 
farm by intentionally misaligning the upstream 
turbine(s) to the incoming wind (e.g. [13,14]). 
This technique could be used either to increase 
power production by steering wakes away from 
downstream turbines or to reduce asymmetric 
loading introduced by partial wakes.

2. Wind-turbine de-rating, also referred as static 
axial induction control, where upstream tur-
bines are individually de-rated with the aim 
of optimizing the performance of the entire 
WPP (e.g. [15-18]). De-rating (or curtailment 
or down-regulation) leads to a reduction in the 
structural loads of the controlled and wake-af-
fected turbines (e.g. [19]), while up-rating can 
increase power production. Both de-rating 
and up-rating can also provide the basis for 
supporting grid services, such as active power 
control for grid stability.

3. Wake mixing, where upstream turbines are 
dynamically up-regulated and down-regulated 
on short timescales to induce additional mixing 
and wake recovery, thus minimizing wake loss-
es further downstream (e.g. [20,21]). 

Depending on the control and sensing solution uti-
lized, the strategy for implementing each technology 
can differ significantly, and the literature contains an 
abundance of examples (e.g. [22]) of one or more of 
these technologies being leveraged for one or several 
of the control objectives listed. How to achieve the 
control objectives using a combination of these tech-
nologies is also of research interest [23].

Turbine controller in the plant context
From the control-engineering perspective, among 
the very first aspects to be examined are the time 
scales involved for each of the services and con-
trollers from the wind energy systems perspective, 
as briefly indicated in Figure 3. Typically, the time 
scales involved for wind-turbine controllers (WTC) 
are in minutes, feeding into the plant controller 
(WPPC) with scales extending to hours.
 
Although electrical and servo-aeroelastic aspects 
have traditionally been decoupled, due to response 
times largely on different timescales, there are also 
meeting points when ‘fit for purpose’ electrical 
services are addressed, making the most of all com-
ponents, as demonstrated with respect to turbine 
control (e.g. [25]). Furthermore, adopting a holistic 
view of the joint and coordinated consideration of 
such aspects would allow overall optimization of de-
sign and operation at the plant level from the point 
of view not only of capital costs and performance, 
but also of the life management of assets. Ultimately, 
this would optimize the profitability of wind power 
plants.

Open challenges in wind farm control
While research into WFC over the last two decades 
has grown significantly, many important research 
challenges remain. Firstly, validation of WPP control 

Figure 3. 
Generic overview of the 

time scales involved in 

the controllers of the 

wind-power system, 

increasing from bottom to 

top. Note that Wind Farm 

Control (WFC) is divided 

into Wind Power Plant 

Control (WPPC) and Wind 

Farm Flow Control (WFFC), 

following the nomencla-

ture suggested by [24].
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over a wide range of environmental and operational 
conditions is still needed for different types of tur-
bines and WPP sites, including, but not limited to, 
sites with complex terrains, different types of atmos-
pheric conditions for stability, different vintages and 
sizes of machines, and more. Furthermore, moving 
to floating wind farms (as discussed in Chapter 10) 
creates new degrees of freedom in machine dynam-
ics and control actuation, which are just growing in 
terms of research interest. 
From a control-modelling and methods perspective, 
the wind farm community at large sees great poten-
tial in big-data analytics, machine-learning, and AI 
from a WFC perspective, particularly by merging 
physical and data-modelling techniques. Final-
ly, co-design (the integrated design of WFC with 
system physical design) has demonstrated some 
promise [16] but is still a nascent topic of research.

Multi-disciplinary wind farm modelling 
and optimization 
Controls are a key component of design. However, 
this is just one of many disciplines that build up to a 
holistic perspective of overall wind-farm system per-
formance and cost. To optimize the holistic design 
of wind farms, many disciplines must be brought 
in to address the overall issues of wind farm energy 
production and revenue and of the overall capital 
and operational expenditures over the lifetime of 
the plant. In optimizing the holistic design of wind 
farms, one historic metric is the levelized cost of 
energy (LCoE) for the wind farm, which integrates 

energy production, costs, and financing into a single 
comprehensive metric [2,8,26]. Figure 4 below illus-
trates the different elements that go to make up the 
full LCoE for a wind-energy system. 
 
From a WPP perspective, the wind turbine design is 
often, though not always, taken as a given. Thus, the 
major contributing elements typically include the 
layout of the turbines and overall energy production, 
the plant’s system balance, including the electri-
cal collection system design, the installation and 
logistics, operations, and maintenance over the life 
of the WPP and other financial modelling elements, 
including insurance, policy incentives, and more. 
Each of these elements constitutes a core area of 
research for WPP design with increasingly integrat-
ed perspectives:

• Annual Energy Production (AEP). AEP is driven 
by the number and size of the overall turbines 
(rated power, rotor diameter) and their perfor-
mance characteristics, as well as their inter-
action with each other through wind turbine 
wakes that reduce production from downstream 
machines. Optimizing sizing, selection, number, 
and layout of the turbine have all been consid-
ered for the purposes of maximizing AEP.

• CAPEX for the Balance of System (BOS). BOS 
optimization is often conducted as a sub-op-
timization problem of the electrical system (a 
key cost component) [27] or as its own detailed 
optimization once a layout has been determined 

Figure 4.
An integrated LCoE per-

spective of the wind farm.
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(see next section). Other costs for BOS, such 
as the roads for land-based farms, have been 
explored, and even the installation and logistics 
strategies.

• CAPEX for turbines and foundations. While 
typically the wind turbine itself is taken as fixed, 
more recent research has even looked at designs 
integrating the wind turbine with the wind farm 
[28,29]. In addition, for offshore sites with var-
ied sea-depths and soil conditions, the design 
of support structures has been treated as either 
a sub-optimization or a sequential optimization 
[27].

• OPEX. Reducing OPEX and ensuring the site 
suitability of the turbines for a given layout 
is a more recent research topic that typically 
requires using surrogate models to include load 
models in the optimization [12].

All these topics present ongoing areas of research. 
The influence of control design on WPP design has 
been previously discussed as one important topic, 
including in connection with modelling turbine 
loading and reliability. Another key area of interest 
is the design of the electrical system, which is crucial 
to the broader performance of the system when it 
comes to providing value to the electricity system.

Electrical system design
Collection and transmission systems carry the 
power generated from the wind turbines to the 
electrical grid. To minimize the cost and environ-
mental impact, designing the electrical networks 
of wind-energy systems, both offshore and onshore 
wind, is becoming increasingly important [30]. Fig-
ure 5 presents an overview of the electrical network, 
consisting of the offshore substation (in case of off-
shore wind), medium-voltage (MV) and high-volt-

age (HV) cables, and the onshore connection point 
(OCP). 
 
For the collection system, a wide variety of methods 
have been proposed to minimize the investment 
and operational costs, including using heuristics 
[33], metaheuristics [34] and global optimization 
[35]. Cables are a single point of failure, therefore 
research into cables focuses not only on how to min-
imize investment costs, but also how to increase re-
liability given the high grid standards demanded for 
these systems [36,37]. The integrated optimization 
of collection and transmission systems, along with 
OSS (offshore substation) positioning and sizing, de-
fine a problem that is as hard as the hardest individ-
ual collection system problem, hence novel methods 
to exploit the synergies between these aspects are 
investigated as well [38]. Likewise, power cables are 
complex dynamic systems exposed to time-varying 
conditions that need to be assessed and understood 
to size their cross-sections optimally [39].
Electrical network systems have potential trade-offs 
with other disciplines within the overall WPP design 
framework. The strong dependence of the collection 
system costs on the layout of the wind turbine layout 
poses the challenge of how to optimize the electrical 
network and the positioning of the generators simul-
taneously. Novel methods have been proposed to 
address this challenge, demonstrating the potential 
cost reductions (or rather value generation) of such 
multidisciplinary optimization methods [40]. Fur-
thermore, operation of the farm from an electrical 
perspective is closely connected with its operation 
from the perspective of flow and loads, as will be 
seen in the next section. 

New frontiers: floating wind farms, hy-
brid power plants, and optimization for 
market and sustainability objectives
Beyond WPP control, several other topics fall 
under the broader category of the optimization of 
wind-farm design and operation that present new 
frontiers for research. Here we highlight a few key 
topics, including floating wind farms, hybrid power 
plants and WPPs optimized for market value and/or 
sustainability objectives.

Floating wind farm optimization
Just a few years ago, floating wind energy was still 
seen as an experimental technology whose commer-
cial outlook was uncertain. However, floating wind 
energy is coming of age, and there have been many 
successful demonstrations of floating wind tur-
bines, both individually and in arrays, with several 

Figure 5. 
Electrical network design 

for wind energy systems: 

an overview [31,32].
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large-scale commercial projects under development. 
Moving from individual wind turbines to large-scale 
floating WPPs produces new research challenges 
associated with their design, operation, and control. 
Chapter 10 addresses the modelling and design 
challenges in more detail. However, there are several 
topics associated with the overall system design and 
operation that require a holistic and systems-engi-
neering approach. These include, but are not limited 
to:

• Integrated turbine and platform design and 
control: addressing the dynamic couplings of 
the turbine, floating support structure, controls, 
and mooring and anchoring system.

• Installation and logistics: coupled with the 
turbine and support structure system are the 
types of vessels, installation and operations, and 
maintenance strategies.

• Electrical system: dynamic cables, substation 
design and location and export cables also have 
additional degrees of freedom in their design, 
moving from fixed-bottom to floating offshore 
configurations.

• As will be discussed, other technologies that 
floating offshore wind farms may incorporate 
include technologies for electricity storage or 
Power-to-X generation that may impact on 
all elements of the overall system design of an 
operation.

Work on floating WPPs is urgent given the planned 
growth and development, representative of both 
significant challenges in terms of the uncertainties 
involved and of significant opportunities in terms of 
the potential for research and innovation impact.

Hybrid power plant sizing, design, and operation
Wind power plants, combined with solar and/or 
storage technology connected behind a single grid 
connection point and controlled together as a single 
power plant, are often referred to as co-located hy-
brid wind power plants (HWPP). Although multiple 
utility scale (multi-MW) HPPs have been developed 
all around the world, the optimal design, opera-
tion, and control of HWPPs is a complex research 
problem that needs attention [41,42]. The research 
challenge can be broadly categorized into two sub-
sets: design and operation.

Design of HWPPs. Utility-scale HWPPs are designed 
for maximizing the value of the power plants from 
different electricity markets, such as the capacity 
market, the bulk-energy spot market, the balancing 
market, and the reserve and ancillary service market. 
Design firstly involves sizing the individual assets, 
i.e. the rating and type of wind turbines, the rating of 
solar panels, storage (for example, battery power and 
energy capacity) and auxiliary devices (for example, 
STATCOM). Typically, sizing is carried out with the 
objective of maximizing profit either from the markets 
(see Figure 6) or based on power purchase agreements. 
However, the value of hybridizing wind power plants 
almost always comes from the principle of maximiz-
ing profit (beyond LCoE), as opposed to minimizing 
LCoE (typical for wind power plants). Sizing HWPP 
generally allows the severe overplanting of installed 
capacity with respect to the grid connection capacity. 
This is because wind and solar resources are generally 
uncorrelated, and even negatively correlated in some 
locations, which allows the grid connection capacity 
to be used to transport energy from solar as well as 
wind power. However, this also means that there will 

Figure 6. 
Example of power gen-

eration and dispatch for 

different assets of hybrid 

power plant [43].
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be hours when the generated power can be higher than 
the grid-connection capacity. This additional energy 
can be kept in storage, assuming that storage capacity is 
available. The charging and discharging of storage also 
depend on the market price for electricity, as shown 
below. Energy will be stored when prices are low and 
vice versa, though the cost of storage degradation also 
needs to be considered.
 
Following sizing, the physical design of an HWPP is 
a challenging task, which involves both considering 
the physical interaction between the resources and 
sharing the electrical infrastructure of the HWPP’s 
power-collection system. Optimizing land-use 
implies placing solar panels in the vicinity of wind 
turbines, which has a multitude of effects, includ-
ing periodic shadowing, resulting in flicker in the 
electric current generated by solar panels, as well 
as changes in wind flow due to the heating of air by 
solar panels, resulting in the potential loss of wind 
energy. The design of electrical collection systems 
for HWPPs entails the sharing of electrical infra-
structure. The assets can be AC-coupled, which is a 
more mature technology than DC-coupled HWPP, 
as shown in Figure 7. An AC-coupled topology is 
easy to implement, and a wind-park controller, PV 
park controller or BESS controller from different 
vendors can readily be used, but it also allows the 
suboptimal utilization of electrical infrastructure. 

From the above discussions, HWPP design, including 
sizing, physical and electrical design, and operation 
over the lifecycle of the HWPP for value maximiza-
tion from different electricity markets, as well as tak-
ing different uncertainties into account, is a complex 
process involving advanced methodologies and tools. 
DTU Wind Energy is developing a suite of tool chains 
in this direction, including TopFarm, HyDesign, 
CorRES and Balancing Tool Chain.

Operation and control of HWPPs.. The operation and 
control of HWPPs mainly involve an energy manage-
ment system and a power management system. Energy 
management systems optimize profits through energy 
and power bidding in different electricity markets 
based on resource and market forecasts, those setpoints 
being sent to the HWPP. This optimization needs to 
consider the trade-off between earned revenue and the 
degradation cost of energy storage, as well as the lost 
opportunity costs for bidding energy in this moment, 
as opposed to saving it for future trading. On the other 
hand, the power management system is concerned 
with compliance with the grid code, as well as hon-
ouring the commitments to the energy and reserve 
markets in real time based on the available resources. 
In this direction, a hierarchical control architecture can 
be developed where the hybrid power plant controller 
interacts with the energy-management system and 
dispatches setpoints to a lower-level controller, i.e. the 
wind power plant controller, solar power plant control-
ler and energy storage controller monitoring the meas-
urements at the grid point of connection. The HWPP 
power management system also has the responsibility 
for providing ancillary services, such as frequency, 
ramping, reactive power, voltage, black start, etc. How-
ever, stacking different ancillary services at different 
control levels (hybrid power plant, wind/solar/storage 
power plant, individual assets) is a challenging problem 
and depends on the communication capability, grid 
codes and dynamics of different service provisions. Ad-
ditionally, the availability of energy storage can allow 
for other advanced controls, such as the load alleviation 
of wind turbines in certain wind conditions. However, 
research on utility-scale HWPP operation and control 
is still in the nascent stage, with much more future 
research expected in the coming years.

Markets and sustainability
As previously discussed, LCoE is the key target met-

Figure 7. 
Different HWPP topologies 

[44].
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ric in optimizing WPP design and operation. How-
ever, as the shares of wind energy in electricity and 
energy systems grow, there is increasing recognition 
of the need to look beyond LCoE to the broader 
issues of market value and sustainability [3,45]. 
Looking ahead, there is a recognition that LCoE is 
not the entire picture but rather a small element of 
the overall system view, as illustrated in Figure 8.
 
Recent work has looked at the potential for design-
ing WPPs, and by extension hybrid power plants, 
for objectives that go beyond LCoE [45-47]. These 
objectives may be focused on economics and profit-
ability, for example, in the case of WPPs whose rev-
enue comes from merchant energy markets rather 
than power purchase agreements. In such cases, it 
has been shown that a WPP design that maximizes 
the value objectives may be different from WPP 
design that minimizes the LCoE and vice versa [45]. 

In addition, sustainability objectives regarding the 
environmental footprint, materials circularity, energy 
usage and emissions etc. are of growing importance 
to industry stakeholders across the wind-energy value 

chain [46]. The design, operation, and control of the 
WPPs of the future will necessarily have to address 
competing system objectives to support profitability 
and increased wind energy deployment while mitigat-
ing the possible adverse impacts on local communi-
ties and the environment as much as possible.
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The development of wind energy and of basic 
wind turbine technology from the mid-1970s 

has a unique story. The potential and expected role 
of wind energy in the energy system and in society 
determines and justifies to what extent and with 
what resources wind turbine technology will be de-
veloped. While an early move towards cost-effective 
solutions has been a precondition for the successful 
development of the sector, seen from the perspec-
tives of the research community, this interaction 
between market potential and conditions, indus-
trial development, public funding schemes and the 
research community ideally determines the research 
questions and the research basis for further devel-
opment. 

Maintaining this interaction in a fruitful balance is 
most important for pushing further the physics of 
the large turbines and thus harvesting an enormous 
unexplored potential.

Until recently, wind turbines have mainly been devel-
oped to supply electricity to the grid. Many considered 
them unrealistic when Wind Force 10, a blueprint for 
generating 10% of the world’s electricity from wind 
power by 2020, was released in 1999 [1]. The projected 
expansion of wind power from this source is shown in 
Figure 1 together with the installed capacity of global 
nuclear and hydro-power. The actually installed capac-
ity during the subsequent twenty years is given on the 
same graph, and although this shows that the scenario 

Pushing the physics of the 
large turbines of the future
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was unrealistic, it only fell short by the order of 30%. 
Taking into account the fact that the capacity factors of 
wind turbines have increased by a similar amount, the 
predicted energy production was fairly close. 

Concerning the development of wind technology, an 
EU application by a large European consortium was 
submitted in 2002 with the title: ‘Wind Power Plant 
2020 – the Size, the Concept the System’, with the 
aim of envisioning 20 MW turbines being developed 
by 2020 and establishing research roadmaps to actu-
ally get there. This project was not funded, but two 
subsequent projects along the same lines, UPWIND 
and INNWIND, were aimed at facilitating this de-
velopment by contributing to establishing a research 
basis. The envisaged 20 MW turbine was anticipated 
to have a rotor 240 m in diameter. By 2021 Vestas 
announced their new offshore turbine of 15 MW 
with a rotor diameter of 236 m. 
 
These examples illustrate the importance of estab-
lishing a common vision and framework, which to 
a large extent has been the case for the wind energy 
community, and that the research status, needs and 
potentials should be seen in that context.

Wind energy has experienced an incredible evolu-
tion to become central to electricity supply. In order 
to utilise its full potential and have it become the 
backbone of the future energy system, considera-
ble further development is needed, which must be 
underpinned by basic research into wind turbine 
technology with the aim of pushing the physics 
beyond the existing achievements.

Relatively speaking the perspectives are nearly un-
limited, and it is time to set new ambitious scenarios 

and goals that could include ‘lighthouse’ turbines of 
up to 40 MW by 2040 and turbines optimized for 
improved energy-system operation. This could lead 
to further differentiation of the industry and thus to 
research needs on a fundamental level.

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

Future emerging technologies 
The strong increase in the installation of wind power 
anticipated worldwide up to 2050, when all energy 
systems must be carbon-neutral, and its position as 
one of the major sources of electricity production 
have important impacts on the future design of wind 
turbines.

The growing share of wind produced electricity is 
resulting in increased variability in temporal genera-
tion, resulting in overproduction for longer and more 

Figure 2a.  
The LowWind turbine 

concept is characterized 

by producing more than 

double the power at low 

wind speeds compared to 

conventional turbines. This 

is possible due to a very 

low specific power (SP) of 

100 W/m^2. The stop wind 

speed is low at 12-13 m/s 

to limit loads and reduce 

excess power generation 

into the system.

Figure 2b  
Shaded areas show 

the predicted share of 

LowWind technology of 

the wind-turbine market 

in 2045 as a function of 

increased CapEx relative 

to the cost of conventional 

turbine technology.
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frequent periods. Even with a share of 46% electric-
ity produced by wind in 2020 in Denmark, 10% of 
possible production was lost due to the curtailment 
of wind turbines [3]. Stronger grids and more flexible 
consumption through demand-side management will 
help alleviate this, but it is a fundamental challenge that 
production from turbines is proportional to the third 
power of the wind speed and results in strong varia-
tions in time, with capacity factors typically up to 60%. 

However, a considerable contribution to the reduc-
tion of the problem of power variability can be made 
by the new turbine designs that are expected to 
emerge in future decades with much lower specific 
power ratios (SP) than those seen today. SPs have 
been steadily falling over the last twenty years, but 
are presently in the range of 200 to 250 (W/m^2). 
In America, the BAR project [4] is exploring rotors 
with a SP of 150 (W/m^2) and in the ongoing Low-
Wind project in Denmark even lower SP rotors of 
100 (W/m^2) are being studied. The LowWind rotor 
concept is designed to produce more than double 
the power at low wind speeds compared with a con-
ventional turbine (see Figure 2a). However, it is shut 
down at 12-14 m/s at a point where conventional 
turbines have reached rated power and can balance 
the consumption. This is almost possible with the 
present installed capacity of conventional turbines, 
but it is expected that future installations will be a 
mixture of LowWind and conventional turbines.

Additionally, system simulations show that such tur-
bines can be competitive even with a much higher 
CapEx because their production at low wind speeds 
has a higher value. A recent study simulating the 
power system in northern Europe found that such 
low-wind (LW) turbines would win a considerable 

share of the market, even with a 35% higher CapEx 
(see Figure 2b, and [5].

Another important driver for future rotor designs 
is that an increased proportion of turbines will be 
installed offshore, both bottom-fixed and floating, 
due to limited suitable sites onshore. Upscaling tur-
bines drives the overall cost of the installation down, 
as well as the maintenance costs. However, it seems 
to be difficult to increase the tip speed of future 
turbines very much due to erosion problems on the 
leading edge of the blades.

Thus the rotor speed will fall further, this being a 
major drawback with upscaling because the required 
gear ratio increases for such turbines (assuming a 
drive train using a gearbox). However, a reduced 
rotor speed has an equally negative impact on direct 
drive design (DD) through generators having an 
increased diameter and weight.

One way to overcome this is to use aerodynamic 
gearing. Instead of converting the mechanical power 
into electricity through torque in the drive-train, 
the new turbine concept called WTx2 (two-stage 
wind-turbine conversion) aims to produce elec-
tricity using lightweight rotor or generator systems 
mounted at the tips of the main rotor blades (see 
Figure 3). Due to the high effective flow velocity at 
the secondary rotors and their low-thrust opera-
tion, they can run at very high rotational speeds 
and efficiencies and only need a small swept rotor 
area for a given power output. The potential direct 
mass savings in the nacelle are huge, maybe more 
than 95%, which will lead to further considerable 
mass reduction of the nacelle itself. This is a major 
advantage for floating concepts, and the modularity 

Figure 3.  
The radical vision 

presented here sets the 

foundation for a disruptive 

new wind-turbine technol-

ogy using an aerodynamic 

gearing concept which has 

the potential for a 10-20% 

reduction in costs and a 

50% reduction in materials. 

This requires interdis-

ciplinary research work 

combining electric aircraft 

and wind turbine science. 

The weight estimates are 

for a 10 MW turbine.
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of the WTx2 concept can lead to substantial savings 
in service. The use of tip rotors is not new and has 
also been considered for vertical axis rotors, which, 
however, typically have lower tip speed ratios than 
horizontal axis wind turbines and are thus less suit-
ed to the tip rotor concept. 

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

Through decades of research and development, the 
theoretical basis and necessary models for pre-
dicting the aerodynamic, acoustic, structural and 
aero-elastic characteristics of wind turbines have 
been developed and improved in designing the 
wind turbines now on the market. As wind turbine 
designs become increasingly complex, there is a 
continued need for more advanced modelling and 
design methods to be used from the early concep-
tual design phases through to detailed design and 
certification. This relates to both the need to model 
a larger part of the system during the design phase 
due to the highly coupled nature of the physics of 
a wind turbine, and the need for more advanced 
simulation tools to model the physics involved. To 
address the fundamentally multidisciplinary nature 
of wind turbine design, advanced optimization 
frameworks are increasingly being used to design 
wind turbines, with which, for example, the aerody-
namic and structural design of a wind turbine blade 
can be tailored to achieve aeroelastically stable and 
load-efficient designs. 

Figure 5 shows a comparison between the openly 
available IEA 3.4 MW RWT [9] and the Low Wind 
3.4 MW RWT [10] designed for low-wind condi-
tions and ultra-high capacity factors. Figure 6 shows 
the detailed blade geometry and its internal struc-
tural layout, which was designed using an integrat-
ed design approach developed at DTU [6]. In the 
design process the balance between aerodynamic 
performance, loads and mass are considered simul-
taneously, sizing both the internal structure and the 
aerodynamic shape, together with a peak-shaving 
control strategy that results in significantly increased 
performance and mass savings. It is also becoming 
feasible to treat the traditionally separate airfoil and 
blade design phases in a fully integrated fashion, 
where the 3D shape of the blade is designed together 
with the internal structural geometry in a free-form 
fashion. The design of wind turbines presently relies 
heavily on the Blade Element Momentum (BEM) 
method to predict the rotor’s aerodynamics, but re-

Figure 4.  
Conceptual illustration of 

a modular blade platform 

with a series of blade tips 

compatible with a common 

inner blade segment.
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cent research has also shown that using high-fidelity 
modelling such as Computational Fluid Dynamics 
(CFD) is becoming feasible in the conceptual design 
phase for design of the blade, allowing for its true 
freeform design [11], as well as the design of certain 
features such as advanced tip shapes [12]. 

High-fidelity modelling is also necessary for under-
standing and mitigating critical stability challenges 
for wind turbine blades. One such condition is 
during commissioning or standstill idling, where the 
flow over the blades can lead to a condition known 
as vortex-induced vibration (VIV). This topic has 
been the subject of intense research [13] due to pos-
sible catastrophic failure of the blade structure if the 
turbine design or control system is not equipped to 
mitigate this condition. To model this phenomenon, 
advanced so-called fluid structure interaction (FSI) 
simulations are needed, which couple 3D CFD flow 

modelling with an elastic model representing the 
turbine. Figure 7 provides a visualization of the flow 
over a single blade for a representative stand-still 
situation, where the vortical flow structure behind 
the blade is shown.

State-of-the-art commercial blade designs rely on 
airfoil designs tailored to wind turbine-specific 
requirements, most of the largest OEMs now having 
in-house capabilities to design such airfoils. There 
is a focus not only on aerodynamic efficiency and 
robustness towards soiling and erosion, but also low 
noise performance, again requiring a coupled design 
towards high-efficiency, low-noise airfoils. 

To enable aerodynamic testing of airfoils at higher 
flow speeds, as well as measurements of noise from 
airfoils, DTU Wind Energy has built the Paul La Cour 
Wind Tunnel (PLCT), enabling the research com-
munity and industry to validate the next generation 
of airfoil designs. This test facility is linked to the 
recently established rotating test rig, where smaller 
blade sections can be tested in atmospheric rotating 
conditions that bridge the gap between wind tunnel 
and a full-scale wind turbine prototype test. 

As for the structural design of wind turbine blades, 
new technology such as additive manufacturing 
(AM) can also lead to disruptive design leaps for 
wind turbine blades. There are various AM methods 
that are relevant to composite wind turbine blade 
manufacturing, such as tow steering or automated 
fibre placement that allow for a greater degree of 
tailoring of the structural characteristics and can 
allow for greater geometric complexity than conven-
tional manufacturing. While this technology is still 

Figure 5.  
Comparison of (left) the 

IEA 3.4 MW RWT [9] with 

a 128 m rotor, and (right) 

the ultra-high capaci-

ty-factor low-wind rotor 

LW 3.4 MW RWT [10] with 

a 208 m rotor.

Figure 6.  
Conceptual design of a 

102 m low-wind wind-tur-

bine blade showing the in-

ternal structural geometry 

designed in the Low Wind 

project [10]
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not sufficiently mature to be used for a full blade, 
the components of the blade such as the tip can 
potentially be manufactured additively. This can in 
turn allow for innovation in both the aerodynamic 
and aeroelastic design of the blade. To support the 
research activities in the fields of material science, 
structural design, manufacturing and testing of wind 
turbine blades, DTU has established a Large Scale 
Facility at the DTU Risø Campus. This facility and 
research undertaken there provide a key link to the 
research in aerodynamic and aero-elastic design of 
the next generation of wind turbines, providing the 
means to develop the necessary manufacturing and 
testing methods for such blades, as well as a way of 
carrying out the experimental validation of structur-
al design models.

Drive train
The drive train of wind turbines has the role of 
converting the mechanical power of the turbine’s 
low-speed shaft into electricity by feeding the torque 
generated by the turbine rotor into either a gearbox 
combined with a high-speed generator or directly 
into a slow-speed generator (so-called direct drive), 
in which case the gearbox can be omitted [14,15]. 

The gearbox drive train was historically first intro-
duced with components consisting of off the shelf 
parts from other industrial sectors, whereas the 
direct drive (DD) generator gained momentum 
around 2010 as offshore turbine installations were 
ramped up in the European market [14]. The advan-
tage of the gearbox drive train is that the gearbox is 
basically made of steel and is lubricated using oil; 
it is thus a cheap and relatively light-weight meth-
od of transforming the high torque of the turbine 
rotor shaft into a low-torque high-speed shaft in the 
generator, the cost of which scales with the torque. 
However, one downside of gearboxes in wind 
turbines is wear and the risk of failure before their 
predicted lifetime is reached, which has historical-
ly caused high operating and maintenance costs, 
especially for offshore wind farms [16]. In order to 
mitigate the cost of the unscheduled maintenance 
of the gearbox drive train, the direct-drive arrange-
ment was developed by integrating a large multipole 
ring generator into to the turbine nacelle and by 
connecting the direct-drive generator directly to 
the turbine’s slowly rotating shaft. The advantage 
of the direct drive train is a considerably lower 
number of moving parts and thus the possibility of 
greater expected reliability. The downside is that the 
direct-drive generator is more expensive and heavier 
than the equivalent gearbox drive train consisting 

of both a gearbox and a fast rotating generator [14], 
although recent developments in the design of 
multi-pole DD generators has reduced this excess 
weight.  

Even though the battle between the gearbox and the 
direct drive train has been fought for many years, 
the victory of either concept cannot be predicted 
because this must be settled by the balance between 
a difference in the CAPital Expenditures (CAPEX) 
for buying the drive train and the OPeration and 
maintenance EXpenditure (OPEX) needed to run 
the drive train. In simple terms, the cheaper drive 
train might eventually provide a higher Levelized 
Cost of Energy if the maintenance cost turns out to 
be higher than predicted [15].

Figure 8 illustrates how the turbine rotor sizes and 
the power rating of the drive trains have developed 
over the years, reaching 15 MW in 2021 for large 
offshore wind turbines. The gearbox drive trains 
dominated up until about 2010 [17], when Siemens 
Wind Power introduced a direct-drive generator 
concept based on Rare Earth –Iron –Boron perma-
nent magnets mounted on an outer rotor and with 
the armature windings inside the generator mount-
ed on the nacelle [18]. The turbine blades and the 
direct-drive generator rotor spin on a single large 
main bearing sitting at the front of the nacelle. The 
direct drive train was used for both onshore and 
offshore turbines by Siemens Wind Power around 
2014, but with the merger of Siemens Wind Power 
and Gamesa in 2017, a strategy of using geared drive 
trains for the onshore turbines and the direct drive 
train for offshore turbines was drawn up for the 

Figure 7.  
Illustration of the flow 

over a blade during stand-

still for a flow condition 

in which vortex-induced 

vibration occurs [13]
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combined operation of Siemens Gamesa Renewa-
ble Energy [19]. This strategy reflects the general 
trend in the wind sector by 2021, where the offshore 
turbines shown in Figure 9 all utilize direct drive 
trains based on NdFeB permanent magnets expect 
for Vestas, who continue to use geared drive trains, 
even for their latest 15 MW offshore turbine [15]. 
In 2021 the gearboxes of the Vestas turbines have 
a smaller number of gear stages than the earlier 
gearbox designs and use a medium-speed generator 
based on NdFeB permanent magnets to compensate 
for this change. These medium-speed generators 
have a considerably smaller volume and mass than 
the direct-drive generators. Vestas’ argument for 
using a gearbox is that it is now considered to be a 
part subject to wear, that it must therefore be easily 
replaceable even in the large offshore turbines, and 
importantly, that such replacement generates a lower 
LCoE than for a turbine based on the direct drive 
train. Secondly, the roller bearings of the gearbox in 
the V-236 have all been replaced by journal bear-
ings, which are expected to improve reliability [20]. 
It should also be noted that the advantage of the 
direct drive train in having fewer moving parts has 
been challenged by the need for larger diameters 
and more complex main bearings, which are expen-
sive to replace offshore. For the onshore market it 
can be said in general that the condition monitoring 
of gearboxes has improved and that up-tower repairs 

of gear stages have become possible with the devel-
opment of techniques to open up the gearbox while 
it is still sitting at the top of the turbine tower [16]. 

Thus the battle of the drive trains can currently be 
summarized as gearboxes being used for onshore 
turbines and direct drive for offshore turbines. There 
are a series of alternative drive-train technologies 
such as direct drive based on the weaker ferrite 
magnets [21], direct drive based on superconducting 
coils [22,23] or a drive train based on a magnetic 
gearbox combined with an outer ring generator 
called a Pseudo Magnetic Direct Drive (PDD), 
[24]. The Technical Readiness Level (TRL) of these 
technologies ranges from 6 to 8 and has not been 
demonstrated at the power levels of the offshore 
turbines shown in Figure 9. 

Finally it should be mentioned that, with the intro-
duction of floating wind turbines, debate over the 
ideal drive train for floating conditions is expected 
to call for many investigations of the details of the 
load cases for floating turbines (which will depend 
critically on the nature of the floating support 
and the associated degree of tower-top movement 
allowed) and the scenarios for the replacement of 
major components such as the gearbox and the tur-
bine’s main bearing [15]. Thus the steady improve-
ments in drive-train design continue to drive down 

Figure 8.  
Development of the rotor 

size and power rating of 

a selection of the main 

turbine manufactures in 

the global wind energy 

market. 
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the LCoE as the sector increases the power rating by 
another factor of 2 towards 40 MW.

The development is indicated by showing the ranges 
of turbines supplied in different periods. The trian-
gles illustrate the production range of Vestas, reach-
ing a rotor diameter up to 80 m and a power level of 
about 2 MW by the year 2000 (black), a range of 2-4 
MW and 80 – 120 m by 2014 (full red), and finally 
2-6 MW and 90-162 m for the onshore turbines in 
2021 (open red) [17]. Vestas’ offshore turbines are 
shown by green triangles with a range from 130-
236 m and 4-15 MW [17]. A similar trend is seen 
for Siemens Gamesa Renewable Energy (squares) 
[18], and the offshore turbines of General Electric 
(GE) are shown with circles [25]. Future conceptual 
research designs are indicated by stars for two low-
wind turbines [26, 27] and the range for an assumed 
20 MW offshore turbine [28].
     
Support structure, including foundations
Fixed-base offshore wind turbine substructures are of 
different types: monopiles or single piled structures, 
mono-buckets or structures with a bucket founda-
tion, gravity-based concepts that provide stability 
due to their weight and frame-type structures such 
as jackets and tripods.  While monopile- and gravi-
ty-based structures were initially used at low water 
depths, their ease of manufacture and the scaling up 
of pile dimensions now makes them attractive solu-
tions even at moderately deep waters of 40 m-50 m. 
Requirements for the design of support structures for 
wind turbines are covered in relevant international 
standards, such as the DNVGL ST-0126 [29]. This 
covers in particular the global and localized design 
verifications, geotechnical requirements and criteria 
to be verified for Ultimate Limit States (ULS), Fatigue 
Limit States (FLS) (long-term resistance to cyclic 
loads), Accidental Limit States (ALS) and Servicea-
bility Limit States (SLS).

Most installed offshore wind turbines presently rest 
on monopiles. The reliability of monopile structures 
is strongly dependent on its two end points: 1) the 
soil conditions in which the pile is embedded; and 
2) the joint that connects it to the tower, which is of-
ten linked to a transition piece. The monopile is often 
connected to the tower through a grouted joint, that 
is, a concrete joint that binds the annular overlap of 
the transition piece and the monopile. This joint is of-
ten at risk of failure due to the sliding of the concrete 
material due to the constant bending vibrations of the 
wind turbine’s support structure.  To avoid such fail-
ures of sliding joints, the commercial grouted joints 

have locking shear keys or are conically shaped [29]. 
Figure 9 depicts an offshore support structure with a 
grouted joint in between the tower and the monopile. 
The embedded length of the monopile within the soil 
is of great relevance to the overall CAPEX of the off-
shore installation and to the reliability of the mono-
pile itself. The natural frequency and damping of the 
support structure is often difficult to assess because of 
uncertainties regarding the soil properties [30]. The 
modelling of the soil conditions is also applicable to 
only small diameter piles [31], but a lack of soil meas-
urements relevant for wind-turbine installations has 
often forced the modelling of the soil-structure inter-
actions using such simple models. With the advent 
of deeper water monopile installations at 40 m-50 
m depths, it is becoming increasingly important to 
measure and utilize appropriate soil strengths and 
deflection curves to accurately model the interaction 
of large diameter monopiles at these depths [32].

The aero-elastic loads that influence the support 
structure require evaluation under multiple scenari-
os. Load cases prescribed in the IEC 61400-3 stand-
ard for support-structure design need to be assessed 
using site-specific measurements and turbine-specif-
ic information, such as:

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

Each of the above factors can contribute to uncertain-
ties in the support structure’s design. As an example, 
the effect of the direction of the wind causes a great 
variation in the design loads within a wind farm, and 
when superimposed with hydrodynamic loading, it 
results in different magnitudes of the design load on 
the substructure. The reduction of the uncertainties 
concerning the support structure’s design provides a 
means to optimize the sub-structure locally to elimi-
nate unnecessary material use.

Monopile substructures are especially sensitive to var-
ying wind and wave conditions. A significant amount 
of fatigue damage to the monopile substructure is pos-
sible under wind/ wave misalignment during turbine 
operation due to the low damping of the substructure 
in the side-side direction, that is, perpendicular to the 
wind direction. The monopile can also suffer from vor-
tex-induced vibrations (VIV), especially in the instal-
lation phase, when the rotor nacelle assembly (RNA) 
has not been installed on the tower. VIVs are also pos-
sible after installation at high storm wind speeds, when 
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the turbine is not operating. VIVs during installation 
can be prevented by completing the installation of the 
RNA on the same day that the pile is installed. It is also 
possible that, while the primary support structure is 
not excited by VIV, secondary structures such as the 
J-tubes (pipes carrying electrical wires and connec-
tors) undergo VIVs [33].

The soil embedding the pile is subject to sediment 
transport near the surface, leading to a loss of soil 
surrounding the pile and a consequent loss of pile 
strength. This phenomenon is called scouring, and 
its prevention is scour protection. Scour can result in 
lowered natural frequencies of the support structure, 
leading to increased probabilities of resonant excita-
tion and fatigue damage. If not repaired, scour can 
lead to inclination of the support structure, leading to 
gradual turbine collapse. Scour protection is usually 
required for monopiles and jacket-type substructures 
and consists of rock fragments holding the upper soil 
layers intact. Such scour-protection features often 
need replacement or replenishment during the life of 
the wind farm to preserve the soil strength.

Further for floating substructures, the mooring lines 
link the floating substructure to the soil, so that the 
discussions above relating to soil strength can also 
be applicable to the pile of the mooring line. More-
over, mooring lines can be susceptible to VIVs from 
ocean currents. Loss of mooring lines due to break-
age should be taken into account in the design phase, 
so that there is sufficient redundancy in the mooring 
system to prevent catastrophic failure. 

At moderately deep waters up to 60 m in depth, 
jacket- or frame-based substructures can be used, 
which are very stiff substructures and have high 
hydrodynamic transparency. Figure 10 provides a 
schematic diagram of a jacket substructure, along 
with the geometry of one of its constituent welded 

joints, a K-joint. These welded joints are the source 
of significant stress concentrations, and there can be 
large uncertainties in their fatigue lifetime. It is also 
uncertain as to which load path from the base of the 
tower causes specific stress levels in different welded 
joints. Based on the direction of the wind-turbine 
rotor, different welded joints in the jacket will be 
subjected to varying stresses over the life of the wind 
turbine. Hence an accurate knowledge of wind and 
wave directions over each year is essential to design 
the jacket for a targeted lifetime. The distribution of 
stresses at the welded joint is complex and depends 
on the type of joint configuration – X, Y or K. Stress 
concentrations are quantified using 

Efthymiou equations [34].  Portions of the jacket 
that cannot be regularly inspected, such as those be-
low the water should have sufficient safety margins 
in fatigue to account for the catastrophic conse-
quences of failure.  

Moving to 20+ MW wind turbines brings several 
new challenges to the design of offshore support 
structures. The slow rotation of the large rotor 
causes the harmonic excitation frequencies (1P, 2P, 
3P etc, where P is the rotor revolution frequency) 
of the support structure to be much lower than for 
smaller rotors. This, coupled with the already low 
structural natural frequency of tall support structures, 
implies that designing support structures to avoid 
resonant excitation is very onerous. Lowering the 
support structure’s natural frequency can also result 
in resonant excitation from hydrodynamic loads. 
For floating wind turbines, the natural frequency of 
the tower is coupled to the rigid-body motion of the 
floater, meaning that, for tall wind turbines, the tower 
may need to be significantly stiffened to prevent res-
onant excitation from the rotor harmonics, resulting 
in higher material costs. The slow rotation of the rotor 
also allows for higher energy from wind turbulence to 

Figure 9.  
Left: types of grouted joint 

of monopile: 1) conical and 

2) cylindrical with shear 

keys. Middle: model of 

joint showing the tower 

in green, grouted area in 

grey, monopile section in 

blue. Right: close-up view 

of a conical grouted joint 

with the inner monopile 

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

Discussion and outlook
This chapter has discussed some of the drivers of 
wind turbine research in supporting and underpin-
ning the development trends of wind turbine tech-
nology. It also has provided a summary of present 
developments.

It argues that evolutionary and disruptive ap-
proaches to technological development should be 
allowed to coexist, and indeed be encouraged, and 
that some trends seem to converge with, for exam-
ple, up-scaling and siting, like monopile offshore 
support structures and high-capacity factor rotors, 
while others lead to differentiation. An important 
prerequisite for the development of wind-turbine 
technology and the exploitation of its consider-
able future potential in a sustainable way is the 
acknowledgement that both lines of development 
need continued research.
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The trends to scale up the size and reduce the 
costs of modern wind turbines have reinforced 

the need for more adaptive rotors with built-in 
‘intelligence’. The increased focus on site and market 
customization and the potential for the further 
optimization of wind plant performance has further 
enabled exploration of the advanced control capa-
bilities of wind turbines. In this chapter, the current 
state of the art in wind turbine control is presented, 
and advanced control concepts utilizing more sen-
sors, higher fidelity control methods and distributed 
aerodynamic actuators are discussed, with a focus 
on current challenges and future perspectives.

State of the art of wind turbine control in 
a wind farm environment
Controller design and optimization for both single 
wind turbine applications and wind farm applications 
have received attention in the early 2000s among 
different universities and institutions, e.g. NREL, 
TUDelft and DTU/Risø. Through many EU or na-
tional funded projects, the expertise in wind turbine 
control and wind farm control has been developed 
by these different institutions [1-6]. These scientific 
efforts have built up state-of-the-art knowledge in 
single turbine control and sensor technologies that 
are widely used in industry, as well as enhancing the 
knowledge required (e.g. control-oriented wind tur-
bine/farm models) to develop wind farm control ap-
plications in the future. 
 
Traditionally, for variable-speed, variable-pitch wind 
turbines, the controller consists of two weakly coupled 
single-input–single-output (SISO) controllers con-
necting one sensor to one actuator, namely, the genera-
tor torque PI controller and the blade pitch PI control-

ler. The main measurement used is generator speed. 
At below the rated wind speed, the generator speed is 
used by the torque controller to adjust the generator 
torque in order to track the optimal tip-speed ratio to 
maximize the power output. At above the rated wind 
speed, the generator speed is the input to the collective 
pitch controller to regulate the power to the maximum 
value and to prevent rotor over-speeding by adjusting 
the blade pitch angle. The yaw misalignment angle is 
used by the yaw controller to align the turbine with 
the main wind direction in order to maximize the 
turbine’s power output. To design and tune the single 
turbine controllers, a simplified turbine model is often 
constructed, for example, a simple drive-train model, 
and the pole placement method is used for controller 
synthesis [7]. Furthermore, modern wind turbines of-
ten have additional features for reducing the structural 
loads on individual components, such as individual 
pitch control, drive-train damping and tower-top vi-
bration damping [6]. 

Use of forward-pointing LiDAR technology for 
wind-turbine control is considered to be state-of-the-
art research work. It can provide advance information 
of incoming wind disturbances and can be used for 
control purposes. In recent decades, DTU, together 
with other universities and institutions, has pushed 
the frontiers of scientific knowledge and increased the 
Technology Readiness Level (TRL) in the area of Li-
DAR-assisted turbine control [8,9], thus accelerating 
the concept being applied to industry prototypes.

Challenges and the future
There are well-known scientific challenges in controlling 
individual wind turbines in a wind farm environment 
[10]. Those challenges arise from the interaction be-
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tween time-varying local inflow and turbines, the inter-
action between each of the turbines in a wind farm, and 
the interaction between the turbines and the power grid. 
For turbines in a floating wind farm, the additional im-
pact of waves and currents, as well as the flexibility and 
motion of the floating platform, need to be addressed 
properly. It is crucial to come up with an optimal control 
solution to these technical challenges that can minimize 
the Levelized Cost of Energy (LCOE) by improving the 
performance and reliability of the turbines. 

Therefore, the goal of future research and development 
into wind turbine control in a wind farm environment is 
to develop and integrate advanced sensors (e.g. Lidar), 
distributed actuators (e.g. active trailing edge flaps), da-
ta-driven methods (e.g. machine learning) and modern 
control theory (model-based control) to tackle these 
technical challenges. Furthermore, future research 
should integrate all relevant aspects, such as inflow 
condition, wake condition, distributed actuators and 
response sensors, into a control-oriented wind-turbine 
model. This research can be considered as having a high 
impact on the maximization of wind-farm power pro-
duction, and will be described in the following sections.

Inflow measurements, LiDAR-assisted 
control, response sensors and advanced 
control methods
LiDAR-assisted control 
LiDAR technology offers the possibility to measure 
the upcoming wind before it hits the turbine. The two 
main LIDAR technologies that are currently available 
are continuous-wave LiDAR and pulsed LiDAR. Con-
tinuous-wave LiDAR is limited to measuring the wind 
speed one point at a time at a high sampling rate, while 
pulsed LiDAR is able to measure wind speeds at multi-
ple ranges along the beam at a lower sampling rate [11].

The use of such wind information has motivated the 
development of preview/feed-forward control in tur-
bines to reduce structural loads and improve power 
production. LiDAR-assisted collective pitch control 
has been well-studied in the literature, where the addi-
tional pitch angle signal corresponding to the LiDAR 
wind measurement is added to the standard feedback 
controller to improve rotor speed regulation and tower 
load reductions [12]. Some studies [13,14] also inves-
tigated the feasibility of improving power capture us-
ing LiDAR by making the generator torque respond to 
the upcoming wind speed sooner. In addition, several 
works [15,16] have studied LiDAR-assisted individual 
pitch control, where the blade pitch angle is changed 
individually in response to the information on wind 
shear in order to reduce the blade loads.

Another usage of the LiDAR is to track the position 
of the wake from an upstream turbine in real time. 
Knowledge about the wake position is particular-
ly valuable for validating wake models, closed-loop 
wake-steering control and optimal yaw control for 
load reductions in a wind farm. [17] used measure-
ments from a multiple-beam LiDAR via a Gauss-
ian-shape wake model to estimate the wake centre. 
Later, [18] proposed a cost-effective solution to this 
problem (Fig. 1) in which the methodology can es-
timate the lateral and vertical position of the wake 
centre and the characteristics of the wake (velocity 
deficit, width, etc.) by using a four-beam LiDAR, dy-
namic wake meandering model and a Kalman filter. 

Turbine as a sensor and state estimation for 
control
As an alternative to knowing the upcoming wind 
speed, knowledge of the current wind speed as ex-
perienced by the turbine rotor can also be used for 
control purposes, for example, gain-scheduling for 
optimal pitch, calculating the available wind power 
for de-rating, or disturbance-accommodating con-
trol. Rotor-effective wind speed (REWS) is defined as 
a weighted sum or a uniform average of wind speeds 
across the rotor [19]. One of the simplest ways to 
estimate the REWS is to use the power, control in-
puts and rotor speed and perform an inversion of 
the static relationship between power and the wind 
[20]. Alternatively, the REWS is typically inferred by 
using standard turbine measurement (control inputs 
and rotor speed), turbine model and a state estimator 
(or a Kalman filter) [21]. A detailed literature review 
can be found in [22]. Recent studies have exploited 

Figure 1.  
LiDAR installation on V52 

in the LICOREIM project
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the potential of machine learning to solve the REWS 
problem. For example, [23] developed a model-free 
method of estimating the REWS using solely the hub-
height wind measurement and deep learning. [24] 
proposed a grey-box approach, where the traditional 
Kalman filter-based method is used with Gaussian 
process regression that updates the turbine model in 
real time to improve REWS assessments.

Another potential of the turbine-as-a-sensor technol-
ogy is to track the upstream wake position. Instead of 
using LiDAR, [25] proposed a method using the blade 
loads to determine whether the wake is on the left or 
right section of the rotor. Recently, [26] demonstrated 
how the wake position can be tracked precisely using 
the rotor load sensors, a dynamic wake meandering 
model and state estimation. In addition, a study by 
[27] also showed that wind shear can be inferred from 
rotor/blade load sensors and that this information can 
be used for alleviating tower structural loads in condi-
tions of extreme turbulence. There exist more applica-
tions of turbine-as-a-sensor technology. For example, 
[28] developed methods to estimate the blade loads 
from a tower load sensor for individual pitch control, 
while [29] proposed an estimator to infer the tower 
loads from blade loads for tower vibration control.

Advanced control methods 
In most industrial applications, the wind turbine con-
troller is typically implemented using the well-known 
PI (Proportional-Integral) design, except in the be-
low-rated region, where the torque controller uses a 
nonlinear control law to maximize the power. The PI 
control objective is simply to track the rotor speed ref-
erence by controlling pitch in the above-rated wind re-
gion and torque in the below-rated region. To overcome 
the nonlinearity in turbine aerodynamics, the gains of 
the PI are typically scheduled based on the pitch an-
gle (or wind speed). In other words, the feedback gains 
are varied during operation and are dependent on the 
sensitivity of the aerodynamic torque with respect to 
the pitch angle (see [30]). The PI design approach has 
proved effective and robust for many years. In recent 
years, more controller features have been developed to 
suit the needs of larger rotors and to reduce the LCOE, 
such as individual pitch control, active damping of the 
tower and drive-train, LiDAR-assisted control and con-
trol for floating turbines. The philosophy of designing 
each control feature in a separate loop will eventually 
reach a point where, first, the problem becomes too 
complicated to handle and many more tuning parame-
ters are required, and second, the controller parameters 
or the control loops can easily interfere with each other 
or become strongly coupled.

Thus, the development of a model-based control ap-
proach for wind turbines has been pursued. One of 
the earliest works [31] noticed that, for a larger tur-
bine, the blade flap-wise mode is strongly coupled 
with the tower fore-aft mode, which makes using 
blade pitch to alleviate tower loads difficult. To ad-
dress the problem, a later study [32] proposed a mul-
tiple-input–multiple-output (MIMO) controller for 
the blade pitch controller by integrating the collective 
pitch, tower damping and cyclic pitch problem into a 
single design.

Among many MIMO design methods, Model Predic-
tive Control (MPC) is one of the most popular ap-
proaches in wind turbines. In general, MPC computes 
the optimal control input by solving an online optimi-
zation of a user-defined cost function subject to the 
system model dynamics and constraint requirements. 
The benefits of MPC is that it can (1) systematically 
handle system coupling, (2) apply constraints (impor-
tant for floating turbines), (3) incorporate feed-for-
ward (LiDAR) information (4) be  easy to tune, and 
(5) allow its control objective to be clearly defined (e.g. 
power maximization), instead of simply tracking the 
rotor speed as the PI control objective.

One of the earliest MPC applications to wind energy 
took place at DTU Wind Energy, where Henriksen et 
al [33] developed an MPC controller that worked at 
the full range of wind speeds and could fully replace 
the baseline controller. Later, Schlipf et al [9] inte-
grated LiDAR measurement into a nonlinear MPC 
problem and a feed-forward MPC was validated on 
an experimental turbine (see [34]). A detailed liter-
ature review of MPC and wind turbines up to 2014 
can be found in [35]. In recent years, Ewans et al [36] 
proposed a robust MPC controller to address model 
uncertainty. Lio et al [37] presented a modular MPC 
design which allows the designer to retrain their ex-
isting controller design, while the MPC only handles 
the constraint and feed-forward information system-
atically. Most recently, DTU and DVN (with support 
from the EU project TotalControl) have developed 
a framework for constructing the MPC by using the 
system model generated by DTU’s in-house aero-elas-
tic codes (see [38]). The goal is to create a simple solu-
tion that allows any non-control experts to build an 
MPC that must run fast, be computationally efficient 
and be easy to tune.

Challenges and the future
There are known challenges in the area of LiDAR-as-
sisted control. The preview and feed-forward controller 
depend on how well the measured wind correlates with 
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the actual wind experienced by the turbine. A recent 
study [39] suggested that the benefit of using LiDAR to 
reduce loads is heavily influenced by the LiDAR’s con-
figuration (number of beams), rotor size and turbu-
lence level. A thorough understanding of the nature of 
the wind, as well as wind measurement principles, is a 
pre-requisite for the successful implementation of pre-
view and feed-forward control algorithms. Although 
model-based control has been studied widely through 
many EU and nationally funded projects, the gap be-
tween research outcomes and applications still needs 
to be closed. One future focus should be to improve 
control-oriented turbine and flow-field models, which 
are crucial for increasing the TRL of the advanced con-
trol methods. Another future research focus is to inte-
grate the controller design into the design process of 
wind turbines. This is especially important for floating 
offshore wind turbines that will result in a better con-
trol performance compared to the sequential design of 
the controller, wind turbine and support structure. 

Active distributed aerodynamic control 
(smart rotors)
Smart rotor concepts inspired by early research in air-
craft and rotorcraft applications started receiving at-
tention for wind turbine applications in the early 2000s 

[40], with NREL, TUDelft and Risø/DTU independent-
ly looking at various concepts. DTU was one of the first 
institutes to explore active flap concepts (Fig. 2) in an 
interdisciplinary way with a view towards industrial 
applications. Early work included aerodynamic and 
aeroelastic modelling, active flap controller design and 
evaluations of potential load alleviations [41,42].

Through EU and Danish funding, work at DTU in 
2010-2020 focused on the development and valida-
tion of the first realistic flap actuation systems [43], 
the detailed quantification of power performance 
enhancements and load-reduction potential through 
advanced aeroelastic simulations [44,45,46], first 
field-testing [47] and using active flap capabilities in 
blade design optimization [48,49].

DTU’s projects in the past decade have pushed the 
frontiers of scientific knowledge in the area of dis-
tributed active aerodynamic control, substantially 
increased the TRL of the active flap technology and 
contributed to the concepts being applied to industri-
al-scale prototypes [50] (Fig. 3).

Potential for design/operation optimization 
with active flaps

Figure 2.
Active flap concept [41].
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Figure 3. 
Active flap system tested 

on the SWT-4.0-130 

prototype [50].

Active flaps are increasingly being seen as an impor-
tant additional aerodynamic control handle in blade 
design, which could enable larger blade designs 
through the alleviation of ultimate and fatigue loads. 
Some indicative uses of active flaps in optimizing 
blade design have already been published, but there is 
a need for the potential of the full use of flap control 
capabilities to be explored in a comprehensive study 
of aerostructural design optimization in order to 
quantify the realistic potential for reduction of LCOE 
in future designs.

Active flaps are also being considered as additional 
control handles for optimizing operations in a wind- 
farm operational environment. Aerodynamic control 
of localized blade loading could be very significant 
for the adaptive control of wind-turbine operations 
as a function of local inflow variations, wake flow, 
erosion etc. Due to the impact on blade-loading, 
as well as the possible localized impact on far wake 
structure, active flaps also have the potential to make 
a significant contribution to modern wind farm con-
trol concepts.

Challenges and the future
So far, the potential for load reduction through 
active distributed aerodynamic control has been 
demonstrated and quantified, system TRL has been 
increased, and more confidence has been achieved 

in existing numerical models. However, there is an 
identified need for high-fidelity aeroelastic simu-
lations of rotors with active flaps in order to enable 
realistic blade design applications in the future and 
thus pave the way for the full industrial use of such 
systems in respect of future wind turbine designs.

Furthermore, research on adaptive flap operation in a 
wind plant flow context is considered a highly interest-
ing future research topic with potentially a high impact 
on wind plant design and operation optimization, which 
can further increase the overall value of future adaptive 
wind plants. In this context, active distributed aerody-
namic control concepts could enable synergies with the 
data-driven optimization of wind-plant concepts, leading 
to adaptive wind-plant operation in the future.
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Floating wind farms are the next technology plat-
form for offshore wind energy, enabling offshore 

wind energy to be used in deep waters, and thereby 
becoming a cornerstone of the global green energy 
supply of the future. The step from bottom-fixed to 
floating wind farms involves cost-efficient float-
er design and special attention to the response 
phenomena that the floater and mooring system 
introduces. Control design, wave basin tests and 
mooring design are all part of this, along with grid 
connection, dynamic cables and undersea technolo-
gy. The future expansion of floating wind farms will 
require more research into these aspects, including 
the complex wake picture of a floating wind farm, 
where the wakes and inflow conditions are affected 
by the motion of each turbine, and the energy yield 
can be optimized through park-level control.

Why go floating? 
Bottom-fixed offshore wind farms are now a mature 
technology, with 5402 turbines having been installed 
in Europe and a further 5.1 GW planned for installa-
tion in 2022 [1]. The volume of installation has driv-
en down the cost through competition in the supply 

chain and steadily increasing turbine sizes. Thus, 
already in 2016-2017, zero-subsidy projects were 
auctioned in the North Sea and Baltic Sea, proving 
their commercial feasibility. The current price level, 
measured by the Levelized Cost of Energy (LCoE) 
for bottom-fixed offshore wind power, is of the order 
of 65 €/MWh down to 50 €/MWh and has seen a 
dramatic decrease during the last decade, from typi-
cal levels of 167 €/MWh in 2012 [2].

This development has mainly happened in the North 
Sea. The two main reasons for this are its proximity 
to the Danish wind industry, with its leading role in 
the development of large turbines, and the relatively 
shallow depths in the North Sea, where large areas 
have depths below 40m. Placement at sea is benefi-
cial in terms of easy access to the large areas needed, 
including large wind resources with a smaller 
content of turbulent fluctuations. The cost, however, 
increases with depth and distance from the shore. 
At larger depths, more materials and stronger piling 
into the sea floor are needed to ensure the necessary 
stiffness of the support structure.

Floating wind farms:  
the vehicle for offshore  
wind expansion in the future
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Chapter 10

Henrik Bredmose and Antonio Pegalajar-Jurado

Figure 1. 
Examples of recent float-

ing wind demonstration 

projects. (a) The Hywind 

Scotland wind farm (2017) 

[3]. (b) The WindFloat 

Atlantic wind farm (2020) 

[4] and (c) the TetraSpar 

Demonstrator under instal-

lation (2021) [5]. Photo 

credit: Equinor (a), EDP 

(b) and Stiesdal Offshore 

Technologies (c).

a b c



DTU international Energy Report 2021 — Page 97

Floating wind farms:  
the vehicle for offshore  
wind expansion in the future

At some depths, floating support structures become 
more cost-efficient than bottom-fixed structures. 
Currently, the depth of cost equality is believed to 
be around 60m. Future industrialization will help to 
refine this estimate and may also drive it to shallower 
depths. Thus, for regions where the depth is above 
60m, the relevant technology is floating wind tur-
bines, successful expansion of which relies on a steady 
reduction in the energy cost, as has been the case for 
bottom-fixed farms during the last decade. Examples 
of demonstration projects are shown in Figure 1.

The current cost level for floating wind energy and 
the expectations for its future development are shown 
in Figure 2a from WindEurope [6], with an estimated 
present level of 180 €/MWh. This cost is expected to 
fall to a level of 60€/MWh in 2030, comparable to the 
present cost of bottom-fixed wind energy. Figure 2b 
shows Equinor’s prediction of the price development 
[7], which is in broad agreement with these num-
bers (see also Chapter 1 on predictions of LCoE for 
offshore wind). Floating wind thus has the potential 
to play a similar role as we have seen in the North Sea 
for bottom-fixed turbines in the last decade, but on 
a global scale.  This global market for floating wind 
technology belongs to the players that can most effi-
ciently deliver the solutions at a low cost that is close 
to the local cost of electricity. 

A technology in its infancy
The state of floating wind technology is illustrated 
by the present number of installed full-size floating 
turbines. Starting with the Hywind 2MW demo 
turbine of Equinor in 2009, a number of demon-
strator turbines have been installed during the last 
decade in Europe and Japan, totalling around twenty 
floating turbines by the end of 2021.

Three floating wind farms have been erected as 
part of these demonstration projects with Hywind 
Scotland (2017, Figure 1a) as the first with five 6MW 
turbines, WindFloat Atlantic (2020, Figure 1b) with 
three 8MW turbines and the Kincardine farm in 
Scotland with five 9.5MW turbines. Further demon-
stration projects are planned in France and Nor-
way, where the first Danish concept, the TetraSpar 
Demonstrator of Stiesdal Offshore Technologies, has 
also been installed in 2021 (Figure 1c). 

What is special about floating wind tur-
bines?
Floating wind turbines differ from bottom-fixed tur-
bines in their motion response. As with a moored ship, 
the floating substructure reacts with a slow, long-period 
motion to the forces from wind and waves.
 

Figure 2. 
Expected cost of energy 

for floating wind energy in 

Europe. (a) Installed float-

ing wind energy in Europe 

and levelized cost of ener-

gy (LCoE) by WindEurope 

[6]. (b) Expected price 

development for bottom 

fixed and floating wind 

energy by Equinor [7].  

Figure 3. 
The IEA Wind 15 MW ref-

erence wind turbine [8] on 

the University of Maine’s 

semisubmersible reference 

floater [9]. (a) shows the 

turbine configuration 

and (b) the placement of 

the natural frequencies. 

Graphics by University of 

Maine [9] .
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Figure 3 shows a spectral plot for the forcing and 
natural frequencies of the 15 MW IEA Wind 
Reference wind turbine [8] on the University of 
Maine’s semisubmersible floater [9]. Here the 
natural frequency of the floater’s motion is placed 
at 0.049 Hz for the heave (vertical) motion, with 
the other natural frequencies being placed below, 
outside the main wave range. For the monopile 
bottom-fixed version of the same turbine, the 
lowest natural frequency of the fore-aft motion is 
0.17 Hz, and no natural frequencies occur below 
the 1P region, which is the frequency range of the 
turbine’s rotation. An important aspect to note is 
that the combined stiffness of tower and floater 
acts to increase the natural frequency of the tower 
vibration relative to the monopile configuration. 
For the present floating configuration, this leads to 
an estimated value of 0.5 Hz for the tower vibration 
frequency. 

The low natural frequencies give rise to low-fre-
quency motions of the floater and turbine. This 
can be driven by turbulence in the wind spectrum, 
as well as second- and higher-order nonlinear 
wave-forcing mechanisms. A further phenomenon 
that comes into play is aerodynamic damping, where 
the aerodynamic loads on the rotor are influenced 
by the floater’s motion in such a way that it extracts 
energy from the motion. As a result, the motion is 
damped, which is beneficial for the loads.

A special aspect for the low-frequency motion 
relates to the active blade pitch control. Due to the 
long oscillation periods of the floater motion, the 
blade pitch control can be activated by the asso-
ciated oscillation of the apparent wind speed, and 
unstable motion can develop. The control algorithm 
thus needs to be retuned or modified.

What are the design requirements for 
future floaters?
The main requirements for the support structure of 
a floating wind turbine are i) to provide the neces-
sary buoyancy to keep it afloat; and ii) to provide the 
necessary restoring moment to balance the thrust of 
the rotor. This can be obtained in three ways: using 
ballast (as with a ship with a heavy keel); using a 
large water plane area moment (as with a surfboard 
in the fore-aft direction) and by mooring (as with 
a Tension Leg Platform, TLP). Often, the restoring 
moment is achieved by a combination of the three, 
as seen in the classical stability triangle in Figure 4a. 

Examples of floaters that use these principles are the 
HyWind floater (ballast, Figure 1a), semi-submersi-
ble floaters (water plane and ballast, Figure 1b), the 
Ideol barge (water plane, Figure 4b) and the KIER 
tension leg platform (Figure 4d). A recent combina-
tion of the principles involved has been applied in 
the self-yawing PivotBuoy design (Figure 4c), where 
a tension leg buoy is combined with a down-wind 
turbine on a floating truss structure.

Although the three-bladed upwind horizontal-axis 
turbine is currently seen as the superior wind-tur-
bine concept, a superior floater type has not yet been 
established. The technology is still in the demonstra-
tion stage, and within each concept, there is still a lot 
to gain by optimizing the designs to the specific site 
conditions and choice of turbine. Optimized floater 
designs have been developed, typically with special-
ly designed efficient tools for response calculation 
[13,14]. In the latter, a spar floater design can be 
optimized for the 15 MW IEA wind turbine in 900 
seconds by using frequency domain-based methods 
[15] that utilize linearization techniques. The opti-
mization includes the mooring system and dynamic 

Figure 4. 
The stability triangle for 

floating structures (a) and 

examples of floater types. 

(b) The IDEOL floating 

barge 2MW demonstrator 

[10]. (c) The PivotBuoy 

downwind concept [11]. 

(d) The KIER Tension Leg 

Platform under wave basin 

tests [12].
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constraints for 12 one-hour realizations of wind-
wave forcing under turbine operation and a final 
selection of design values from a discrete catalogue.
An important aspect here is that an economically 
optimal structure goes far beyond the minimal use 
of materials or a ‘smart way’ to reduce the loads. A 
great part of the cost is also related to installation 
and the ability to manufacture, for example, a hun-
dred floaters within a year, which for a particular 
farm will make a strong impact on the final choice 
of floater. Hence in future projects, optimization will 
not only be used to refine a chosen concept design, 
but will also include manufacturing constraints (see 
[14]) and logistics. A recent and prominent exam-
ple here is the Danish TetraSpar floater of Stiesdal 
Offshore Technologies, which was installed with 
a 3.6 MW turbine in July 2021 (Figure 1c). In this 
concept, the floater is constructed from elements 
that can all be produced by turbine tower manufac-
turers and delivered to the quay for assembly.

The role of turbulence, higher-order 
wave loads and accurate numerical  
models
Besides the static design requirements of sufficient 
buoyancy and ability to balance the overturning 
moment from the mean rotor load, the dynamic 
motion of the floater must also be resolved in the 
design. The key measure here is the natural fre-
quencies and the damping of the associated motion 
modes. Figure 5 shows an example from model 
tests of the TetraSpar floater in the deep-water basin 
at DHI Denmark, where the floater is exposed to 

waves representative of rated wind speed [16]. The 
left frames show extracts of time series for (down 
the row) water level (h), horizontal floater motion 
(surge), vertical floater motion (heave), floater angle 
(pitch) and tower top acceleration (accTT). While 
the accelerations follow the time history of the 
wave motion, the other signals are dominated by a 
response pattern of much lower frequency. This is 
demonstrated more clearly in the response spec-
tra in the middle column, where the wave motion 
(upper plot) has energy in the range 0.7-2Hz, while 
the floater motion spectra mainly consist of a single 
peak around the natural frequencies, placed by 
design below the wave spectral energy. This further 
illustrates that the wave forcing in this example is 
not linear but produces loads and responses outside 
the primary wave spectrum. This happens through 
the presence of nonlinear wave kinematics, frequen-
cy mixing by floater motion, viscous effects and 
nonlinear wave-structure interaction. Efficient ways 
to describe these forcing mechanisms rapidly and 
reliably are still an active research area, where the 
engineering need for efficiency must be balanced 
with the computational demands from the problem 
complexity. 

As an example, the black curves in Figure 5 shows 
a numerical reproduction of the measured floater 
motion by DTU’s HAWC2 code. Comparison is 
made both at the time series and the spectral level 
and finally (in the right-hand panels) for the statis-
tics of the response peaks. In these plots all the local 
maxima of the time series are extracted, sorted and 

Figure 5. 
Response from wave 

basin tests with the 

Tetraspar floater by DTU 

and DHI (red curves) and 

re-modelling with the 

aero-hydro-servo-elastic 

code HAWC2 [16]. 
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plotted against their probability of exceedance. This 
type of plot is excellent for assessing of the response 
level and for analysis of the numerical model ability. 
An overall good match with HAWC2 is seen, both 
for the placement of the natural frequencies and for 
the response level. The good match here, however, is 
partly caused by a calibration of the damping level 
after input from the model tests. It has been found 
that even an incomplete forcing model can be com-
pensated by adjusting the damping. The goal of pres-
ent research is naturally to establish accurate models 
for forcing and damping that reduce or eliminate the 
need for calibration.

In addition to the engineering models, hydrody-
namic CFD (Computational Fluid Dynamics) can be 
used to derive detailed flow properties of nonlin-
ear wave forcing, viscous loads and damping. Two 
examples of semisub modelling are shown in Figure 
6 [17,18], both obtained with the OpenFOAM 
solver, with further examples in [19,20]. Principally, 
CFD provides similar opportunities as wave tank 
tests, and their results can serve to calibrate the 
simpler models used for design. Figure 6c shows a 
comparison of a decay test for the vertical floater 
motion (heave) [17], where the OpenFOAM solver 
of panel (a) is compared to a FAST model for the 
same floater [21,22]. Ongoing research in this area 
is addressing the further validation and rational use 
of the CDF results for calibration in long stochastic 
sea states, where the damping is larger than in calm 
water and depends on the sea-state properties [23].

Together with the nonlinear forcing of the waves, 
the turbulent energy content of the wind provides 
the forcing input to the low-frequency floater mo-
tion. Unlike the wave spectra, wind spectra have no 
lower limit towards the zero frequency and can thus 
drive motion at natural frequencies. Like the wave 
case, this necessitates an accurate description of the 
turbulent wind field and its spatial coherence across 
the rotor. The dominant models are the Mann tur-
bulence model and the Kaimal model [24,25], where 

recent research by Bachynski and Eliassen [26] 
has shown that they can lead to different motion 
responses and fatigue levels in the mooring system.

Control aspects 
Modern wind turbines regulate the rotor power 
input through blade pitch control. When the rotor 
power exceeds the generator’s rated power (e.g. 8 
MW), the blade is pitched into the wind to reduce 
the lift force through a smaller angle of attack. The 
principle is similar to releasing the sail on a sailing 
boat. However, the control algorithms on a floating 
turbine must be designed differently than for a land-
based or bottom-fixed turbine. 

Figure 7a shows the mean rotor thrust as a function 
of the wind speed for the the DTU 10 MW reference 
wind turbine [27]. Above the rated wind speed, the 
thrust decreases with wind speed due to the blade’s 
pitch control. Hence for a floating wind turbine that 
oscillates with the nacelle moving back and forth, 
the forward motion into the wind will lead to a 
stronger apparent wind speed and thus a reduction 
in thrust. A similar increase in thrust takes place on 
the way back, thus acting to amplify the motion and 
cause instability. An example from model tests is 
shown in Figure 7b, where a floating turbine in calm 
water develops this unstable motion with a land-
based controller (blue curve).  

Floater pitch instability can be avoided by including 
the tower motion into the control loop for the blade 
pitch. This method was developed during the Hywind 
demonstrator project and is described in a series of 
patents [29] and conference papers [30,31] which 
contain both numerical and experimental validation.

One may ask why bottom-fixed turbines do not 
experience this instability. The answer to this lies 
in the different time scales for the tower motion. In 
the bottom-fixed case, the motion period is so small 
that the control system cannot react sufficiently fast 
within a motion cycle for the instability to develop. 

Figure 6. 
Application of CFD for 

hydrodynamic analysis. (a) 

The OO-Star Wind Floater 

Semi 10MW in waves [17, 

22]. (b) Meshing of the 

OC5 Semisub [18]. (c) 

Comparison of FAST and 

CFD decay tests for heave 

[17].
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For the slower motion of the floating turbine, however, 
the control action is able to react within the motion 
period. Hence, a pragmatic way to avoid the instability 
is to slow down the controller action. This was first 
described by Larsen and Hansson [32] (see also Jonk-
man [33]), who denoted the instability effect as neg-
ative aerodynamic damping. The red curve in Figure 
7b from model tests conducted by DTU, DHI and the 
University of Stuttgart shows how this control modi-
fication can stabilize the instability. Also the method 
of tower-motion input has been tested in this envi-
ronment in a recent test campaign with a 1:60 scaled 
version of the DTU 10 MW turbine and the TetraSub 
design of Stiesdal Offshore Technologies [34]. 

The role of physical-wave basin tests 
Measurements from wave basin tests have already 
been presented as a way to assess the floater dynam-
ics and thus the interaction between the rotor loads, 
wave loads, mooring loads and control actions. 
Beyond the numerical response predictions that are 
made as part of the design process, the tests provide 
an independent validation. This may reveal unpre-
dicted phenomena that were not taken into account 
in the design. An early discovery of such phenomena 
has a huge value in the whole design process. Model 
tests are therefore necessary every time a new floater 
concept emerges, or when sufficiently large design 
alterations of existing floater designs are made.

Figure 7. 
The negative slope of 

the thrust curve for a 

pitch-regulated turbine 

leads to instability for the 

motion of floating wind 

turbines (a). (b) Example 

of the floater pitch motion 

in model tests where the 

blue curve shows the 

instability and the red 

curve a stabilized control 

scheme [28].

a b

Figure 8. 
(a) Model tests at Marin 

with the OC5 semisub ref-

erence floater [36]. (b) Tet-

raSub concept tests at DHI 

2021 [34]. (c) Hybrid model

tests at Sintef Ocean with 

real time numerically deter-

mined rotor loads [37]. (d) 

Hybrid tests in the POLIMI 

wind tunnel with real time 

numerically determined 

floater motion [38]. 
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Furthermore, re-simulation of the tests can be used 
to calibrate the numerical design models, such that 
these can eventually be applied to supplement the test 
results. One element here, where the models are not 
yet mature, is the damping. The stiffness and mass 
properties can usually be predicted with good accu-
racy, such that the natural frequencies are accurate to 
around 5%. The damping, however, has a large influ-
ence on the response level at the natural frequencies. 
The damping results from structural damping, as well 
as viscous effects in the aero- and hydro-dynamics 
around the blades and floater. Vortex shedding and 
boundary layer formation are part of this. Once the 
response has been measured, the damping can usually 
be calibrated in the numerical models. 

DTU has conducted model tests with floating wind 
turbines since 2012. In 2015, a 1:60 scaled model of the 
DTU 10MW turbine was built and tested with a TLP 
floater with DHI Denmark in their deep-water basin 
[35]. Later campaigns with active blade pitch control 
[28,11] have followed, with two test campaigns with 
Stiesdal Offshore Technolo-gies [16,34] as the latest. The 
purpose of these tests has been to gain understanding of 
the response dynamics under simultaneous wind- and 
wave-forcing and also to validate the numerical aero-
hydro-servo-elastic models HAWC2 and Flex5 for the 
response prediction. 

d
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Although physical model tests involve the important 
physics, scale effects demand special care for the 
rotor design. Since the floater motion is actioned by 
the waves, the scaling of time is locked by the wave 
motion. To ensure dynamic similarity (meaning that 
all force balances are reproduced from prototype 
scale to model scale), the same time-scaling must 
apply to the incident wind field and rotor motion. 
This necessitates a redesign of the rotor, since the 
model-scale Reynolds number is much lower than 
in real scale. A trained eye may recognize this in 
Figure 4d and Figure 8b, where the model-scale 
cord-length is 75% larger than a direct geometric 
scaling would imply to compensate for the low lift-
to-drag ratio at the smaller Reynolds number.

As an alternative to the physics-based tests with a 
real rotor and aerodynamic forcing, software-in-
the-loop methods have been developed at SINTEF 
Ocean, CENER and IH Cantabria, where a numer-
ical model of the rotor computes the rotor load in 
real time subject to the measured real-time motion 
of the floater and a numerical virtual wind field. 
This has a number of advantages, namely a closer 
resemblance between the aero-elastic design model 
and the model tests and a more direct re-produc-
tion of the tests. One downside is that the tests do 
not produce a full validation of the aerodynamic 
design and may not reveal all the interaction phe-
nomena between the rotor and floater dynamics. 
Figure 8c shows an example from SINTEF Ocean 
[37]. The principle can also be applied in wind 
tunnels, where tests with a preserved Reynolds 
number are aided by software predicted floater 
motion. A picture from the POLIMI wind tunnel is 
shown in Figure 8d [38].

Floating wind farms and the wake  
picture 
The future expansion of floating wind energy will take 
place in wind farms. In addition to the already in-
stalled demonstration farms in Scotland and Portugal, 
further farms are planned in Europe, including the 
HyWind Tampen with eleven units and the Hannibal 
floating wind farm off Sicily with 25 units.

Wake effects in floating wind farms are different than 
for bottom-fixed farms due to the inclination of the 
rotors and their movement. Figure 9a shows how the 
wake is deflected upwards due to the tilt of the tower 
and rotor [39]. This principle is the same as the yaw 
deflection of wakes. Furthermore, the motion of the 
rotor can lead to a faster wake recovery downstream 
of the turbines, since the tip vortices are not placed at 
a fixed distance. Thus their mutual interaction is en-
hanced, and the turbulent mixing with the outer flow 
is increased. An example is shown in Figure 9b, where 
the DTU free vortex solver MIRAS is combined with 
the HAWC2 aero-elastic model [40]. Here the tower 
inclination of the operating turbine and rotor has 
been varied in a sinusoidal motion of fixed amplitude, 
clearly showing the merging of the tip vortices. The 
effect on the annual energy production for a wind 
farm depends on the frequency and amplitude of the 
floater motion and also on the ambient turbulence 
level, which also acts to recover the wake.

Further studies with this model have revealed that 
resonance down a row of floating wind turbines can 
occur, where the motion of the first turbine leaves a 
footprint in the wake that forces motion at the natu-
ral frequency for the next turbine [41]. 

Figure 9. 
Wake aspects of floating 

wind turbines. (a) The 

upward deflection of the 

wake due to rotor tilt [39]. 

(b) The enhancement of 

the tip vortex instability 

caused by the floaters tilt

motion [40]. 

b

a
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What is needed to accelerate floating 
wind?
Floating wind-power technology is undergoing rapid 
development and lies at the edge of industrial ex-
ploitation. A huge market exists for the solutions that 
can efficiently deliver the required energy at a cost 
comparable to that of bottom-fixed wind energy. This 
expansion requires further development and research 
into all the aspects that affect the cost of energy.

Floating wind energy involves more physics and 
more interaction than bottom-fixed wind turbines 
due to the low frequency motion of the floater and 
rotor. This creates new aerodynamic effects and di-
rect coupling between the aero- and hydro-dynamic 
flows. There is thus a need for an improved and de-
tailed design ability that includes these phenomena 
and can devise technically feasible and cost-efficient 
designs. Further cost savings will be made through 
constant innovation on the overall system of which 
each turbine is a part. The necessary development 
can be supported through 

• Further development of rational design and 
response models for floating wind turbines in 
turbulent wind, nonlinear waves and control

• Development of these tools to a new multi-fi-
delity state, where they can consistently be 
applied in pre-design, optimization and detailed 
design with the physics accurately represented

• Extended research of turbine interaction at 
the farm level, where wake effects and turbine 
control are strongly coupled and affect annual 
energy production

• Continued validation of the models through 
open data sets from lab tests and full-scale 
measurements. The full-scale measurements are 
vital to close the gap between design and the 
real structure in the real environment

• Further development of test methods for floating 
wind turbines. This includes the ability of re-
al-time embedded software in the model tests and 
automatic calibration of the response models.

• Continued effort to support the required 
innovations in the technology, such as special-
ized rotor design for floating applications, new 
mooring systems, new cable and subsea tech-
nology for grid connection, installation meth-
ods, logistics and weather-window planning. 

Floating wind farms are a promising technology 
currently situated in the transition from demon-
stration to commercialization. With the experience 
already acquired of bottom-fixed offshore wind 

energy, the industrial and research-based commu-
nities are in a unique position to accelerate this de-
velopment of floating wind farms into a cornerstone 
global source of clean energy.
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Offshore wind turbines are subject to highly sto-
chastic operating conditions, primarily due to 

the effects of wind turbulence and ocean waves. The 
interaction of flexible wind turbine structures such 
as the blades with stochastic dynamic inputs results 
in continuously varying mechanical loading and 
deformations over time, with isolated extremes and 
the accumulation of fatigue damage. The reliability 
of offshore wind turbines is dependent on deter-
mining specific failure modes resulting from the dy-
namic loads and the associated probability of failure. 
The design process has several uncertainties due to 
the stochastic environmental conditions, variation 
in material properties, limitations in modelling 
the wind turbine dynamic system, localized stress/
strain behaviour and determining the right failure 
modes, all of which need to be quantified in order to 
ensure that the design is reliable.  To determine the 
reliability of designs, a stochastic model is developed 
specifying the distributions of stochastic variables 
and uncertainties that are being taken into account 
in the design process. The reliability assessment 
must also account for the aggregation of subcom-
ponents into subsystems and into the final system 
to quantify the true risk of failure. The integrity as-
sessment of fixed and floating wind turbines is to be 
determined using multiple limit states that account 
for all failure modes, such as those resulting from 
ultimate strength, fatigue, buckling and excessive 
deflections or rotations. The consequences of failure 
are also assessed in terms of fail-safe and non-fail-
safe components. Redundancy or protection mech-
anisms that prevent catastrophic failure are usually 
required in the case of non-fail-safe components in 
the primary load path. For wind turbines, economic 
loss is assumed to be the main consequence of fail-

ure, due to which the target reliability index [1] used 
in the design process is assumed to be lower than 
the reliability level used in the design of bridges and 
buildings, where the prime potential consequence of 
failure is the loss of human life. 

Assessing the reliability of structures
Assessing the reliability of wind turbine structures 
requires identifying the mechanical loads acting 
on the structure, its material properties and the 
underlying uncertainties in all aspects of the quan-
tification of the resulting structural response. The 
loads on the structure can be determined in terms of 
three-dimensional forces and moments at multiple 
locations on the structure. For example, the design 
of the hub requires the identification of three forces 
and three moments at the connection to each blade. 
For a three-bladed wind turbine, this means that the 
hub design can require the identification of eight-
een components of dynamic loads. These loads are 
usually extracted as time series from an aeroelastic 
software [2] or multi-body dynamics software [3]. 
The material properties of the structure are obtained 
from experimental tests conducted on the materials 
as published by various guidelines such as the DNV 
GL RP C203 [4]. The response of the structure is to 
be computed by utilizing the underlying mathemat-
ics defining its mechanical behavior, which may also 
be accomplished using commercial software. 

Probabilistic models of the load behavior and ma-
terials behavior can be developed by knowing their 
mean values and variations. Associated variations 
in models used in loads computations, the materials 
testing process and inputs can also be specified as a 
bias plus a variation. By using appropriate material 
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criteria, such as the net strain exhibited by a steel 
structure being less than 1% [5], the assembled 
probabilistic models can be stated as a limit state 
function [ 6 ] through which the probability of 
exceeding the limit can be determined. The inverse 
standard normal distribution [6] of the probability 
of exceeding the limit is the associated reliability 
index.  

Limit states for the design and integrity verification 
of offshore wind turbines include the:

1. Ultimate Limit State (ULS), which ensures that 
the material does not suddenly rupture due to 
excessive stress or strain. 

2. Fatigue Limit State (FLS), which ensures that 
the damage from cyclical loading over time 
does not exceed a threshold. 

3. Serviceability Limit State (SLS), which monitors 
the deflections and rotations of the structures 
and components to ensure they remain within 
specified limits. 

4. Accidental Limit State (ALS), which ensures 
that the turbine does not sustain catastrophic 
failure upon the failure of a critical unit. 

Since the reliability index is expressed in standard 
normal space, and since the probability distribution 
functions of loads and material responses are usually 
not normal distributions, a mapping of the physi-
cal probability distributions on to normal space is 
required, called an isoprobabilistic transformation. 
Examples of such transformations include the 
Rosenblatt transformation [7] and Nataf transfor-
mation [8].  The full process of estimating reliability 
is provided in Figure 1. 

Often a small but critical part of a structure defines 
the reliability of the entire structure. This is the case 
with many wind turbine structures, in the sense that 
the reliability of the top of the tower is based on its 
bolted or welded connections to the nacelle and yaw 
bearing. Similarly, the base of the tower or the blade 
root has bolts that hold the structure in place, as 
shown in Figure 2. These connection elements are 
also of critical importance for the overall reliabil-
ity of the system. A comprehensive analysis of the 
integrity of installed wind turbines, their remaining 
lives and the potential for extending their operation-
al lives beyond the planned period was conducted as 
part of the Danish LifeWind project [9].

Figure 1. 
Process representing the 

assessment of reliability of 

a wind turbine structure

Probabilistic modeling of 
the Failure Limit State

Load Time 
series

Wind Turbine 
Inputs (Inflow, grid, 

waves, soil)

Isoprobabilistictrans-
formation

Reliability Assessment

Dynamic 
Simulations

Wind turbine 
configuration

Material and 
Geometry 
parameters
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Offshore support structure integrity
Offshore wind turbine structures are designed to 
different wind conditions, since the structures of 
the rotor-nacelle assembly (RNA) are designed to 
meet IEC 61400-1 standard conditions [1], but the 
offshore support structure consisting of the tower, 
transition piece, substructure and foundation are 
designed to site-specific conditions. While the RNA 
may have sufficient design margins, having been 
designed in line with a general conservative wind 
class, the support structures may not have signifi-
cant design margins, being designed for site-specific 
conditions. For fixed-base offshore wind turbines, 
a key aspect in assessing their remaining life, is 
the integrity of the transition piece, especially for 
monopile-based structures. Figure 2 shows an actual 
example of a gap and seeping water between the 
transition piece and the tower of an offshore wind 
turbine that can result in corrosion and a significant 
reduction in the reliability of that structural connec-
tion, if left unrepaired. Such integrity issues can be 
avoided with regular inspections and immediate re-

pair. Hence the integrity of an offshore wind-turbine 
support structure is also conditional on monitoring 
and ensuring that damage can be detected early. 
Such monitoring may be visual, as in Figure 2, or in-
direct using condition monitoring methods [9]. The 
welded joints of steel substructures such as jackets 
and monopiles are points of stress concentration, 
and it is not uncommon for one welded joint to be 
the cause of insufficient reliability of the entire struc-
ture. The life or reliability of the welded joints can be 
improved by grinding or polishing the welded zone. 

As shown in Figure 1, the failure limit state is a 
function of the dynamics of the wind turbine, given 
input environmental conditions and wind turbine 
configuration properties, including the control sys-
tem. Floating wind turbines (FWT) present a tightly 
coupled system in which changes to any design pa-
rameter, whether ocean wave models or the blade’s 
structural properties, can have a strong influence on 
the reliability of all its major wind turbine compo-
nents. FWTs have rigid body motions that are of 
very low frequency, often between 0.01 Hz. to 0.05 
Hz., which implies that they have unique challeng-
es not seen in fixed-base turbines. For instance, 
they are prone to low frequency non-linear wave 
excitations [10], which can significantly affect their 
reliability. Further FWT support structures present 
a free-free mode of dynamic beam bending of the 
tower that is absent in fixed-base support structures. 
This implies that the tower design needs to be more 
stiff than fixed-base support structures to prevent 
the harmonics of the rotor speed (P,3P, 6P) from 
exciting the natural frequency of the tower. The 
mooring lines of a floating wind turbine are one of 
the means for providing stability for the turbine. It 
should be verified that breakage of a single mooring 
cable does not result in catastrophic failure of the 

Figure 2. 
Illustration of bolt con-

nection in tower of a wind 

turbine [9]

Figure 3. 
Damage to the seal in the 

connection between transi-

tion piece and tower[ 9]
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wind turbine [11] and also that the final position of 
an FWT after such a break will not cause damage to 
nearby wind turbines or other vessels. 

Thus, reliability assessment in the design process 
needs to consider the inherent dynamics of the 
turbine structures, often through time-domain 
solutions, where all the limit states need to be ascer-
tained at different points in time. However, to assess 
the reliability of operational wind turbines in a wind 
farm, data-driven methods using measurements are 
required, often in conjunction with physics-based 
simulation models of the wind turbine’s dynamics. 
Such models can be used to assess the remaining life 
of wind turbine components and structures within a 
wind farm and determine the feasibility of the life of 
the wind farm being extended. Most wind farms are 
designed for a life of 20-25 years, but the conserva-
tive safety margins that are prevalent in the design 
usually allow for longer operational periods, which 
allows for increased energy capture from the same 
usage of materials.   

Data analytics and data-driven deci-
sion-making
Utility-scale wind turbines generate a continuous 
stream of data through their SCADA (Supervisory 
Control and Data Acquisition) and CMS (Condi-
tion Monitoring) systems. Since currently more 
than 200,000 utility-scale wind turbines have been 
installed and are operating continuously around the 
world, enormous amounts of data are available to 
operators and the original equipment manufacturers 
(OEMs). With advances in computer science, and 
especially the broad application of machine-learning 
technologies since the 2010s, the wind industry sees 
data analytics as an opportunity to create value from 
the data streams. This has created a range of new 
industry roles and company profiles. Wind energy 
data analyst, data scientist and data engineer are 
common professions requiring combinations of do-
main knowledge, applied mathematics and statistics, 
and IT (information technology). 

Currently, widespread approaches to data utilization 
include anomaly detection [12], as well as data-driv-
en forecasting [13] and other similar functional 
approximation problems. Machine-learning frame-
works have shown higher performance than human 
experts in detecting faults, especially on the turbine 
drivetrains [14], though these methods also have 
disadvantages such as the lack of interpretability 
of pure “black-box” models. Hence, fault isolation 
and root-cause analysis following a fault detection 

pose another challenge that requires further efforts. 
Potential solutions include utilizing some physical 
understanding or model of the turbine’s behaviour 
in order to interpret the data better, thus fusing the 
physics-based and data-driven approaches together. 
Fully utilizing the value of the information provided 
by the data analytics requires taking actions which 
maximize the expected benefits or minimize the 
expected costs. Such decisions are typically taken 
by humans, meaning that data analytics solutions 
provide decision-making support but exclude 
autonomous actions. Artificial intelligence may play 
a role in the future in allowing more autonomous 
operations, or at least more advanced decision-mak-
ing support. This requires finding rational defini-
tions of the value associated with each decision, e.g. 
computing risks using probabilistic modelling [15], 
taking into account reliability, performance and the 
maintenance costs.  
        
Due to their high value proposition, the owners 
often consider and treat their data as an asset. 
However, the associated confidentiality and compet-
itiveness considerations may lead to challenges with 
respect to data-sharing. As with any other asset, un-
folding the full potential of the data requires proper 
management. Ongoing efforts aim at developing the 
frameworks for data standardization and facilitating 
data-sharing. 

Digital twins of wind farms for mainte-
nance and performance optimization
Operations and maintenance (O&M) activities may 
constitute as much as a third of the total cost of 
energy from wind farms [16]. Maintenance optimi-
zation is therefore of critical importance in develop-
ing cost-efficient energy production. When planning 
maintenance, historical reliability data may allow 
a prediction of the maintenance needs on a popu-
lation level (in statistical terms), but not for each 
individual turbine. Even within the same wind farm, 
wind turbines are subject to different conditions 
due, for example, to wake effects and influences 
from the surrounding terrain. Combined with the 
potential variations in properties due to, for exam-
ple, manufacturing and installation, this means that 
each turbine in a wind farm has its own load history 
and O&M history. Knowing the state of individual 
turbines and their future maintenance needs could 
help tailor the O&M strategies, which would other-
wise be based on the population-level estimates. 
The ‘digital twin’ concept can be briefly defined as 
follows: 
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A dynamic numerical representation of an industrial 
asset that enables companies to better understand 
and predict the performance of their machines and 
find new revenue streams, and change the way their 
business operates. 

Digital twins are also described in other chapters 
herein, for example, Chapter 12. Due to the general 
definition and potentially broad range of applica-
tions, solutions that are very different in nature may 
fall under the single term ‘digital twin’. A digital 
wind farm (a wind farm’s digital twin) would be a 
digital representation of a real wind farm, capable 
of ingesting historical data to update the estimates 
of the current state of each turbine in the farm, and 
running simulations to predict the farm’s behaviour 
in future scenarios. In such a digital twin, we can 
combine the operational data with physics-based 
models, making it possible to interpret the data and 
estimate how the operational history has affected the 
health of the turbines. A key challenge in bringing 
such digital twins to reality is fully establishing 
and validating the relationship between operation 
and load history, and turbine failures. The prima-
ry research question related to this challenge is to 
determine what the factors are that drive turbine 
reliability and whether they can be captured from 
operational data.

Figure 4 illustrates the possible future implemen-
tation of a reliability indicative controller into 
an offshore wind farm by expanding the current 
wind-farm controllers with a data-analytic function-
ality to translate the measured sensor signals into 
an estimate of the consumed fatigue life of specific 
components of the wind farm. 

The structural components, such as tower and 
substructure, are designed to have a 25-year fatigue 
life when exposed to the design conditions of the 
wind farm, but once the wind farm is installed the 
measured sensor signals might reveal discrepan-
cies between the design conditions and the actual 
conditions. The actual life-time might therefore have 
to be updated compared to the design life-time, and 
some turbines might have an expected life-time 
longer than 25 years and some less than 25 years due 
to the interaction between the turbines. This leaves 
aside the questions of whether one will be able to 
boost the energy production from the turbines with 
an expanded life-time and to down-rate the turbines 
with a reduced lifetime in order to obtain a common 
farm life-time of 25 years [17]. Figure 4 shows how 
such an individual power set-point adjustment func-

tion could be implemented by a reliability controller. 
There is also wear of components in a wind farm, 
such as blade erosion and wear in moving parts 
such as the bearings and gearbox, which will have 
to be replaced on some of the turbines. The gearbox 
and bearing wear components are monitored by 
the condition-monitoring system [12]. If a prob-
lem is detected, one can consider down-rating the 
power production of the specific turbine in order to 
slow down the evolution of the fault, instead of just 
shutting down the turbine and wait for a component 
replacement, which will result in a complete loss of 
income. Thus the question is whether the reliability 
controller will be able to predict how large a power 
reduction should be assigned to a specific turbine in 
order to allow it to operate until the repair has been 
performed. And since the turbines within the wind 
farm interact with one another, it will also have to be 
decided whether the power setpoint of the turbines 
surrounding the down-rated turbine with the faulty 
component should be adjusted to increase produc-
tion, since the wake of the down-rated turbine will 
be less pronounced. Again such an adjustment of the 
power setpoints will have to be based on an optimi-
zation reflecting the strategy of operating the wind 
farm, as well as the sales price of electricity. If the 
sales price is too low, it might not pay off to increase 
the production of power if the cost of increasing the 
wear is higher.

Another open question with respect to the digi-
tal twin concept is finding an appropriate balance 
between high-fidelity modelling and computational 
efficiency/practicality. High-fidelity numerical tools 
may provide accurate and high-resolution informa-
tion, though this will typically be associated with 
higher computational costs. Since the main goal of 
using a digital twin is to create value by offering a 
certain functionality, it should often be possible to 
decide on the appropriate modelling fidelity level 
using an ‘as low as reasonably possible, as high as 
necessary’ approach. In other words, the primary 
modelling approach may be chosen as the option 
that provides the necessary accuracy with the least 
fewest demands for computational and human 
resources. Quantifying the model’s adequacy can be 
facilitated by the UQ (uncertainty quantification) 
family of methods. The European H2020 project 
Hiperwind [18] is targeting the development of 
methods that significantly reduce the uncertainties 
in the numerical models for wind-farm design and 
use probabilistic design methods to lower the farm’s 
LCoE.
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Outlook
The wind energy industry is moving towards da-
ta-driven design and asset management, thus paving 
the way for the use of probabilistic design methods 
and the deployment of digital twins. While data 
integrity and appropriate data management proto-
cols are required, the sharing of data with the larger 
wind energy research community is also essential to 
accelerate the reduction in cost of wind energy and 
the installation of cost effective wind power plants. 
The enormous demands for offshore wind energy 
can be realized only through reliable cost-effective 
designs and efficient through-life management of 
wind farms. Remote monitoring of wind farm assets 
and data-driven predictive analytics are key enabling 
tools to realize this goal. 
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A sustainable world requires better 
structures
In this chapter, we describe our vision for creating 
better and safer wind turbine structures. Our aim is 
to outline a pathway leading to continuous improve-
ments in their structural design and operation. In 
order to facilitate the discussion, let us first define 
what we mean by better structures. Comparing 
designs among the same family of structures, a 
specific structural design can be considered better if 
the costs of manufacturing, installation, operation, 
maintenance and decommissioning is low and/or if 
its level of performance, reliability and safety is high. 
In recent years, the sustainability of such structures 
and mitigating their environmental impact have 
been gaining significant attention. Better designed 
structures should therefore have little if any negative 
impact on the environment. For example, low-car-
bon footprints can be achieved by incorporating 
clear considerations of post-service life in terms of 
the reuse of structural components and recyclability 
into future design processes.

The goals of creating better wind turbine struc-
tures, are ambitious, but they are becoming more 
and more achievable through a combination of 
several development leaps in key enabling tech-
nologies:

• digitalization such as big data and the internet
of things to facilitate information flows in oper-
ational wind turbine structures.

• artificial intelligence such as machine-learn-
ing to analyse information and support de-
cision-making with, for example, predictive
inspection and maintenance schedules.

• advanced sensors, which are expected to
become cheaper, smaller, smarter, wireless and
self-powered, providing a comprehensive sens-
ing network for wind turbine structures.

• autonomous drone and robotic systems that
can carry out damage inspections and make the
necessary repairs efficiently.

• novel manufacturing methods such as 3D
printing that can produce structures and com-
ponents with complex shapes and optimised
material properties beyond the feasibility of
current manual manufacturing methods.

This list emphasises not only the demand for the 
further development of each individual field, it also 
shows the necessity of integrating these key enabling 
technologies into one unifying framework through 
collaborative, interdisciplinary effort.

Designing better wind turbine structures requires 
using materials closer to their limits, which in 
turn necessitates advances in the trinity of key 
fields in structural design: material science, man-
ufacturing methods, and numerical simulation 
and experimental capabilities. We rely on material 
science to discover new material systems and to 
improve existing ones, for example, developing 
novel resin systems for fibre composites with 
increased damage tolerance and higher fatigue 
strength or steels that are more resistant to wear, 
corrosion and fatigue. However, the development 
of these new materials alone is not sufficient, as 
it is just as important to improve existing manu-
facturing methods, as well as create the radically 
new manufacturing methods that will be needed 
in order to produce structures incorporating these 
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materials consistently with the desired properties 
and geometrical shapes. Novel manufacturing 
methods such as the 3D printing of continuous 
fibre composites will enable the production of 
material fibre architectures whose realization is 
not feasible using current technologies (e.g. glass 
fibre fabric vacuum infusion). New manufactur-
ing methods have the potential to increase the 
reliability of structures and materials significantly 
due to their improved consistency in production 
and – equally important – due to tailoring materi-
al properties to the specific purpose and operat-
ing conditions. 

In order to utilise both materials and manufactur-
ing capabilities fully, the design of better structures 

relies heavily on the development of multi-scale 
numerical prediction capabilities. The ongoing 
challenge is the development of numerical mod-
elling strategies that can efficiently model damage 
and fracture processes with a characteristic length 
scale of micrometres in large-scale structures with 
a characteristic length scale of hundred metres. In 
recent decades, research in this field has mainly 
focussed on improving the accuracy and fidelity of 
the numerical models. However, the development of 
computationally efficient models has gained consid-
erably in importance in order to make them com-
patible with machine-learning technology in general 
and with digital-twin technology in particular. It 
is therefore no longer sufficient to make accurate 
predictions alone, as these predictions should also 

Figure 1. 
Illustration of the trinity 

of structural design key 

fields: material science, 

manufacturing methods, 

and numerical/experimental 

methods, mirrored with 

the trinity of Structural 
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and numerical/operational 

methods.
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be optimized in terms of both accuracy and speed. 
In a sense, the developers of numerical prediction 
tools find themselves faced with the need to break 
the sound barrier of computational speed. That is to 
say, machine-learning relies on the ability to solve a 
comprehensive set of numerical simulations of the 
evolution of damage and fracture in large struc-
tures efficiently in order to train the algorithm. In 
addition, probabilistic design frameworks require 
the computation of a vast number of different sim-
ulations, placing a considerable burden on model 
running times. For example, in the case of simula-
tions of fatigue damage, current running times for 
large-scale models that take days need to be reduced 
to the running times of minutes that approximate to 
quasi-real-time prediction capabilities. 

However, designing better structures closer to their 
limit by using better materials, manufacturing 
methods and numerical/experimental methods is 
only one side of future design philosophies (see Fig-
ure 1).  In current design philosophies, the degree 
of structural utilization is defined at the drawing 
board, and costly reactive maintenance schemes are 
employed to maintain consistent structural integrity. 
The design philosophy of tomorrow’s wind turbine 
structures will see a paradigm shift as structures will 
become smart through their ability to communicate 
their structural health status and predictively adapt 
their mode of operation individually according to 
their structural health status. 
 
Like a human being’s medical records, a structural 
health journal will be maintained for every individ-
ual structure to record the history of every incident, 
which will be uniquely mapped for each damage 
event present in each component of the structure. 
Structural-health monitoring systems will be able to 
track the evolution of existing damage and identify 
the appearance of new induced or inflicted damage. 
The information in the structural health journal 
will be stored in the structure’s digital twin, which is 
synchronised and updated with a live feed from the 
structural-health monitoring system. Making com-
putationally superefficient numerical material and 
structural models part of the digital twin will enable 
the individual admissible structural utilisation level 
to be assessed based on the prevailing damage state. 
In this way, the structural utilization can be adjusted 
individually and predictively for every wind turbine 
structure to ensure its maximum structural life.

Impact of industry trends on structures
The size of wind turbines is still increasing, and 
there is no sign that this process will end any 

time soon. This requires the testing of ever larger 
components, which in turn requires ever larger test 
facilities, test stands and test-loading equipment 
which must soon be capable of accommodating 
+15 MW turbine components. Blades are tested at 
their resonance frequency, as brute force testing 
requires too much force and energy, making it 
unfeasible. The resonance frequency decreases with 
increasing blade size, meaning that the time re-
quired for the test becomes longer. For comparison, 
the certification test time of modern large utility 
+100 m blades can exceed one year, which empha-
sizes the need to shorten the time to market. Thus, 
the testing of individual components is becoming 
extremely costly and time-consuming to perform. 
One way to overcome this would be to divide very 
large components into more manageable sections 
and have them tested separately while simulating 
the full-scale or full-system test. Such tests require 
new research and the development of new testing 
methods, as well as computer models to simulate 
full-scale testing. While performing component 
tests section-wise with full-scale test simulations 
may be less expensive and faster, there will still be 
a need to be demonstrate the methodology in full-
scale tests at realistic loadings. One result of the 
project BLATIGUE [2] is the development of an 
optimized method for the multi-axial fatigue test-
ing of wind turbine blades. Using this method, im-
proved fatigue tests compared to current standard 
fatigue tests were obtained in terms of both accu-
racy and total test times [3]. In this approach, the 
response of the blade is calculated at the material 
level by considering strain-based damage targets. 
An optimal combination of different test blocks 
(i.e., flapwise, edgewise, chaotic and phase-locked) 
can be obtained to reach the damage targets in the 
entire blade while minimizing the total test time, 
thus satisfying predefined error limits.

Figure 2. 
The developed FASTIGUE 

approach based on fracture 

mechanics resolves the 

heavy computational 

demands of fatigue crack 

simulation for large struc-

tures such as composite 

wind turbine blades, thus 

providing super-fast 

computational capability 

to enable a digital twin in 

near real time [1].  
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Another critical component requiring improved test 
facilities is the blade bearings, which connect the 
blade root to the rotor hub. The continuing increase 
in the bladeroot diameter and in blade length and 
weight is resulting in higher loads being placed on 
these bearings. Blade bearings have to withstand 
high bending moments while standing still or rotat-
ing at very low speeds. Major bearing manufacturers 
and OEMs have in-house blade-bearing test rigs, 
but due to the prohibitive costs, there is a need for 
independent test providers. Current blade-bearing 
test facilities at Fraunhofer IWES in Hamburg and 
Windbox in Bilbao can perform tests of up to 8-10 
MW turbines, but even this is insufficient for the 
new generation of turbines. There is an increasing 
need in the sector for access to a strong palette of 
independent test facilities and more accurate testing 
methods.

Given the increasing worldwide trend for wind tur-
bines to move offshore, corrosion fatigue is becom-
ing increasingly important for designing monopiles 
and floating support structures exposed to both 
wind and wave loads in the harsh offshore environ-
ment (see Figure 3). Corrosion fatigue refers to a 
situation in which the mechanically driven deterio-
ration of a material due to cyclic loading is exacer-
bated by an electrochemical corrosion process. This 
results in a situation in which the fatigue life of a 
structure that operates in mild conditions can be 
significantly reduced when operating in corrosive 
conditions. The mechanisms involved in corrosion 
fatigue are complex and still poorly understood. 
Current offshore structures are often unique or 
manufactured in small quantities, designed from 

standards based on current best practices. These 
standards are conservative, incorporating consider-
able safety factors established by both the maritime 
and the oil and gas industries. 

These high safety factors are applied because of 
the lack of knowledge about the magnitude of 
the influence of corrosion fatigue in different 
environments. High safety factors are therefore 
necessary to cover important effects conserva-
tively, such as temperature and chemical seawater 
composition. However, this is only possible if the 
actual corrosion fatigue resistance of a structure 
can be fully utilized, and this requires compre-
hensive fatigue tests that are time-consuming and 
costly. Normal fatigue tests under ambient inert 
conditions can be accelerated, but this accelera-
tion is rather difficult when dealing with corro-
sion fatigue. This bottleneck prevents the availa-
bility of sufficient corrosion fatigue test numbers, 
which presents challenges in obtaining statistical 
results from large-scale fatigue tests in relevant 
offshore environments, as illustrated in Figure 
3. New, more realistic testing methods will be
required to establish new corrosion fatigue design
standards for offshore wind-energy structures,
which is a challenge to the industry. These test
developments pertain to standardized and hence
comparable pre-corrosion procedures for test
coupons and require access to X-ray computer
tomography facilities that can scan representative
areas of corroded samples with sufficient resolu-
tion. Moreover, fatigue test methods must also be
developed than can handle corroded large-scale
fatigue test coupons, as well as new in-situ corro-

Figure 3. 
Steel plates with a vertical 

weld in the centre before 
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Institute offshore corrosion 

test site on Heligoland. The 
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specimens to determine 

the effect on the fatigue 

life of the welds after 

corrosion. The work was 

performed within the 

WindWeld project [4].
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sion fatigue test methods in which the specimen 
is fatigued inside a corrosive electrolyte.

Another trend is to utilize integrated system design 
and optimized design processes in order to decrease 
costs. Also, the trend towards industrialization and 
standardization will result in the mass production of 
wind turbine structures on a scale not seen before, 
which will reduce costs. Producing large amounts of 
components in larger quantities than has been done 
up to now is needed generally to meet the climate 
goals. Also, a direct calculations method to design 
wind turbine structures and predict how and when 
they will fail is increasingly in demand.

The value of testing structures
Virtual testing and virtual measurement are novel 
areas of increasing importance, forming a field that 
complements physical testing. Virtual testing in 
this context refers to a numerically simulated test 
with the aim of predicting the physical properties 
of a virtual specimen, as they would have been ob-
tained in a physical test. The big potential of virtual 
testing is seen when it is combined with machine 
learning, as the optimal set of material parameters 
can be obtained without the necessity to conduct 
comprehensive and costly testing. Measurements 
using virtual sensors make it possible to ‘measure’ 
where it is not possible to place physical sensors. 
What can be observed is the clear trend that virtual 
testing and physical testing are moving closer 
together. In fact, a physical test must be treated 
as a model of reality quite as much a numerical 
model claims to be. The sophistication of both 
numerical and physical testing models is constantly 

increasing, and both can be considered to converge 
asymptotically. 

Despite the celebrated advantages virtual testing 
has to offer, replacing physical testing entirely with 
virtual testing will not, in our view, be tenable. An 
analogy to replacing physical testing with virtual 
testing is exploring the world solely by means of 
Google maps. We believe that a true exploration of 
nature needs a connection between the virtual world 
and the physical world. Physical testing is essential 
in order to go deeper and expand our knowledge 
and understanding at all scales, i.e. microscale to 
macroscale; in our opinion this will remain an in-
dispensable requirement for many decades to come. 
The promising developments in virtual testing will 
assume an important supplementary role for testing, 
but will complement rather than supersede physical 
tests. 

The statement regarding the indispensability of 
physical tests deserves a more thorough corrob-
oration: the physical processes inherent in struc-
tural behaviour present at different characteristic 
length scales are emergent [5]. Emergence in the 
context of material- and structural testing (see 
Figure 5) is defined as a physical property (e.g. 
nominal strength) of a specimen that cannot be 
observed in its individual constituents (e.g. atomic 
bond strength), but rather emerges through the 
interaction of many constituents in the bulk, 
depending on the scale of the testing. This means 
that a measured physical property such as fatigue 
strength will depend on the characteristic scale of 
testing, which consequently hinders the prediction 

Figure 4. 
The full-field longitudinal 

strain measurement of a 

trailing-edge subcom-

ponent from a digital 

image correlation system 

shows that such complex 

buckling-driven failure 
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smart, efficient and reliable 

wind-turbine structures [6].
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of a physical property on the macro-scale based on 
observations made on the micro- or nano-scales. 
Such emergent behaviour is quite apparent in the 
evolution of fatigue damage in metals and fibre 
composites. In general, emergence counters reduc-
tionism, as the fatigue behaviour of a macro-scale 
structure cannot be predicted from first-order 
principles, such as laws describing the strength of 
molecular bonds in polymers or dislocation motion 
in metallic lattices on the micro-scale. 

Emergence is the predominant source of the so-
called ‘size effect’, which accounts for the fact that, 
for instance, the fatigue behaviour of the same 
material system can be vastly different at different 
scales. Existing approaches aimed at correcting for 
the size effect are based on statistical physics or 
damage/fracture mechanics and cannot themselves 
be derived from the first-order principles. In other 
words, emergence prevents the formulation of a 
single unifying theory that uses first-order princi-
ples to describe the fatigue behaviour of a material 
at all characteristic length scales. The lack of such 
a unifying theory means that any virtual testing 
simulation must be based on material models that 
are only valid at or are a good approximation to a 
specific length scale. From this, it can be inferred 
that any virtual testing simulation requires mate-
rial input parameters that stem from a lower scale, 
which the virtual test itself cannot predict. These 
material input parameters have to be obtained 
from a physical test, emphasising the need to test 

materials, components and structures physically at 
all scales. 

Therefore, the development of more sophisticat-
ed testing methods capable of simulating real-life 
operational conditions, especially on subcomponent 
scale (characteristic length 1m; see Figure 4) and 
full-scale (characteristic size 100 m), will increasing-
ly become a focus of experimental research. There is 
a particular demand for research on fatigue-testing 
methods (i.e. testing under cyclic-loading condi-
tions) with the ability to consider the complexity of 
realistic loading scenarios, as well as environmental 
operating conditions, e.g. in-situ corrosion fatigue, 
erosion, sub-zero conditions and humidity (see 
Figure 5).

The need for improved mechanical and physical 
testing is also driven by the demand to develop 
more computationally efficient numerical models 
through observation (e.g. in-situ measurements 
and post-mortem analyses) in order to incorporate 
specific phenomena that avoid computationally 
expensive methods. The FASTIGUE method [8] is 
an example of a computationally efficient method. 
Such methods are needed to predict the conse-
quences of damage growth, which, for example, 
can be detected using thermography and computer 
vision, as shown in Figure 6 using the AQUADA 
method [9]. The development of more sophisticat-
ed subcomponent testing methods that can capture 
the effect of macroscale features and defects at full 

Figure 5. 
A 14.3 m long blade 

under biaxial fatigue being 

excited by a ground-based 

dual-axis exciter developed 

within the BLATIGUE 

project (Fast and Efficient 

Fatigue Test of Large Wind 

Turbine Blades). A clown 

nose is mounted at the 

tip of the blade to help 

visualize its trajectory, 

whose one-second data is 

superposed in the figure 

and shows the response 

of the blade under biaxial 

cyclic loading [7].
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scale, such as adhesive bondlines in tapered beams, 
ply drops, wrinkles and welded connections, are 
an important means to calibrate numerical models 
on intermediate scale, necessary to predict the be-
haviour at full scale both accurately and efficiently 
(see Figure 4).

Linking the physical and virtual world via 
digital twins
The term ‘digital twin’ has many different defi-
nitions used in both academia and industry in a 
rather broad sense. However, in this chapter we 
follow the definition of Bolton et al. [10], that a 
digital twin is a ‘dynamic virtual representation of 
a physical object or system across its lifecycle, using 
real-time data to enable understanding, learning and 
reasoning’.

According to our vision the digital twin of a wind 
turbine is connected to the real structure through a 
live feed of data streamed from embedded sen-
sors, meteorology data and most importantly from 
structural health monitoring systems and inspec-
tion systems. Ideally, therefore, a digital twin can 
be used to make predictions of the development 
of damage, e.g. in the blade, based on the current 
damage state that is recorded and updated in a 
structural health journal maintained for each and 
every blade (or other structural components for 
that matter). Based on physical models, the digital 
twin can then be used to simulate the effect on the 
structure for different damage modes and differ-

ent operational scenarios, e.g. in the event of a 
storm, grid loss, the shutting down of a wind farm. 
Despite these extreme load cases, the digital twin 
will also be used to predict the adverse effects of 
high turbulence levels and wake effects that might 
be caused by certain weather conditions or the 
effect of wind speed and particle size (droplets or 
ice crystals) on the blade erosion potential. The 
project RELIABLADE develops and demonstrates 
techniques to create a unique digital twin for each 
individual wind-turbine blade with their unique 
defects and imperfections. The aim is that the dig-
ital twin should track the current state and predict 
the future state of the blade as damage is caused 
and grows through its entire life-cycle [13].

However, the digital twin reveals its true future 
power through the deployment of a form of arti-
ficial intelligence (AI) that can operate individual 
wind turbines, an entire wind farm or even the 
whole energy system. The digital twin can solve 
a huge set of problems and scenarios that will be 
used to train the AI to make optimal decisions 
for individual turbines with an efficiency beyond 
any existing human operation and maintenance 
schemes. In other words, the digital twin makes 
simulations that help to establish the parameter 
space and its sensitivities. The AI will then be able 
to make decisions for operating individual turbines 
in fractions of a second, thus taking on the role of 
predictive maintenance. It will consider the struc-
tural health of each turbine when making decisions 

Figure 6. 
Using thermography and 

computer vision, in its 

large-scale facility, DTU 

Wind Energy has demon-

strated that the developed 

AQUADA method can 

monitor and quantify the 

progress of fatigue damage 

in a full-scale blade in near 

real time. The figure shows 

a progressive crack close 

to the trailing edge that 

has been identified, tracked 

and analysed to assess 

its damage criticality. The 

LCoE calculation shows a 

great potential to reduce 

the O&M cost of the 

wind-turbine blades if the 

AQUADA method were to 

be applied to a real wind 

farm in the field [9].
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on how close to the limit it will drive or operate the 
turbine according to the objective function of the 
asset optimization. A flow diagram connecting the 
different elements of such a human-cyber physical 
system is shown in Fig. 7. The use of digital twins 
at the farm level is described in Chapter 11 and at 
the materials level in Chapter 13.

Condition monitoring and predictive 
maintenance
Corrective or reactive maintenance means that 
maintenance activities begin only after the failure of 
concern has already occurred. On the one hand, this 
means that all the maintenance effort becomes crit-
ical to correct the health and operational capacity of 
the structure; on the other hand, the risk of large or 
even catastrophic damage occurring in the wind tur-
bine is increased. Preventative maintenance can give 
early warning of incipient damages if inspections 
are carried out regularly, but this means effort being 
expended on manual inspections of structures that 
require no maintenance, which is very expensive for 
offshore structures requiring trained and qualified 
technicians.

Reliability-based and risk-based inspection strate-
gies represent a balance between the risks and re-
wards of corrective and preventative maintenance 

by integrating prognostics and crack-growth 
modelling, with the potential consequences of 
different failures and their inspection and repair 
costs. However, we believe that the real-time, 
remote condition monitoring of structural health 
will play a key role in the future to enable the 
unfolding of the digital twin technology outlined 
above and permit true condition-based main-
tenance where the integrity of the structure is 
permanently observed.

Structural health monitoring (SHM) must be able 
to (i) detect the presence of a defect or damage; (ii) 
classify the damage type; (iii) triangulate its precise 
location in the structure; (iv) measure the size and 
extent of the damage; and (v) be able to measure 
and track the growth of the damage reliably. The 
distribution of ‘readiness levels’ for SHM technol-
ogies on wind turbine blades is very broad. For 
many years, rope-access technicians (RATs) pro-
vided the only information about structural health 
status to owners and operators. This was quickly 
supplemented by detailed images from ground-
based camera systems, and now, very commonly, 
by drones.

Images of the surface at and around a damaged 
area of composite material is insufficient to con-

Figure 7. 
Future wind turbine struc-

tures assisted by digital 

twins, artificial intelligence 

and human intelligence to 

achieve higher structural 

reliability. The artificial 

intelligence is trained by a 

digital twin, which makes 

predictions that aid the de-

cision-making process and 

control the operation of the 

wind turbine in near real 

time. A supervisory human 

hierarchy is present to pro-

vide high-level strategies 

and perception-driven de-

cisions, radical innovations 

and disruptive technologies 

to the entire wind-turbine 

system that are dynamic, 

lively and evolving over 

time, facilitated by 

real-time structural health 

monitoring and SCADA 

data. Adapted from [11].
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clude the full extent and severity of damage that 
may be present within the structure. Sub-surface 
scanning inspections (such as ultrasonic inspec-
tion) reveal details about composite damage that 
are critical in order to evaluate the consequences 
for the future operation of the structure, as well as 
the cost and time required to repair the damage. 
These inspections can also uncover damage that 
cannot be seen by a technicians’ eye or a drone 
camera. The detailed damage maps that can be gen-
erated by ultrasonically scanning a blade only ever 
provide a ‘snap-shot’ of the current state. Despite 
anticipated advances in automation, such scans are 
always likely to be demanding on time and resourc-
es. To obtain the improvements anticipated by the 
authors of this section, sensors embedded within 
the blade structure itself will be required. Thus, 
the monitoring of structural health can be roughly 
divided between ex-situ systems such as drones 
and in-situ systems such as sensors integrated into 
the structure. In the future, these two systems will 
be fully integrated and complementary.

By improving the understanding of material proper-
ties that control damage propagation, it will be pos-
sible to combine damage-tolerant structural design, 
monitoring systems, inspection techniques and mod-
elling to manage the life-cycles of wind-turbine struc-
tures with the methodology proposed in [12]. Data 
provided by autonomous drones and blade-crawling 
robots inspecting and repairing wind-turbine struc-
tures generates detailed structural maps of damage 
and defect distribution within the material that allow 
structure-specific models to be generated. These 
autonomous scanning robots will interact with em-
bedded sensors and transducers within the structures 
themselves, which also provide operation response 
data and alerts for significant changes in material and 
structure conditions as they occur.

It is in this massive increase of accurate, remote-ac-
cess data regarding the condition and performance 
of every single wind-turbine structure in opera-
tion that the foundation for future improvements 
in affordability, reliability and sustainability are 
realized.

Conclusions and outlook
The key take-away from this chapter is the following:

A revolution towards better and smarter wind 
turbine structures is becoming feasible through a 
combination of several development leaps of key 
enabling technology, namely digitalization, artificial 

intelligence, advanced sensors, autonomous drone 
and robotic systems, and novel manufacturing 
methods. These next generation wind turbines will 
continuously operate at optimal asset performance 
with structural lifetimes exceeding those of present 
day wind turbines.

Structural testing will become even more important 
as a foundation for our in-depth understanding of 
complex structural behaviour in the physical world, 
based on which reliable, efficient numerical models 
can be developed and validated.

The numerical models and the physical tests will 
merge into one entity for structures in future made 
feasible by the recent advances in machine learning 
technology. Digital twins, AI and Structural Health 
Monitoring will take a key role in the transformation 
process from analogue to smart wind turbine struc-
tures. Human intelligence will be able to communi-
cate with the wind turbine structures much the same 
way humanity already does with virtual personas in 
the digital world.
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Materials in a wind turbine rotor blade 
It is obvious that material properties set limits to 
how wind turbines can be designed. More specifi-
cally, it is the mechanical properties of materials and 
interfaces between different materials that limit a 
wind turbine’s lifetime. These properties set design 
limits, which, together with costs, the characteristics 
of processing methods and processability, are the 
most important factors for load-carrying struc-
tures.  In this chapter we will focus on materials for 
wind-turbine rotor blades. On the component level, 
the two main design criteria are (i) when subjected 
to the highest wind-induced loads, the wind-turbine 
rotor blade must never deflect so much that it can 
hit the tower; and (ii) the blade should last for 20-25 
years of operation, during which it will be subjected 
to cyclic loading. The cyclic loads originate mainly 
from the blades rotating around the hub and the 
wind shear. This induces variation in the aerody-
namic loads (flap-wise bending) and the direction of 
the gravitational loads (edge-wise bending). From a 
materials perspective, therefore, the most important 
properties are stiffness and avoiding the failure of 
materials and interfaces under cyclic loading, denot-
ed fatigue failure. 

As described in Chapter 12, a rotor blade is a 
light-weight component made mainly of composite 
materials. Most modern blades are constructed as an 
aerodynamic shell incorporating load-carrying spar 
caps and supported by one or more shear webs. The 
spar caps are made of composite materials consist-
ing of long, aligned fibre composite materials in a 
polymer matrix [1]. The aerodynamic shell and the 
shear webs are typically made as sandwich struc-
tures with thin composite layers enclosing a light-

weight core material (e.g. balsa wood or polymer 
foam). There are usually adhesive bond-lines at the 
leading and trailing edges and between the spar caps 
and the shear webs. In simple terms, the spar caps 
and shear webs act like a load-carrying beam [2]. 
The outer surface of the blade is covered by a paint 
or gelcoat. The key design challenges are to avoid 
fatigue damage in the load-carrying fibre composite 
materials (in-plane fatigue failure or delamination, 
cracking between layers in composite laminates) and 
debonding along adhesive bondlines. A particular 
type of damage is leading-edge erosion induced by 
rain.

The dominant manufacturing method is vacuum 
infusion [3,4]. The first step in the manufacturing 
process is to place fabrics of dry fibres in a mould 
shaped to give the final blade the desired aerody-
namic form. The fibres in the spar caps are nearly 
all unidirectional, with the fibre direction being 
oriented along the length of the blade to provide 
maximum stiffness [4]. After placement of the fibres 
and the core materials, the mould is sealed off by 
vacuum bags to which a vacuum is applied, enabling 
resin in liquid form to be sucked in. The mould is 
heated up, and resin cures to form a solid matrix 
material forming an aeroshell with an integrated 
spar cap. After the aeroshells are consolidated, they 
are assembled and joined by adhesive bonding. An 
entire blade can thus be made from a very few large 
parts, namely an upper and a lower aero-shell and 
shear webs that are joined by adhesive bonding. This 
method of manufacture is a highly scalable process: 
longer blades require a longer mould and more 
inlets (for resin) and outlets (to create the vacuum), 
but there are no fundamental limitations as such.

New advanced materials  
will enable the bigger wind 
turbines of the future
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The field of materials for wind-turbine rotor blades 
is constantly evolving, with new types of fibre and 
resins (for matrix materials and bondlines) being 
developed. The primary composite material used for 
the main spar is polymer matrix composites with 
glass fibre due to their relatively low cost, high stiff-
ness-to-weight ratio and high fatigue life [4]. More 
recently, carbon fibres, which have a higher stiff-
ness-to-weight ration but are also more costly, have 

been used both in ‘hybrid’ composites (mixtures of 
glass and carbon fibres) [5] and as pre-consolidated 
carbon-fibre planks manufactured by pultrusion. 
The main benefit of incorporating carbon fibres as 
pultruded planks in the spar caps of the wind-tur-
bine blade is their very high degree of stiffness [6], 
obtained by a high fibre alignment and high fibre 
volume fraction in comparison with other manufac-
turing processes [7].

Leading-edge erosion is a problem that has become more severe with the development of larger wind 
turbines. In short, damage forms in the coating at the leading edge due to raindrops or hailstones hitting 
the leading edge, creating small cracks that eventually lead to a loss of materials (coating). This causes 
a rougher surface that affects the airflow and can lead reduce energy production (see Chapter 14). The 
velocity at which raindrops hit the leading edge is largely the angular rotation rate times the distance 
from the rotation centre (the hub). Therefore, the impact speed of water droplets is highest at the tip of 
the blade and decreases towards the hub. With everything else fixed, a longer blade would therefore be 
subjected to a higher impact speed. Leading-edge erosion will therefore be an increasing problem for the 
longer blades planned for the future.  Solutions in the form of new, improved materials for better lead-
ing-edge protection are needed. The blade industry approaches the problem largely empirically by select-
ing new ‘leading edge protection’ materials from laboratory testing (‘rain erosion testing’) [8].

Scientifically, leading-edge erosion is a complicated problem (see Figure 1), which a lot of research is cur-
rently concerned to understand better. First, a raindrop impact is a dynamic event that requires advanced 
models to calculate the evolution of the stress field induced to the materials as a function of time. Second-
ly, although the mechanical properties (stress-strain laws and failure criteria for materials and interfaces) 
are likely to be rate-dependent, high-rate properties are not easy to measure. Thirdly, the damage initiation 
and damage evolution are largely controlled by microscale parameters, such as voids, particles and the 
mechanical properties of interfaces and layer materials [9].  
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Figure 1. 
Illustration of the complexity of simulating leading-edge erosion. Viscoelastic properties and the history of raindrop impacts are entered into 

an explicit finite element model which, after post-processing, can predict the relationship between droplet impact velocity and number of 

cycles to visible damage (v-N curves) – sometimes called ‘incubation’ – which can be compared with experimental data obtained by RET (Rain 

Erosion Testing). [Courtesy of Kristine M. Jespersen]
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State of the art and trends in industry 
and society
As noted earlier (Chapter 1), there are several major 
trends in wind energy:

• Upscaling (larger and larger turbines)
• Reduction in the cost of energy of off-shore wind
• Digitalization (increased use of larger numeri-

cal models and increasing amount of collected 
data) 

Developments in materials research in composite 
materials can make important contributions toward 
the continuation of these trends.

Upscaling with bigger and bigger turbines seen 
from a materials perspective
Figure 2 shows a plot of the weight as a function of 
blade length for blades made over approximately 
the last two decades by a large wind turbine manu-
facturer. Blades up to 80 m in length were made of 
glass-fibre composites, and blades exceeding 80 m in 
length are made using glass-carbon hybrid compos-
ites. The data clearly show that blade mass increases 
progressively with blade length. A curve fitted to 
the data of the blades made of glass-fibre compos-
ites shows that the blade mass scales with the blade 
length at a power of about 2.25. Note that the two 
longest blades, which are made of hybrid compos-

ites, have a weight about 20% lower than the trend 
curve of glass fibre-based composites. 

Figure 2. Blade weight is shown as a function of 
blade length (data from LM Wind Power). A curve 
is fitted to the blade data for blades smaller than 80 
m that are made of glass-fibre composites. 

The progressively increasing blade mass with in-
creasing blade length has important consequences. 
First, given the current manufacturing approach to 
make blades in big parts, each part will include a 
large amount of material, and it will not be possible 
to make blade parts free of manufacturing-induced 
defects. And since a large part represents a large 
value (e.g. in terms of materials costs), it is not 
attractive to discard parts of blades or entire blades 
with severe manufacturing defects. As a result, the 
effects of manufacturing defects become increasing-
ly important. Second, longer and heavier blades are 
more difficult to transport on roads. This issue could 
be addressed by making blades in parts to be joined 
after transportation (‘split blades’, see Chapter 8).

Materials research can contribute to reducing the ef-
fects of manufacturing defects. Since damage mostly 
takes place in terms of crack growth along interfaces 
(debonding along bond-lines and delamination in 
laminates), the effects of manufacturing defects can 

Figure 2. 
Blade weight is shown as 

a function of blade length 

(data from LM Wind Power). 

A curve is fitted to the 

blade data for blades small-

er than 80 m that are made 

of glass-fibre composites. 
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be reduced by novel damage-tolerant composite ma-
terials that possess a significant increase in fracture 
resistance with crack length (R-curve behaviour). It 
has been shown experimentally [10] and theoretical-
ly [11,12] that it is possible to multiply the fracture 
resistance by the generation of multiple cracks with 
fibre bridging. More research is needed to bring this 
approach to maturity, both in terms of materials 
characteristics and materials models (in terms of co-
hesive laws) and to establish and demonstrate design 
methods that use such damage-tolerant materials. 
Potentially, blade manufacturing can be made 
faster and more reproducible by automatization, 
for example by the use of robots for the placement 
of fibre fabrics and carbon fibre planks, as well as 
application of adhesives for bondlines. Complicated 
geometries could be manufactured by 3D printing.  

Manufacturing blades in parts introduces a new 
critical problem: to make reliable joints of major 
load-carrying parts (spar caps). This will be a major 
challenge for materials, design, manufacturing and 
maintenance. Clearly, from a materials perspective, 
there is a great potential for research into material 
developments for reliable, strong and fatigue-resist-
ant joints of the load-carrying spar.

Overall, the upscaling also leads to changes in the 
way composite structures fail. Scaling laws will show 
that the driving force for crack growth (the energy 
release rate) increases with increasing dimensions 
[13] when all other non-dimensional parameters 
are held constant. Then, for instance, in comparison 
with in-plane fatigue, which is usually designed us-
ing a maximum allowable strain value, delamination 
and debonding become the main damage types for 
larger structures. 

Another trend is related to sustainability (see also 
Chapter 15). Wind turbines, of course, make ‘green’ 
electricity, i.e. without producing significant CO2, 
but the materials currently used in blades are not 
sustainable or recyclable. One long-term goal must 
therefore be to develop sustainable composite ma-
terials for blades. Biobased fibres such as hemp and 
flax have a stiffness-to-weight ratio comparable to 
glass fibre [14] and are renewable. Therefore, they 
have the potential for use in structures designed for 
high stiffness and low weight. However, they also 
have lower tensile strengths and greater variation 
than conventional glass- and carbon-fibres [15]. 
They can be susceptible to water uptake, which can 
induce dimensional changes (swelling) [16]. This 
means that they cannot simply replace glass- and 

carbon-fibres; their mechanical properties and envi-
ronmental resistance should be improved first. 

In summary, the upscaling will continue in the 
coming decades, and research can contribute to this 
process through:

• The development of improved, more dam-
age-tolerant materials (composites and adhe-
sives)

• The development of improved manufacturing 
procedures and design methods for incorporat-
ing pre-cast carbon-fibre parts into blades

• The development of materials and interfaces for 
joints of major load-carrying parts like main 
spars (split blades)

• The development of bio-based fibres and resins 
with improved mechanical properties

Reduction of the cost of energy from offshore 
wind: a materials perspective
Making turbines (and thus blades) bigger – the 
ongoing upscaling mentioned above – has been one 
of the main reasons for the relatively fast decrease 
in the cost of energy as described in Chapter 1. For 
offshore wind, maintenance costs are relative high, 
since manual inspection is costly, as also discussed 
in Chapter 1. 

An approach to reducing the need for manual inspec-
tions of turbine blades in the future could be to equip 
blades with sensors (e.g. strain sensors and acoustic 
emission sensors) and only inspect the blades when 
the sensors in it give off alarms [17], i.e., avoid regular 
inspections and thereby reduce inspection costs. 
However, before this becomes an accepted practice, 
the robustness of the sensors needs to be tested, and 
the sensors’ failure rates must be low.

The use of drones and robots can also reduce the 
need for manual inspections and thus save inspec-
tion costs. Inspection by drones is valuable for 
the detection of visual damage (e.g. leading-edge 
erosion), but non-visible (‘hidden’) damage such like 
delamination in the spar caps and debonds are un-
likely to be found. Non-visible damage can, however, 
be found by advanced inspections (non-destruc-
tive testing, or NDT) methods such as ultrasound 
scanning. The development of robots that can crawl 
along the outside of blades and use ultrasound scan-
ners is underway [18]. 

Having found damage, the key questions are wheth-
er the damage needs to be repaired or not, and, if 
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a repair is needed, how should it be done and how 
fast? The criticality of the damage can be assessed 
using fracture mechanics models of the damage. 
One example, namely the growth and arrest of a 
delamination crack from a ply-drop, has been ana-
lysed by a fracture mechanics model [13], but more 
research is needed for other types of damage. As 
mentioned earlier, the use of more damage-tolerant 
materials could reduce the need for repairs. Finally, 
doing a high-quality repair in the field is challeng-
ing. Much more research is needed to ensure that 
repairs to load-carrying parts are of high quality and 
reproducible, which could include non-destructive 
inspection of the repaired area. New adhesive ma-
terials and new surface treatments prior to bonding 
could also lead to better repairs.  

A second approach to reducing the cost of energy is 
to use the turbines beyond their originally designed 
life time of 20-25 years. They would then produce 
electricity for a longer time period. For example, 
assume that 1% of all blades are anticipated to fail 
within a planned operational time of twenty years. 
Then, the remaining 99% of the blades have a life 
longer than twenty years. Imagine further that it is 
possible to do an inspection of all blades before they 
approach a service life of twenty years, thus identi-
fying and taking out of service the 1% of blades with 
severe damage. The remaining 99% of the blades 
could then be used in service for, say, an additional 
ten years of electricity production. Achieving this 
aim requires research to establish the fundamental 
relationships between damage type and the blade’s 
size and residual life [19]. 

In summary, there is a need for research in the 
following areas: 
• Precise determination of what the damage is in 

a given blade (‘understand’ output from sensors 
and non-destructive testing)

• Models for precise predictions of how fast a 
particular type of damage will grow

• Reduce the need for repairs by making more 
damage-tolerant materials in blades so repairs 
are not needed so frequently

• Develop precise criteria for when repairs are 
needed and when they are not needed

• Establish scientific-based methodology for 
performing high-quality repairs and post-repair 
quality control of repairs

Digitalization
The adoption of a ‘digital twin’ is clearly applicable 
for wind-turbine rotor blades (see also Chapter 

12). During the manufacturing stage, a number of 
process parameters (temperature, pressure, etc.) 
can be recorded. Most large blades are subjected to 
ultrasound scanning as part of their quality con-
trol after manufacturing. The primary purpose is 
to identify manufacturing defects that should be 
repaired before the blade is allowed to be installed 
on a turbine. However, such scanning data are also 
valuable later if the blade is subsequently scanned 
for damage detection after being mounted on a 
turbine. In the future, more measurements, e.g. of 
the blade geometry of individual blades, will allow 
a more detailed description of each blade. Further-
more, the blades can have built-in sensors for load, 
deformation (strains) and structural health monitor-
ing (e.g., acoustic emission sensors) that can locate 
where damage growth within the blade is taking 
place [17]. All these data (processing conditions, 
manufacturing defects, geometry, load history, dam-
age) can be combined into an individual 3D model 
of each blade.  

At the blade scale (see more in Chapter 12), a digital 
twin would imply an individual model for each 
blade (the ‘physical’ twin), such that the damage 
state of each individual blade would be approached 
in a deterministic way. Based on the damage identi-
fied by sensors and scanning, the residual life would 
be predicted using models of damage growth. For 
future generations of blades, design philosophy 
could shift to a damage-tolerant approach, poten-
tially leading to lighter designs than the current 
‘no-damage’ design approach. It is thus not suffi-
cient to have a 3D reproduction of each real blade. 
Physical-based models are required to simulate 
processing for the prediction of residual stresses (for 
example by cure kinetics) and predictions of damage 
growth to predict the residual life of the individual 
blade. Modelling each blade by taking into account 
the individual characteristics of its manufacture, 
defects and damage, and loading history will create a 
more deterministic approach to the variation in the 
residual life of turbine blades, thus reducing large 
uncertainties. It could become possible to utilize the 
life of each blade, using most blades for a signifi-
cantly longer time than the original design life.  

The concept of a digital twin can also extend to the mi-
croscale of composite materials. Precise digital models 
copying a real microstructure are already facilitating 
the investigation of materials and test specimens. In 
order to build precise numerical finite-element models 
of composite materials, efficient micro-structural 
segmentation tools are required. Figure 3 shows a full 
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3D cross-section obtained by X-ray computed tomog-
raphy of a test specimen. The scanned volume, which 
contains more than 100,000 fibres, is segmented into 
local material orientation using such a segmentation 
tool [6]. Together with the local fibre volume fraction 
distribution [20], this is then mapped on to a finite 
element model of the component [21], based on which, 
for example, the distribution of local stress during the 
actual loading can be predicted. 

The vision rests on several research challenges. One 
basis should be established for structural health 
monitoring (from sensor data to life prediction), 
including the monitoring and modelling of process-
ing and damage growth. Furthermore, the accuracy 
of the model predictions should be investigated and 
documented, e.g. by well-controlled tests on ‘ele-
ments’, before being brought into the blades. From 
the materials perspective, the required research to 
achieve the digital twin are at the microscale and the 
macro/laminate and element scales:
 
• Models of residual stresses in composites and 

bond-lines
• More accurate materials laws enable better 

use of materials (more complicated composite 
materials and adhesives require new and more 
precise material models)

• Improved testing methods for the mechanical 
characterization of advanced composite materi-
als must be developed

• Models for predicting how fast different damage 
types will grow

Discussion: trends in research
Microscale characterization of composite materials
In this section, we summarize the major trends 
in the research community.  Materials science has 
always progressed through a combination of experi-
mental and modelling work. 

Probably the most important development in exper-
imental studies of composite materials is the devel-
opment of lab-based X-ray computed tomography 
(XCT) with a resolution of 1 micrometre or less. This 
has enabled investigations of, for example, fatigue 
damage in 3D in composite materials for wind tur-
bine rotor blades [22]. It was found that failures of fi-
bres in the load direction occur in a connected mode, 
i.e., there was a sharp ‘front’ separating a region of 
failed fibres from unbroken fibres (see Figure 4). This 
suggests that fibre failure occurred at the damage 
front being induced by the most recent broken fibre. 
This has inspired a micromechanical model for the 
prediction of fatigue damage and fatigue life from ba-
sic properties of fibres, matrixes and the fibre–matrix 
interface [23]. In order to use such predictive models 
in connection with the development of improved 
composite materials, it is necessary to characterize 
the mechanical properties of the microscale, such as 
the debonding and sliding friction of the fibre–matrix 
interface under static and cyclic loading. Thus, the 
mechanics characterization of fibre composites has 
moved to the microscale. In the future, there will be 
opportunities for XCT studies at much higher spatial 
and temporal resolutions, such as the X-ray synchro-

DTUDate Title 2

(a) Test coupon and x-ray scan (b) Segmented material orientations 
given with respect to the loading direction 
in a plane inside the test coupon

(c) Finite element prediction of the 
stress distribubtion inside the test 
coupon caused by a tensile load

Material 
orientation [º]

Stresses in fiber 
direction [MPa]

Tensile load

Figure 3. 
Illustration of the process 

of going from a non-de-

structive X-ray scan (a) of a 

full gauge-section of a test 

coupon over fibre segmen-

tation (b) to predicting the 

stress distribution during 

a tension/tension fatigue 

test, including the effect 

from the manufactur-

ing-introduced residual 

stresses (c). 
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tron facility Max IV in Lund, Sweden. The higher res-
olutions can make the difference between qualitative 
observations of mechanisms and quantitative in-situ 
measurements of microscale parameters.   

Computational modelling
In parallel with technical advances in XCT, the 
computational capabilities continue to increase, for 
example, by using large computer clusters. This will 
enable larger, more detailed and more accurate nu-
merical models (e.g. by the finite element method), 
of damage at both the microscale (micromechanical 
models) and the macroscale (e.g. test specimens and 
elements tests) [3].

It is emphasized that the macroscale material prop-
erties are controlled at the microscale (properties 
of fibres, matrixes, interfaces and fibre distribution 
and architecture). However, models of, for exam-
ple, blade damage must be made on a coarser scale, 
using ‘effective’ composite properties (e.g. laminate 
theory-based). It remains a challenge to establish 
consistent connections between models across 
length scales with different materials laws, particu-
larly for damage and failure.

Regulations
Finally, it should be noted that, since wind energy is 
not a very regulated application area in terms of ma-
terials and component testing – unlike, for instance, 
aerospace – it is relatively cheap and fast to develop 
and to introduce new composite materials in rotor 
blades. This creates a quite agile environment for 
the design and manufacture of future wind-turbine 
rotor blades.   

Summary and conclusions
Research into composite materials for wind-turbine 
rotor blades contributes critically to the develop-
ment of very large wind-turbine rotor blades in 
the future in at least two ways. First, increasing the 
depth of knowledge of the behaviour of current 
materials will lead to better materials models and 
thereby allow future designs that utilize materials 
and interfaces close to their limits. Second, increas-
ing understanding of how the life time of blades 
is controlled by basic materials properties at the 
microscale and how processing conditions influence 
these basic properties will enable the development of 
new composite materials with improved properties.

Figure 4. 
Fatigue damage observed 

in XCT in a specimen 

subjected to cyclic tensile 

loading in the fibre direc-

tion. Based on multiple 

scout and high-magnifica-

tion scans of the same re-

gion in a specimen subject-

ed to cyclic tensile-tensile 

loads, the evolution in the 

damage zone in the form of 

fibre failures are shown (a) 

after 47300 load cycles, (b) 

after 57300 cycles and (c) 

after 67300 cycles (after 

Jespersen and Mikkelsen 

[22]).
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Leading-edge erosion of wind turbine blades is the 
gradual roughening of the surface of the blades 

and material loss due to material stresses caused by the 
impact of hydrometeors (e.g. rain droplets and hail) or 
atmospheric particles (e.g. dust). Rain is the dominant 
contributor at many sites, while in regions with high 
frequencies of deep convection hail is also important. 

At a typical site with an annual accumulated 
precipitation of 0.7 m, an average rain-droplet fall 
velocity of 6 m/s and a blade tip speed of 90 m/s, the 
accumulated amount of water column hitting the 
leading edge is 10.5 m per year. The resulting closing 
velocity at ground level is 22 km/h while the closing 
velocity at the tip of the leading edge is 324 km/h. 
This is assuming the turbine is at rated speed. Figure 
1 illustrates the simplified calculation.

Variations in rain and wind climate near the North 
Sea and Baltic Sea show variations in blade lifetime 
from around two years to more than ten years de-
pending on the site [1]. As described in this chapter, 
each droplet that strikes the rotating blade transfers 
kinetic energy to the blade, resulting in materials 
stresses. At some point the accumulated materials 
stresses lead to cracking and removal of the blade 
coating, ultimately reducing blade lifetimes. Here we 
use the term ‘blade lifetime’ to reflect the estimated 
time until some sort of blade repair is required. 

Interestingly, in Denmark shorter lifetimes are estimat-
ed at the Anholt island meteorological station than at 
inland meteorological stations. Anholt has significantly 
lower annual rainfall than the inland stations. Howev-
er, the reason for the shorter blade lifetimes at Anholt is 
due to heavy rain frequently occurring with high wind 
speeds. Comprehensive assessment of transfers of ki-
netic energy and materials stresses, and thus estimates 
of blade lifetimes, requires information about rain 
intensity, droplet size and wind speed combined [2]. 
The need for repair every two to ten years indicated by 
the model results based on the input of long-term rain 
intensity and wind-speed observations is consistent 
with reports from the industry. The costs of repair are 
high, in particular offshore [3]. 

The rough (eroded) leading edge of the blade also 
causes a loss in annual energy production [4]. Typi-
cally, a repair is carried out before structural damage 
can occur, otherwise the eroded surface affects the 
annual energy production. Even though some energy 
production is lost due to erosion, the repair is made 
in due time to limit the annual loss of energy produc-
tion. However, the relatively short lifetimes before 
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Figure 1. 
Illustration of annual rain 

amount hitting 1 cm2 

on the tip of a blade, the 

closing velocity between 

the blade and the falling 

rain droplet being 324 km/h 

(bucket A), versus rain on 

the ground hitting 1 cm2  

with a closing velocity of 

22 km/h between the land 

surface and the falling rain 

droplet (bucket B). 
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repair compared to a 25-year wind-farm project call 
for solutions to combat leading-edge erosion. 

In this chapter, we first describe the structure of the 
leading edge of a wind-turbine blade, followed by dis-
cussion of the erosion processes and their modelling, 
followed by description of selected rain-erosion test 
results. Next, we present information on the aerody-
namics of blades with a rough, eroded leading edge 
and the impact on electricity energy production. We 
then discuss solutions to leading-edge erosion, such 
as better coatings, repair and erosion-safe operation. 
Finally, recent activities and an outlook are presented. 

Structure of the leading edge
A typical wind turbine blade has a leading edge 
consisting of a curved laminate of glass-fibre-rein-
forced polymer. Usually, there is a relatively brittle 
polyurethane, polyester or epoxy-based coating. A 
layer of putty or filler on the glass-fibre laminate 
gives a smooth surface for the coating to adhere to. 
Leading-edge protection often consists of an added 
top layer of elastomeric coating with good damping 
properties and high fracture toughness [5]. Figure 
2 shows an example of the material structure using 

scanning electron microscopy imaging. The cross 
section through the coating systems shows a top 
coating thickness of ~200 µm, below a putty layer of 
~400 µm and the glass-fibre substrate at the base [6]. 
The top coating and the putty layer contain different 
filler particles, as shown in Figure 2 (b-e).  

Erosion processes and modelling
Leading-edge erosion is the effect of repeated multi-
ple liquid impacts by hydrometeors (e.g. rain-drop-
lets, hailstones). Each impact creates contact pres-
sure on the surface and triggers wave propagation 
in the protective layers. After multiple impacts, the 
process eventually develops from initial damage, 
materials degradation and fatigue to coating crack-
ing, debonding, cracks in composite and surface 
roughening. A schematic in Figure 3 outlines the 
key processes.

Computational modelling of wind-turbine blade 
erosion is a tool that can be used to predict blade 
erosion and optimize blade protection. Rain erosion 
is a complex process, controlled by many physical 
mechanisms and therefore requiring a combination 
of different modelling tools. Rain-droplet deforma-

Figure 2. 
Coating, filler layer and 

substrate of glass fibre 

viewed in cross section 

by scanning electron mi-

croscopy. Magnified region 

and energy dispersive 

spectroscopy map of (b-c) 

top coating and (d-e) putty 

layer [6]. 

Figure 3. 
Schematic of the erosion 

of coating: (left) impact, 

stress state and wave 

propagation, (middle) for-

mation of code cracks and 

debonding, (right) material 

removal and roughening 

(reprinted from [6] with 

kind permission from 

Springer).
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tion and impact are described within the framework 
of fluid dynamics and contact mechanics.  

In numerical modelling of the materials response 
to hydrometeor impacts, multiple, time-dependent 
rain-droplet impacts are simulated using stochastic 
rain scenario models [7,8]. The droplet impact caus-
es stress-wave propagation in the blade coatings and 
laminate, which can be simulated using solid me-
chanics and dynamics [9]. Stress waves propagating 
through the materials and reflecting on the interfaces 
lead to the deformation of polymer chains, which, re-
peated over months and years, cause fatigue damage 
both in the materials and on the interfaces. Such fa-
tigue damage can be simulated in the framework of 
fatigue theory. Figure 4 shows the stages of droplet 
impact on the surface and stress distributions in the 
material. 

When stress waves run through the coatings, part 
of the stress energy is consumed by internal friction 
and internal heating of the polymer coatings. These 
effects are described by the theory of viscoelasticity 

and viscoplasticity.  After the damage evolution in the 
coating and interface is initiated, the blade’s surface 
becomes rougher. The effect of this roughness on the 
aerodynamic performance of blades is investigated 
by using aerodynamic simulations [7].

Leading-edge erosion can also be modelled using the 
analytical approach, developed half a century ago by 
George Springer [11]. The model works quite well, 
despite its rather simple assumptions [12]. 

In order to carry out more detailed studies, finite 
element simulations are conducted, often using 
multiscale and micromechanical models of coating 
materials [8]. Such simulations allow the effect of 
non-linear materials properties and complex materi-
als structures to be investigated, thus exploring new 
paths to the improvement of materials. 
Blade erosion at an aged blade is shown in Figure 5. 
This blade comes from the first offshore wind farm 
in Denmark at Vindeby. The cross section of a dam-
aged part of the blade as seen by scanning electron 
microscopy is shown in Figure 6. Observational data 
indicate high-variability in the occurrence and ex-
tent of leading-edge erosion. Some of this variability 
may be due to variations in precipitation and wind 
climates or the co-occurrence of other environmen-
tal stressors, but there may also be a key role in the 
precise structure of blade materials, especially the 
presence of air bubbles in the sub-surface structure 
of the blade [13]. 
 
Once erosion of the blade’s leading edge has started, 
the temporal evolution of the damage is a function 
of additional stresses caused subsequently by kinetic 
energy from impacts. Generally, it is modelled as a 
three-stage process: the incubation time, the initial 
damage and the breakthrough to the underlying 
substrate.

Figure 4. 
Contact interaction 

between droplet and the 

corresponding displace-

ment fields within the 

coating (reprinted from [8] 

with kind permission from 

Springer).  

Figure 5. 
(Top) photograph of a blade 

tip from the Vindeby wind 

farm showing leading-edge 

erosion; (bottom) close-up 

of the highlighted region in 

C located 120cm from the 

tip [13]. 
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Rain erosion test
Rain-erosion testing using the whirling arm method 
[14,15] is an industry-standard method of testing 
the durability of materials to hydrometeor impacts. 
The method is based on test specimens mounted on 
a rotor spun at high velocity in a chamber with an 
artificially generated rain field. The variable param-
eters are the rotor velocity, the rain intensity and the 
droplet size. During testing these factors governing 
leading-edge erosion can be controlled to character-
ize the specific coatings and materials dependency 
on the variables. The extent of damage over time is 
recorded. 

An example of the resulting V-N curve (V is impact 
velocity, N is number of specific impacts) is shown 
in Figure 7. This result is for two different coatings. 
The number of impacts can by calculated as the im-
pingement, i.e. the water column hitting the blade. 
The result shows that more water and high impact 
speeds cause damage more quickly than less water 
and lower impact speeds for both specimens. The 
specimen with many air bubbles eroded faster than 
that with fewer air bubbles. It should be noted the 
coating material also differs between the specimens, 
and not only the number and size of bubbles [13]. 
In the manufacturing process, air bubbles may form 
due to the viscosity of the putty and topcoat and the 
method of application. 

These rain-erosion test results supported the mod-
elling of the stresses within the coatings [13]. The 
micromechanical model of the specimen with more 
air bubbles shows drastic changes in the stress field 
due to the bubbles. The highest stress forms between 
bubbles, instead of at the contact surface. This may 
explain the faster degradation [13].

The combination of rain-erosion testing and mod-
elling is a powerful tool. It may be noted that the 
impact velocities in rain-erosion tests are often up to 
two times the tip speed of wind turbine blades, which 
means that other damage processes may be found in 
the testing but not in the field. However, accelerated 
tests are necessary to keep test times sufficiently low.

Aerodynamics and energy production
The simulations and experimental work in wind 
tunnels quantify the complex interaction between 
the aerodynamic boundary layer and the surface 
texture. The results of the wind-tunnel tests are used 
to verify the simulation models and to provide fur-
ther insights into the effect of eroded surfaces and 
their impact on electricity production.

The rougher surfaces of the leading edges of 
wind-turbine blades have a negative effect on their 
aerodynamic properties. The increased drag coef-
ficient and decreased lift coefficient due to eroded 
surfaces lead to loss of electricity generated in certain 
conditions. The power curve is no longer optimal, 
as it is for clean blades, and annual energy produc-
tion will therefore be lower. Several factors must be 
taken into account in quantifying the loss in energy 
production, including the type of turbine, the aero-
dynamic profile of the blade and wind speeds. For a 
turbine located at a specific site, the wind climate at 
that site must be taken into account. In general, losses 
are most pronounced at lower wind speeds, whereas 
there may be little or no power loss due to erosion at 
wind speeds above the rated wind speed.

The definition of the critical height of leading-edge 
roughness is defined as the lower threshold with 
no influence on the aerodynamic performance. The 
critical roughness increases proportionally to the 
wind-turbine blade and it is a function of the chord 
length of the blade sections. Chord length is the 
width of the wind-turbine blade at a given distance 
along the length of the blade. For example, rough-
ness with a height greater than around 0.01% of the 
chord influences the performance for a rotor with 
an 80m diameter. In the laboratory, roughness is 
typically calculated with a laser profilometer, while 
in the field with turbine blades, novel methods such 
as using drones with photogrammetry may be used, 
though there are certain challenges in doing so. 
For rougher blades, the drag coefficients increase 
while the lift coefficients decrease. Using a wind tun-
nel gives insight into these changes. Figure 8 (left) 
shows an airfoil with sandpaper at the leading edge 
in the Poul la Cour Tunnel at the DTU Risø Cam-
pus. Examples of the measured drag and lift coeffi-
cients [9] are shown in Figure 8 (right). It is noted 

Figure 6. 
Virtual slice using X-ray 

tomography through the 

reconstruction of the 

specimen 120cm from the 

tip with low erosion (region 

C in figure 5), showing an 

air bubble with a crack that 

connects the bubble to the 

surface [8]. 
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that the clean blade has no erosion and is smooth, 
while the other blade shows varying degrees of 
surface roughness.

 
Apart from measuring the performance in wind 
tunnels, simulations using computational fluid 
dynamics are also carried out. An example is shown 
in Figure 9, where a parameter study is carried out 
investigating how the aerodynamic performance is 
reduced by increasing the cavity size at the leading 
edge at the width (x axis) and depth (y axis) of the 
cavity. From Figure 9 it is clear that the closer to the 
leading edge we find the edge of the cavity and the 
deeper the cavity is the greater becomes the decrease 
in lift. With less lift, the aerodynamic performance is 
reduced, and less energy will be produced.

Solutions
Solutions to mitigate leading-edge erosion fall into 
three main categories: 1) protection using stronger 
coatings, 2) prediction and repair involving regular 
blade inspection and maintenance, and 3) prevention 
using erosion-safe modes of operating wind turbines.

Stronger coatings
Stronger coatings would limit erosion at the lead-
ing edges of blades. It is therefore of great impor-
tance to evaluate the potential of new materials for 
erosion protection. Among the many predictors for 
erosion-resistant coatings are resistance to abrasive 
wear, damping properties, fracture energy, rebound 
resilience and the mechanical loss coefficient. 

Four main types of material structures are well known 
to be under further development for future use, 
namely polyurethanes, multilayer coatings, reinforced 
coatings and interpenetrating polymer networks. 
Polyurethanes are widely used for anti-erosion coat-
ings. They can have a composite-like structure with 
hard and soft segments. The hard segments provide 
the stiffness and strength of polymers, while the soft 
segments have toughness and damping properties, 
valuable in resisting erosion processes. Multilayer 
coatings with alternating stiff and ductile layers are 
found in many protective systems such as multilay-
er polyurethane/polyurea coatings, polycarbonate 
diol-polyurethane-based coating, polymer-metal 
laminates and electroformed metallic (nickel-cobalt 
alloys) leading-edge protection solutions. Reinforced 
coatings are characterized by inclusions of microscale 
and nanoscale particles in the polymer coatings. The 
particles dissipate energy, thus preventing damage. In-
terpenetrating polymer networks have their damping 
properties of polyurethane improved by introducing 
epoxy to form polyurethane/epoxy interpenetrating 
polymer networks [18].

where P[m3/s] is the water flow, ω[rad/s] is the angular velocity, t[s] is the cumulative time to failure, r0[m] is the outer diameter of the test area, ri

is the inner diameter of the test area, vdroplet[m/s] is the falling velocity of the droplet when entering the rotor plane, and d[m] is the diameter of

the droplet. Here, it is assumed that the affected area of each droplet impact is equal to its projected area.17 The impact speed as function of the

number of specific impacts is plotted in Figure 13.

ASTM E739-1018 was used to fit an V–N curve to the measure data. ASTM E739-10 for Statistical Analysis of Linear or Linearized Stress-Life

assumes that the data can be linearized on a log–log plot.

The method assumes a log normal distribution of the data. In order to use the ASTM E739-10 on rationalized RET data, N has to be the inde-

pendent value and S the dependent value. This is opposite to conventional fatigue testing. Since in RET testing the time or number of impacts is

known and controlled, the speed or stress is measured once a failure is observed.

3 | NUMERICAL SIMULATION OF DEFORMATION AND DAMAGE

As demonstrated above, the air bubbles in the coatings play a deciding role in the damage initiation and erosion. In this section, we seek to esti-

mate analytically what can be the effect of bubbles and what are the mechanisms of this effect.

1078 FÆSTER ET AL.

Figure 7. 
V-N curves calculated as 

impingement (amount of 

water column that has hit 

the blade) for the rain-ero-

sion tests using 2.354-mm 

droplets showing impinge-

ment to failure of coating 

with bubbles in blue and 

almost without bubbles in 

red [13].

Figure 8. 
Left: a NACA 633-418 

airfoil with a 1.0m chord 

and an exchangeable 

leading edge in the Poul la 

Cour Tunnel, here shown 

with sandpaper attached 

[9]. Right: four different 

ways of simulating leading 

edge roughness in the wind 

tunnel compared to a clean 

airfoil. ZZ0.4 and ZZ0.8 

refer to zigzag tape with 

heights of 0.4 and 0.8 mm 

respectively. P40 refers to 

sandpaper P40. LE cavity 

refers to a 3 mm cavity 

with P40 sandpaper in the 

bottom of the cavity [17].

(A) (B) (C)
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Prediction and repair
Prediction and repair of leading-edge erosion 
involves the inspection and determination of the 
damage to the blades. Currently most inspection of 
wind turbine blades is performed by personnel in 
direct contact with the blades using ropes for access 
and manual, but systematic, reporting protocols. 
This is time-consuming, costly, and requires strin-
gent health and safety policies, and benign weather. 
Inspection from drones using high-resolution re-
mote-sensing devices is increasingly being consid-
ered and applied.

Once acquired, high-resolution images of blade 
health are subject to complex processing (includ-
ing use of artificial intelligence) to determine 
the presence and severity of damage. Systematic 
analysis of blade-inspection imagery across dif-
ferent sites, along with detailed measurements of 
wind and precipitation conditions at those sites, 
will allow insights into the physical processes that 
cause blade damage. More specifically, determi-
nation of the combined rain and wind climate at 
a site is one recent challenge. Traditionally only 
wind speed, not rain, has been observed prior to 
wind-farm installation and monitored during op-
eration. Predictive models of the erosion climate 
could be made using descriptors of the erosion 
climate drawn from historical observations and/or 
output from meteorological models [19], detailed 
descriptions of the wind turbine’s parameters 
(e.g. tip speed) and detailed V-N curves validated 

using in situ estimates of damage. Alternatively, 
machine-learning can be used to assess the ero-
sion risk and need for repair at wind farms using 
in-situ estimates of damage at wind farms and 
weather data input.

Repair solutions include anti-erosion protective 
coatings such as protection tapes from durable, 
abrasion-resistant polyurethane elastomers and 
protective coatings of epoxy and polyurethane 
fillers. The fillers are applied with a brush or casting. 
Repair takes place in ‘weather windows’ with spe-
cific temperature and relative humidity boundaries, 
wind speed below a certain threshold and no risk of 
lightning strikes [5]. In addition, leaving time for the 
coating to cure may increase the turbine’s down-
time. A soft shell is an alternative solution with high 
durability. The shell can be added using adhesive. It 
may slightly change the form of the airfoil, making 
possible changes in drag coefficient and lift coeffi-
cient. This can also be the case for poorly adhered 
tape or rough casting. Thus, embedding solutions in 
the blade would be preferable to carrying out repairs 
on it.

Erosion-safe modes of operation
Prevention using erosion-safe modes of operation is a 
strategy of reducing the impact speed of rain dur-
ing heavy rain events by reducing the tip speed. It is 
possible that wind farms could be operated to reduce 
the possibility of leading-edge erosion. Enacting 
an ‘erosion-safe mode’ of operation would require 

Figure 9. 
Lift and lift/drag decrease 

for 6, 8 and 10 degrees 

angle of attack for a 

combined change in edge 

positions on the pressure 

side and suction side of an 

airfoil respectively and the 

depth of the cavity [16].

633-418 airfoil is the position/extension and depth/height of a disturbance whereas a detailed shape of the disturbance is of less importance.
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reducing the rotational speed of the wind turbines 
during periods of heavy rain and/or hail in order to 
reduce the amount of kinetic energy transferred to 
the blades [5]. This will prolong the time before repair 
is necessary or avoid future repair entirely. If severe 
precipitation events occur in only a small fraction of 
the blade’s service life, the loss of energy production 
from operations at reduced rotational speeds (rpm) 
would be modest, and the overall financial impact 
could be positive due to the reduced repair costs and 
better aerodynamic performance in the majority of 
operational time. Figure 10 outlines a cost model for 
the erosion-safe mode. The precipitation and wind 
climate at a site with a wind turbine with defined 
hub-height, power curve and operations at maximum 
tip speed are used in connection with knowledge of 
expected damage as a function of rain rates, impact 
speeds and the consequently reduced aerodynamic 
performance. Revenue optimization will need further 
information regarding electricity prices, repair costs 
and downtime during repairs to effectively find the 
optimal threshold for reducing rpm and gaining 
maximum profit. 

Assuming variable electricity prices, curtailing the 
wind turbines during heavy rain events could reduce 
the loss in profit due to leading-edge erosion by 88% 
at one site [20]. Assuming a fixed electricity price for 
all hours of the year, the average value for 18 sites 
indicated a value of 70% [2]. The remaining 22% to 
30% loss in profit only can be avoided with perfect 
blades, so durable coatings are also necessary to fully 
recover the loss in profit due to leading edge erosion. 
To implement erosion-safe modes, a suitable rain 

signal is necessary, possibly coming from a micro 
rain radar installed at a turbine and producing a 
hyperlocal now-cast a few minutes before the rain 
hits the blades [21]. For full implementation of 
the erosion-safe mode controlling wind turbines 
and wind farms, research is needed on combining 
weather rain nowcasting, control strategy and state 
of the art knowledge on erosion processes from 
testing, characterization and modelling.

Recent activities
In recent years, DTU Wind Energy has become a 
leader in research into leading-edge erosion. 

Efforts to advance understanding of the complex 
interplay between material sciences applied to the 
coating and substrate, the aerodynamic properties 
of eroded blades and physical erosion processes (e.g. 
hydrometeor size distributions in various climate 
zones) are on the rise. They include international 
joint industry projects focused on, e.g., recommend-
ed practice on rain erosion laboratory testing [15]. 
Furthermore, projects at DTU Wind Energy, such as 
Leading Edge Roughness, EROSION, DURALEDGE 
and Blade Defect Forecasting, focus on different as-
pects of leading-edge erosion. The new International 
Energy Agency Wind Task 46 Erosion of Wind 
Turbine Blades with 25 partners is also focusing on 
leading-edge erosion. DTU Wind Energy is launch-
ing a Center on Leading Edge Erosion to strengthen 
research, innovation, education, networking and 
collaboration between industry and academia to 
develop solutions that can predict, prevent and mit-
igate leading-edge erosion. The DTU team conducts 
the annual International Symposia on the Leading 
Edge Erosion of Wind Turbine Blades.

Outlook
Currently, leading-edge erosion repair costs con-
stitute the largest share of unplanned wind turbine 
maintenance costs [22]. We expect this cost to 
reduce significantly in the future.

The levelized cost of energy (LCoE) from wind 
turbines has declined markedly in recent decades, 
but blade repair remains a substantial fraction of 
operations and maintenance costs. The ageing of the 
wind-turbine fleet and the use of large wind turbines 
with higher tip speeds mean that leading-edge erosion 
will continue to be a topic of great interest to industry.

Therefore, the development and testing of new re-
pair and prevention solutions will be very welcome. 
Likewise, understanding the main causes of damage 

Figure 10. 
Flow chart for a cost 

analysis of leading-edge 

erosion [1]. 

Precipitation and 
wind conditions

Revenue optimisation
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Erosion rate including
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at specific wind farm sites is necessary to predict 
the need for repair more accurately. This will allow 
maintenance to be scheduled based on the adequate 
monitoring of damage, e.g. at seasonal timescales, 
and to move from unexpected, unscheduled repairs 
to well-planned maintenance. This will reduce main-
tenance costs in general and provide better financial 
output of the wind farm’s assets.

We also expect new wind farm projects to include 
the potential risk for leading-edge erosion in the 
planning phase in order to secure optimal finan-
cial support. This may call for new data collection 
regarding the hydroclimate at sites hitherto not 
monitored for precipitation. Rain is the dominant 
damage vector for leading-edge erosion at most Eu-
ropean sites, but hail appears to be more important 
in the USA [23], and particles that are not hydro-
meteors (e.g. wind-blown dust) could also pose 
significant risks. New wind farm projects in climate 
zones with, e.g., monsoons or offshore in deep sea 
might need additional environmental assessments of 
leading-edge erosion.

We expect future wind turbines to grow in size and 
to operate at higher tip speeds – at least, this has 
been the trend in recent decades. There is a strong 
pull to make the green transition happen successful-
ly with a dominant share from wind energy. This fact 
increases the appetite for harvesting more energy 
at a windfarm lease site with fewer turbines. These 
larger, faster turbines will be at a greater risk of 
leading-edge erosion, so even though more durable, 
embedded solutions are expected, the erosion-safe 
mode of operations may be a useful additional 
method of reducing the need for blade repair. 
We foresee that reducing the risk of leading-edge 
erosion and continuing to drive down operating and 
maintenance costs can be achieved through collab-
oration between academia and industry. DTU Wind 
Energy welcomes new multi-disciplinary collabora-
tions across the value chain to combat leading-edge 
erosion.
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Sustainability is defined most broadly as 
‘meeting the needs of the present without 

compromising the ability of future generations to 
meet their needs’ [1]. Sustainable development 
efforts are thus concerned with balancing the needs 
of planet, people and profits (also termed bio-
sphere, society and economy) in terms of priorities 
and goals. Figure 1 shows the economy as being 
embedded in society and society embedded in the 
biosphere of this planet. Sustainability goals can be 
established on all levels of this nested system, wit-
ness the seventeen Sustainable Development Goals 
(SDGs) defined by the UN.

Wind energy technology is often considered sus-
tainable by default for two reasons. First, it uses 
wind as its input in generating energy, an everlasting 
and renewable resource. Second, electricity pro-
duction from wind energy contributes considerably 
to reducing emissions from the energy sector, as it 
replaces production from fossil fuels.
  
In this regard, SDG 7, ‘Affordable and clean ener-
gy’, is easily identified as the primary focus of wind 
energy, but it can be seen how it is related to many 
other goals when we take the manufacturing supply 
chain (ex. SDGs 12, 8, 9, 14, 15) and the integration 
into societies into account (ex. SDGs 11, 4).

Towards sustainable 
wind energy 

DTU Wind Energy
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However, one can pose the question of how afforda-
ble and clean wind energy has to be to contribute to 
SDG 7 both now and in the future. 
The affordability of wind can be discussed using the 
Levelized Cost of Energy (LCoE) as an indicator 
calculating the production cost of generated electric-
ity over the life-time of an energy-producing unit 
operating in an electricity market where investors 
are expecting a certain return on their investments. 
Since the introduction of wind energy in the 1980s, 
the LCoE of wind energy has for a long time been 
higher than the sales price of the electricity in most 
countries, and the technology has had to be subsi-
dized by governments. The focus over the last two 
decades has been mainly on both reducing the LCoE 
and increasing deployment. The sustained research 
efforts, together with the industrialization and 
larger manufacturing and deployment volumes, has 
enabled a significant LCoE reduction, making wind 
energy cost competitive in many areas of the world, 
as discussed in Chapter 1. 
      
The second question of how clean wind energy must 
be in order to comply with SDG 7 can be addressed 
by investigating the externalities that the installa-
tion, operation and decommissioning of wind ener-
gy are causing the environment. An example is the 
CO2 emissions caused by wind energy. CO2 emis-
sions can occur in the manufacture of a turbine’s 
components, the fuel consumed during installation 
and during maintenance. Finally, CO2 savings may 
be made by recycling materials after decommission-
ing (see Box 1). The necessary information can be 
produced by a Life-Cycle Analysis performed by the 
wind turbine manufacturers. For example, in the 
case of a V-150 onshore wind turbine from Ves-
tas, the CO2 emissions are in the order of 7 grams 
of CO2 per kWh produced [2]. This is to be seen 
in contrast to an average emissions factor of, for 
example, the current electricity generation mix of 
Denmark of 122 g CO2 per kWh in 2020 [3]. 
 
However, there are many other externalities related to 
the production of wind turbines (see Box 2), such as 
pollution of water resources (SDG 6 & 14), pollution 
of the marine environment (SDG 14), pollution of 
the work environment (SDG 3 & 8) and the creation 
of non-reusable and non-recyclable waste materials 
that need to be landfilled or otherwise disposed of. 
These environmental impacts are currently often not 
quantified in detail. In the future, they will need to be 
considered more and compared to sustainability targets 
in order to determine whether wind energy is living up 
to SDG 12, ‘Responsible consumption and production’. 

To enable a fair comparison of wind energy with 
other energy sources in terms of sustainability, it is 
not enough to quantify the impact of wind energy in 
isolation: a more general framework is needed. Fu-
ture research should also focus on the development 
of such frameworks to enable fair and complete 
benchmarks of technologies, including externalities 
and a complete life-cycle perspective. Affordability 
and cost also require well defined and transparent 
frameworks to enable cost comparisons across 
technologies. Subsidies and support mechanisms are 
present in most energy markets and affect all tech-
nologies, from fossil fuels to renewables and nuclear. 

A quantitative understanding of the sustainability 
indicators is needed to guide the design of future 
wind turbine technology. In addition, clear frame-
works will be needed when comparing different 
technologies and energy system scenarios from a 
sustainability point of view, which calls for multidis-
ciplinary research collaboration.

Sustainable materials
Materials used in wind turbine technology have to 
comply with SDG 12 ‘Responsible consumption and 
production’. To ensure wind energy complies with 
this goal, a broad strategy considering extension of 
life, reuse, repurpose and recycling should be con-
sidered. A significant research effort is being made 
with respect to both life extension and recycling.

Most of the material used to construct a modern 
wind turbine consists of steel in the tower and the 
nacelle holding the gearbox and generator. Steel is 
relatively easy recycled, since it can be re-melted 
after the decommissioning of a wind turbine, and 
currently about 88% of the average wind turbine 
is recycled (see Box 1). However, the wind-turbine 
blades are made of glass- and carbon-fibre compos-
ite materials and currently cannot be recycled, re-
sulting in their disposal in landfills. As this practice 
does not satisfy SDG 12, industry and academia are 
making huge efforts to implement more sustainable 
decommissioning processes, as illustrated in Figure 2.

Currently, therefore, wind turbine blades are depos-
ited in landfills after decommissioning, since this is 
the cheapest option. This practice is expected to be 
banned by the EU in the near future, necessitating 
alternative methods of disposal to be devised, where 
the blades are disintegrated by cutting or shredding 
and can then be used in cement production. An 
alternative is to separate the glass fibres from the 
epoxy by treating the blade material at a high tem-
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perature in a pyrolysis process or by chemical treat-
ments [4]. However, establishing a circular material 
flow where the glass fibres are fed back into the pro-
duction of new glass fibres for a new wind turbine 
blade remains a challenge because contamination 
from the recycling process will most likely disturb 
the re-melted glass properties beyond quality limits. 
More opportunities open when different sectors and 
products are linked by less stringent requirements, 
for example, concrete reinforcement using blade-re-
cycled fibres.

Research into alternative materials for wind 
turbine blades has investigated the possibility of 
using bio-degradable materials such as bamboo 
and bio-resins, which will enable a blade to de-
compose over time if it is buried in dirt [5]. Nat-
ural fibres from hemp have also been considered 
as a raw material for turbine blades. However, the 
challenge of most of the bio-degradable materials 
is that the mechanical strength is considerably 
lower than glass-fibre composite material. The 
obstacle to recycling glass- or carbon-fibre com-
posite blades based on epoxy or polyester resin is 
that it is very hard to separate the fibres from the 
resin and thereby turn the materials into a new 
blade. One might solve this challenge using ther-
moplastic fibre composites, which can be heated 
up and reshaped. However, the strength is also 
lower than the currently used glass and carbon-fi-
bre composite material [5]. On the other hand, 
the large-scale utilization of any new potential 
bio-based material will require an assessment of 
the overall impact of that material, its availability 
on a large scale and potential competition from 
other uses like food.

Another material that is difficult to recycle from 
wind turbines is the Nd-Fe-B permanent magnets 
that are found in the generators of most modern 
turbine generators. The Nd-Fe-B metal alloy reacts 
very easily with oxygen and water and will deteri-
orate quite fast when taken out of the generators. 
However, recent investigations are finding that a 
large fraction of the Nd-Fe-B magnets can be recy-
cled if recovered properly from decommissioned 
turbines and fed back to the magnet manufacturers 
[6,7].

Lifetime extension 
One way to reduce the environmental impact of 
wind energy is to ensure that the materials used in 
constructing the turbine are utilized for as long time 
as possible to produce energy. The lifetime exten-
sion is the additional period beyond the originally 
intended design lifetime that the turbine continues 
to operate to produce energy. Any such lifetime 
extension is conditional on the reliability of the 
primary structures and components of the wind 
turbine being within acceptable limits and obtain-
ing the necessary approvals from local regulatory 
bodies. The duration of the life extension is site-spe-
cific, depending on the life consumption suffered 
by the primary structures to date and the predicted 
operating conditions in the future. 

It is also possible that, during the design process 
itself, a longer site-specific life for a wind farm is 
chosen than that used at present, such as 30-35 years 
to reduce the LCoE of the wind farm, particularly 
for offshore wind farms. Thus lifetime extensions 
or long-lasting wind power plants will improve the 
sustainability footprint of wind energy. 

Figure 2.
Illustration of the challenge 

of establishing a circular 

material flow for wind 

turbine blades made from 

fibre-composite materials 

consisting of a glass-fibre 

fabric and balsa wood or 

plastic foam vacuum im-

pregnated with a resin like 

polyester or epoxy [4]. 
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Almost half of Europe’s existing wind farms will 
reach the end of their intended lives by 2030, and 
many such lifetimes may be extended further [8]. 
The regulations and processes involved for approvals 
of lifetime extensions [9] may involve substantial 
time, depending on the region. The process of life-
time extension should therefore be initiated suffi-
ciently early and well before the actual completion of 
the originally planned lifetime. A detailed example 
of the process to determine the feasibility of grant-
ing a lifetime extension for a German wind farm is 
presented in [10].   

Economic and social sustainability
Sustainable investments are becoming more and 
more relevant in capital business. Pension funds have 
emerged as some of the main investors in wind farms, 
especially offshore. Pension savers are becoming 
more aware of the need for actions mitigating climate 
change and are increasingly exerting pressure on the 
management of pension funds to invest in renewa-
ble activities instead of activities with large climate 
footprints. The recently established EU Taxonomy on 
Environmental Sustainability for economic activity in 
the European Union, which mandates a declaration of 
the share of sustainable activities in business port-
folios for all large firms, is a crucial step in creating 
awareness and transparency [11]. It sets out overarch-
ing conditions that an economic activity has to meet 
to qualify as environmentally sustainable. It must 
contribute substantially to at least one sustainability 
objective, do no significant harm (DNSH) and ensure 
minimum social safeguards [11]. Currently, wind 
energy is considered the ‘best performer’ in the sector 
and hence automatically eligible as a sustainable ac-
tivity. Nonetheless, certain standards must still be met 
to prove that a specific project does not do significant 
harm and that impacts have been actively minimized, 
including noise, waste pollution, biodiversity risks, 
disturbance to wildlife and visual impacts. Evidence 
on this must be given in Environmental Impact As-
sessments, management plans that include recycling 
activities (or ambitions) and protection measures 
including monitoring and evaluation plans. 

In the EU Taxonomy, the further development of 
assessment criteria and procedures is foreseen and 
is also needed to keep up with the evolving perspec-
tives on sustainability. Criteria can be expected to 
be tightened in the future and further footprint re-
ductions encouraged for all technologies in order to 
reach the EU sustainability objectives of the protec-
tion and restoration of biodiversity and ecosystems, 
the sustainable use and protection of water and 

marine resources, and the transition to a circular 
economy. But even outside Europe, it is most likely 
that investments will be increasingly evaluated in 
terms of a selection of sustainability indicators, as 
described in Box 2, and the question of how to rank 
the indicators and gain influence in future stock 
trading schemes. The wind energy sector will need 
to understand how the indicators are prioritized. Fu-
ture wind turbine design might be able to optimize 
the sustainability profile according to some specified 
sustainability targets (as discussed in Chapter 7).           

Social sustainability is becoming more and more 
visible as one of the crucial elements in transition-
ing to a zero-carbon society. The transition must be 
achieved not only for the people, but also with the 
people. The goal is inclusive and resilient societies 
in which people and communities are empowered, 
take responsibility and create opportunities, for 
themselves, for society and for our future. The UN 
launched the Sustainable Development Goals with 
the motto ‘leave no one behind’ in respect of, for 
example, personal health and well-being, education, 
gender equality, peace and justice. Should wind 
energy contribute positively to these developments? 
Or at least not hinder their progress? Should there be 
different ambitions about this in different regions of 
the world? These are fundamental questions that still 
need answers. We are beginning to understand better 
how wind energy technology and people interact (see 
Chapter 5), but much more research is needed in this 
area to draw conclusions and develop solutions that 
can be implemented in both the deployment of wind 
energy and technological innovation. 

Discussion
One might consider the UN goals shown in Figure 
1 as very detached from the design specification 
of wind turbine systems, but as shown above, it 
then becomes possible to create some quantitative 
sustainability indicators that can be used to evaluate 
wind energy systems. The most central indicator 
currently is the CO2 emissions associated with the 
manufacture, operation and decommissioning of 
wind turbines (See global warming indicator in Box 
2). In the previous section it was concluded that an 
emission of 7 g CO2 per kWh was very low com-
pared to Denmark’s current energy mix, but one can 
now ask whether this CO2 emissions level from wind 
is low enough to comply with the 2050 goal of zero 
emissions?

A simple estimate can be done based on the IEA 
2020 energy outlook [12], where it is estimated that 
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wind energy must supply about 25,000 TWh / year 
of electricity in order to comply with the net-zero 
scenario in 2050, with CO2 emissions of about 1 Gt 
CO2/year are released globally and a similar amount 
of CO2 is captured using carbon capture technol-
ogies. If the current wind energy technology with 
a CO2 footprint of 7 g / kWh is applied in 2050, 
then the annual emissions will be in the order of 
0.2 GtCO2 / year and correspond to about 20% of 
the global CO2 emissions expected in the net-zero 
scenario for 2050. This is substantial and shows that 
further reductions in the CO2 footprint of wind 
energy are desirable. 

Designing for sustainability appears to be a potential 
new driver for the next generation of technologies and 
projects, where cost is put in a broader perspective.

An example of how sustainability can determine 
whether a new approach is better than existing 
ones is steel. With steel being the main source of 
emissions from the current wind turbines, then it 
will be important to understand if new low-carbon 
production methods of steel can be implemented 
for large-scale production, where coal is replaced by 
hydrogen in the chemical process of reducing iron 
oxide into metallic iron, with water as the resulting 
emission instead of CO2 [13]. Another aspect will be 
to recycle as large a fraction of the steel from decom-
missioned wind farms in order to avoid the need to 
forge new steel from mined iron ore. A similar step 
might be introduced in the production of concrete 
foundations for onshore turbines, where low-carbon 
Aalborg Portland cement could bring about a sub-
stantial reduction of the CO2 footprint for onshore 
turbines [14]. Other sustainability initiatives are dis-
cussed in the Global Wind Energy Report published 
by the Global Wind Energy Council [15].

Conclusion and outlook 
The future challenge for wind energy goes beyond cost, 
since wind energy will also have to show a clear con-
tribution to the three elements of the energy trilemma: 
affordability, energy security and sustainability. 

Looking back at the evolution of wind energy tech-
nology, the sector has been through a number of 
different periods. In the initial years of wind energy 
deployment, the focus was mainly on reliability and 
industrialization, cost reduction being a key objective. 
As technology and the sector evolved, the focus con-
centrated on reducing costs and integrating with the 
grid. These days, with a clear sense of urgency related 
to climate change mitigation, massive deployment 

and cost are the key topics. But large-scale deploy-
ment also could involve potentially higher negative 
impacts of wind energy if sustainability is not includ-
ed as a core objective in all aspects of wind energy. 
Sustainability requirements are likely to change the 
way wind turbines, components and wind power 
plants are designed in the future, the targets being not 
just to maximize energy production or reduce LCoE, 
but also to ensure the highest possible value while 
minimizing the overall impact.
From a research perspective, there is also a need to 
quantify the optimal approach to ensure the sustain-
ability of existing and future wind turbines and wind 
power plants. The available research options (e.g. 
life extension, new manufacturing processes, new 
materials) should also be assessed on the basis of the 
potential impact on sustainability.
In this context, sustainability is expected to be a key 
driver for the technological development of wind 
energy in the coming decades, one that will take 
the environmental and socioeconomic aspects into 
account. 

Box 1. Simple wind turbine  
sustainability numbers
Return of energy. How many times more ener-
gy does the turbine produce during its lifetime 
compared the energy needed to manufacture 
the turbine? 

This figure is 31 times for a V-150 turbine from 
Vestas [16].

Lifetime CO2 emissions. The amount of CO2 
emissions resulting from manufacturing the 
materials for the wind turbine (steel for tower 
and monopile, concrete for onshore turbine 
foundation, copper for cables, glass fibre for 
blades), the operation of the turbine and finally 
the decommissioning. 

For a V-150 turbine from Vestas, this is 7 g CO2/
kWh [16].

Turbine recyclability. The fraction of the 
weight of the turbine materials that is recycled 
(metals such as steel, aluminium and copper). 
Turbine blades are not recycled and constitute 
most of the non-recycled fraction. 

This figure is 88% for a V-150 turbine from 
Vestas [16].
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and Niels-Erik Clausen

A     f forecast by the Global Wind Energy Council 
states that large-scale onshore and offshore 

wind projects will generate 3.3 million sustainable 
jobs worldwide requiring a variety of skills across 
the full value chain of the sector over the coming 
five years [1]. Going back in time, the number of 
jobs in the global windenergy industry more than 
tripled from 2009 to 2019 (see Fig. 1), with 1.17 
million jobs in the sector in 2019 [2]. This growth 
stagnated from 2016 onwards, but it will likely soon 
accelerate, given that global wind-power installa-
tions are expected to exceed 110 GW annually by 
2025 [1].

The wind energy engineers of the future will meet 
new challenges, and universities and other education-
al institutions must do all they can to prepare them 
to face them. Here we first take a closer look at the 
technological challenges that are currently emerging 
in the wind sector and the skill-sets that are needed to 
overcome them. We then consider the challenges and 
possibilities of a globalized windenergy sector and the 
need for the integration of sustainability across all  
disciplines in engineering education. We then con-
sider the lifelong aspects of engineering education 
and the changing role of universities in this context. 
Lastly, we highlight the new possibilities for education 
all over the world with online tools and courses.

Technology leaps and the need for new  
skill-sets 
The overall goal when designing wind turbines is to 
reduce the cost of producing one kWh of electrical 
energy measured as the Levelized Cost of Energy 
(LCOE). Today wind turbines are often situated in 
large wind farms, some of which can produce up to 

1 GW.  Due to lower turbulence, higher wind speeds 
and the cost of land, the very large projects are 
typically placed offshore. However, offshore founda-
tions are also expensive, and to reduce the number 
of foundations, developers are demanding bigger 
and bigger turbines: currently wind turbines of up 
to 12 MW are commercially available. To reduce 
the cost of foundations and allow wind turbines 
to be installed at greater depths of water, floating 
foundations inspired by the oil and gas industry are 
under development. These floating foundations are 
more flexible than bottom-fixed supports, and their 
movement influences the stability of and loads on 
the rotor. Mastering the dynamics of a wind turbine 
mounted on a floating foundation exposed to wind 
and wave loads is one of the emerging technology 
leaps that will reduce the LCOE from wind energy. 

A key past technology development was the advent 
of power electronic drives that allowed variable 
speed operation of generators and rotors so that 
wind turbines can operate near their optimum 
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efficiency for a larger wind-speed range and reduce 
fatigue loads. The very big modern wind turbines 
are costly and therefore equipped with many 
more sensors to measure, for example, loads and 
constantly estimate the fatigue damage to various 
components. These sensors are actively used in the 
control in order to protect the wind turbine, their 
data constantly being monitored and analysed to 
optimize the turbine’s operations and maintenance 
(O&M), thus reducing costs. This discipline is called 
‘condition monitoring’ and is an important technol-
ogy to protect these very large investments. 

New data-analysis tools, such as machine-learn-
ing, are upcoming technologies that can be used to 
analyse the massive amounts of data continuously 
being sampled on a large wind farm to improve op-
erations and the early detection of failures. Research 
is ongoing to measure the approaching wind speed 
using LiDAR in order to adjust pitch or possible flap 
settings in advance using a controller. This technol-
ogy has not yet been commercialized, but it may 
well help in building larger and more competitive 
machines. It is clear that advanced remote sensing 
and data analysis are becoming more and more 
important to supplement the classical engineering 
disciplines such as structural mechanics, aerody-
namics and electrical engineering. 

Another challenge is the struggle against gravity, 
where the weight increases faster than the structures 
carrying the gravitational loads when upscaling 
wind turbines, a phenomenon known as the square-
cube law. Here, the material sciences can help by, for 
example, switching from glassfibre to carbon fibre 
for some parts of the blades or improving computa-
tion of the material loads in order to get closer to the 
limit and thus save on materials and weight. 

Globalization of engineering education
There is no doubt that globalization has greatly 
changed the present-day world and that this change 
is intimately related to education. The importance of 
global education is multiple: besides the actual ac-
ademic and technical content of the different study 
programmes and courses, it also enables students to 
obtain skills from other cultures and learn how to 
work in multinational groups, as well as helping to 
develop a global perspective and language skills. 

Based on interviews with 178 leaders in global 
thought, the Massachusetts Institute of Technology 
(MIT) has mapped the state of the art and future 
trends in global engineering education [4]. Cur-

rently, the Olin College of Engineering and MIT 
are recognized by many as the world-leading pro-
viders of engineering education. These and other 
institutions that receive high rankings are typically 
well-established universities located in the US or 
northern Europe and have large student cohorts. 
Other universities in different parts of the world 
are seen as emerging leaders in the field that repre-
sent a new generation of engineering programmes. 
These are characterized by being multidisciplinary 
and have a dual emphasis on engineering design 
and student self-reflection. Examples of emerging 
leaders in engineering education are the Singapore 
University of Technology and Design, University 
College London and the Pontifical Catholic Uni-
versity of Chile. 

International wind energy education
In order to meet the growing demand for graduates 
with an understanding of cross-cultural issues, all 
wind-energy education at DTU is international in 
its aims and targets recruitment from all over the 
world. DTU Wind Energy takes care of training and 
education in most wind energy-related disciplines, 
comprising such different topics as aerodynamics, 
atmospheric physics and meteorology, aero-elas-
ticity, aero-acoustics, composite materials, grid 
integration, offshore wind energy, the dynamics of 
machinery, measurement techniques, planning and 
energy economics. Combining these subjects with 
additional elective courses should enable students 
to address the cross-disciplinary challenges they 
might face later in connection with a job in the wind 
industry. 

DTU Wind Energy is one of the very few institu-
tions in the world to offer an international two-
year MSc programme devoted uniquely to wind 
energy. This programme was established in 2002 at 
the Department of Mechanical Engineering, and 
from 2012 it became the responsibility of the De-
partment of Wind Energy. Students following the 
programme acquire a thorough knowledge of the 
technologies required to analyse, design, develop 
and operate wind-based energy systems. The stu-
dents may choose between an electrical and a me-
chanical track, with specializations in all relevant 
topics. The programme was open to international 
students from the beginning, and about 90% of its 
students come from outside Denmark. Typically, 
about half of the foreign students stay and work in 
Denmark after finishing their studies, ensuring an 
influx of highly skilled labour to the Danish wind 
industry. 
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Joint wind energy programmes
In 2012, together with the Delft University of 
Technology, Norwegian University of Science and 
Technology, and the Carl von Ossietzky University 
of Oldenburg, DTU launched a European wind-en-
ergy course, the Erasmus Mundus European Wind 
Energy Master’s (EWEM), a two-year double degree 
programme. The idea behind this programme is to 
make it possible for students to study in more than 
one country in order to give them an understanding 
of the cultural differences between different Euro-
pean countries. All students start the first semester 
at DTU, after which, depending on their chosen 
specializations, they move to one or more of the 
partner universities. Besides being responsible for 
the first semester, DTU issues MSc in Wind Ener-
gy diplomas in the wind physics and rotor design 
tracks. DTU Wind Energy also contributes to two 
other international programmes: 1) the MSc in 
Sustainable Energy, which has a specialization in 
wind energy; and 2) the Nordic MSc programme in 
innovative and sustainable energy (ISEE), where the 
students study at two or more technical universities 
in the five Nordic countries. A complete overview of 
wind-energy study programmes is provided by the 
European Academy of Wind Energy (EAWE) [5]. In 
addition to education at university level, extensive 
training of technicians is carried out by the industry 
itself or specialized private companies.
To increase the recruitment of foreign students and 
to strengthen the international exchanges of DTU’s 
own students, contacts and exchange programmes 
are being established with world-leading univer-
sities. Contacts with a number of American uni-
versities are already being established through the 
American Partnership for International Research 
and Education (PIRE) programme. These contacts 
include Johns Hopkins University, Cornell Universi-
ty, Texas Tech University, the University of Western 

Ontario and the University of Colorado. Similar 
agreements involve European partner universities in 
the EuroTech and Nordic Five Tech alliances.

Sustainability in engineering education
A good engineering practitioner must also be fully 
aware of what is happening in society, as well as have 
the necessary skills to face the social issues of techno-
logical development and include them in the design 
of next-generation technology to improve our quality 
of life. Among these holistic and systemic skills is en-
suring sustainability, which has been included in en-
gineering education. Given the type of work and role 
engineers have in society in, for example, developing 
new infrastructure and technological solutions to 
improve our quality of life, it is extremely important 
that they are familiar with sustainability. In the Barce-
lona Declaration of 2004 [6], sustainability is already 
mentioned along with a list of holistic competences 
supporting the integration of sustainability in engi-
neering education. These are further elaborated in 
[7], which is based on a literature search. The result 
suggests that sustainability in engineering education 
contains elements of the following eight competences 
listed in Table 1.    

The relevance of the eight competences listed in 
Table 1 were tested by Quelhas et.al. [7] by means 
of a questionnaire administered to thirty selected 
experts and teachers of sustainability in engineering 
in May to June 2018. All eight competences received 
an average grade of more than 4 on a scale of 1 (not 
important) to 5 (extremely important). 

How to teach sustainability to engineering 
students? 
Allen et al. [8] have carried out an analysis of 
accredited engineering programmes across the US 
that incorporate sustainability concepts. Based on 
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Table 1.
Engineering competences 

and their relevance to  

sustainability. Based 

on [7].

Competence Relevance to sustainability

Systemic thinking Understand interactions between systems and people in their 
social, cultural, environmental, commercial, legal and political 
contexts 

Ability to solve problems Apply engineering to complex problems of sustainability

Ability to work in interdisciplinary groups Solving complex problems

Critical thinking Question and expand existing standards and practices 

Normative competence Reflect on standards and underlying values

Self-knowledge
Reflect on one’s own role in the community and society  

Strategic competence Collectively develop and implement innovative solutions to 
promote sustainability

Contextualization and future vision Formulate scenarios, assess consequences
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the results of the questionnaires and interviews 
conducted with representatives from 273 engineer-
ing departments (representing 20% of the contact-
ed sample), the researchers concluded that there 
are four primary ways to incorporate sustainable 
engineering content and concepts into engineering 
curricula:

• To develop dedicated sustainable engineering 
courses (48%)

• To integrate sustainability concepts into tradi-
tional engineering courses (23%)

• To deliver classes on sustainable technologies 
(carbon capture, wind, solar power) (14%)

• To collaborate with a non-engineering depart-
ment in interdisciplinary courses (15%).

Furthermore, in another literature review, Quelhas 
et al. [7] investigated teaching methods and ped-
agogical practices used in teaching sustainability 
and the underlying transdisciplinary competences. 
Education for sustainability is multifaceted and 
complex, broad and plural, fluid and amorphous. It 
is both global and local, social and individual [9]. 
This suggests that traditional lecture-based univer-
sity teaching alone may not be the most effective. 
Quelhas et al. [7] found no examples of traditional 
lecture-based teaching in their study, rather they 
found student-centred teaching methods such as 
problem-based learning or case-based collaborative 
learning.   

Sustainability at DTU
At DTU we have developed several dedicated cours-
es in the topic, including even a full MSc in Sustain-
able Energy that, over a period of less than ten years, 
has grown to be among the five largest of DTU’s 
32 Master’s programmes, with around a hundred 
students graduating annually. 

An example of a course that does not have the word 
‘sustainability’ in its title, but into which elements 
mentioned in Table 1 have been integrated is Course 
46200, Planning and Development of Wind Farms, 
which since 2008 has been part of the MSc in 
Wind Energy at DTU (Fig. 2). The course is cen-
tred around a case of design in which a group of 
four students plan a new wind farm somewhere in 
the world, either on land or offshore. They have to 
find and argue for the site selection, layout, type of 
turbines, wind resource, environmental impacts and 
grid connection, as well as carry out a stakeholder 
analysis and an economic analysis. The course in-
corporates five to six of the eight core competences 
listed in Table 1.    

In summary, including sustainability in engineering 
education means much more than just referring to 
the UN Sustainable Development Goals [10]. To 
be labelled a sustainable university, Jones et al. [11] 
suggested what they call the ‘4C model’, stipulating 
that the university needs to implement sustainability 
in its curriculum, campus, community and culture. 

Figure 2.
Students from the course 

'Planning and development 

of wind farms' on site 

visit during January 2017. 

There were 84 students 

from 28 nationalities. 

Photo: Tom Cronin.
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Lifelong learning 
As a result of the rapid changes in the labour market 
in recent years and the demand for new skill-sets, 
learning is becoming a lifelong journey. In this new 
and global labour market, employees will need to 
build on their university degrees and acquire new 
skills throughout their careers [12]. Universities are 
beginning to see this as an opportunity to broaden 
their portfolios of courses and degrees and to gener-
ate an income from continuing education activities, 
in addition to the more traditional graduate and 
undergraduate programmes. To support lifelong 
learning activities, DTU has recently established a 
centre called ‘DTU Learn for Life’.

In its efforts to couple manufacturing with research, 
development and innovation, the Manufacturing 
Academy of Denmark (MADE) has launched a new 
initiative called MADE Learning Factories. Its pur-
pose is to explore and develop new possibilities for 
lifelong learning targeted at engineers, technicians 
and production staff. The intention is to create new 
and strong partnerships between researchers and 
production environments in Denmark. For instance, 
DTU’s Department of Mechanical Engineering 
(DTU MEK) is involved in a partnership around 
3-D printing and digital modelling. 

Online training offers new possibilities
In order to remove the physical barriers to an engi-
neering education, many top-ranked technical uni-
versities offer courses or fully accredited degree pro-
grammes online. Platforms such as Coursera, EdX 
and the Khan Academy have developed business 
models for offering free access to course materials 
developed by member universities. Learners only 
pay for a certificate of completion, if desired. Be-
cause of the free and easy access, such courses can 
attract participants by the thousands [13]. Educa-
tion on this scale places limits on person-to-person 
interaction, and the learning experience becomes 
more automated. The great advantage is the high 
degree of flexibility that facilitates learning anytime 
and anywhere. 

For universities, Massive Open Online Courses 
(MOOC) generate exposure and valuable analytics 
about the target group. Fig. 3 gives examples from 
DTU’s course on ‘Wind Energy’, which is hosted by 
Coursera and has attracted more than 100,000 learn-
ers since 2015. Interestingly, the COVID-19 outbreak 
in early 2020 has boosted the number of new enrol-
ments dramatically from the order of 700 learners 
per month to up to 10,000 learners per month during 
the summer of 2020. Today, the number of enrol-
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Analytics from coursera.

org showing (left) the 

number of participants in 
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ments has stabilized at around 2,000 new learners 
per month. The MOOC analytics show that learners 
from India are very well represented, with more than 
40,000 enrolled individuals, whereas the US takes 
second place and accounts for around 8,000 individ-
ual learners. MOOC analytics can give an indication 
of the emerging markets for education in wind energy 
engineering, but they should be interpreted with 
some caution, since other factors such as pricing also 
play a role in the enrolment of learners.    

Given that wind energy is expanding on a global scale, 
universities and other institutions also see a benefit 
in offering online short courses and degree programs 
with full accreditation. This requires a much more 
supervised learning environment, with frequent 
interactions between the students and lecturers. These 
interactions can take place through personal feedback 
on assignments and live or asynchronous discussions 
online [14]. The teacher becomes a moderator of such 
discussions and assumes a different role compared to 
teaching in a physical classroom setting [15]. Ultimate-
ly, the best of both worlds can be achieved by blend-
ing physical and online teaching elements whenever 
possible.

Achieving high-quality online training
The COVID-19 outbreak and the global lock-downs of 
university campuses has pushed the uptake of digital 
learning methods forward. Teachers all over the world 
have been forced to switch to online teaching at ex-
tremely short notice. The situation today is that digital 
tools are widely being used by universities, including in 
connection with physical courses. There is, however, a 
need to upgrade the didactic qualifications of teach-
ing staff in order to benefit fully from the new digital 
opportunities, and this will take years to achieve. 

In their report from 2019, Damvad Analytics for-
mulates eight statements on how digitalization can 
support learning processes at different levels of the 
Danish educational system [16]. The report is based 
on work by a group of didactic experts and practi-
tioners from different Danish institutions, including 
DTU. Its key message is that digitalization alone will 
not lead to high-quality education. It really mat-
ters how digital tools are implemented and used in 
teaching and learning situations. In connection with 
the MADE Learning Factory, an experiment has been 
carried out with e-learning on a global scale. This has 
led to a set of recommendations for effective e-learn-
ing [17]. Another set of recommendations has been 
published by the Danish evaluation institution (EVA) 
in the context of continuing education [18,19].

Outlook
Recent technological leaps in wind energy have created 
new requirements for the skills and specializations of 
future wind energy engineers. Wind energy is under-
going a rapid expansion to new markets in different 
parts of the world, a process of globalization that calls 
for a massive upscaling of the education of engineers 
who are qualified to build future wind farms and 
energy systems. Companies with a long record in the 
exploitation of oil and gas are currently going through 
a transition to deliver green and sustainable energy 
solutions. To succeed in this, a skilled and specialized 
work force is essential. Universities in northern Europe 
have a long history of expertise in educating engi-
neers for the wind-energy industry. Their strategy for 
meeting the new requirements has been to collaborate 
through the establishment of joint degree programmes 
and PhD networks, typically supported by European 
funding bodies. Sustainability and the UN’s Sustainable 
Development Goals are increasingly being integrated 
into these educational programmes. As windenergy 
projects are also planned and established in Asia, the 
US and South America, new players are currently 
entering the game of engineering education. Local uni-
versities are building up capacity to meet the shortage 
of engineers and to secure the establishment of a local 
work force. In parallel with this, online teaching makes 
it possible for top-ranking universities to reach and 
educate individuals all over the world. Thanks to these 
new possibilities and the increasing mobility of the 
global work force, engineering education is becoming a 
life-long activity for many. 
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Scientific advice has been deeply embedded in 
the raison-d’être of DTU Wind Energy since the 

very beginning of wind energy research in Den-
mark. DTU Wind Energy gives weight to DTU’s 
strategic key objective of being society’s leading 
experts, providing reliable and knowledge-based ad-
vice on wind-energy technologies and systems and 
the transition to a low-carbon economy. Scientific 
advice is not just a matter of doing things right, of 
providing state-of-the-art knowledge to the energy 
sector, but also of doing the right things. By putting 
knowledge to work in new settings and with new 
actors, there is much learning to harvest and valua-
ble knowledge to be added to the common pool of 
knowledge. This chapter describes how wind energy 
researchers put knowledge to work in two different 
areas:

• International standardization and certification, 
including test facilities

• Global cooperation

While the first area focuses on standards and 
certification as a means to bring reliable and safe 
wind energy technologies to the market, the latter 
concentrates on assisting countries in preparing the 
market for wind energy.

International standardization and  
certification
The technological development and globalization of 
the wind energy industry have been facilitated by 
the development of international standards and cer-
tification, which have supported uptake, awareness 
and confidence in the market, as well compliance 
with regulations and legislation. Standards provide 

an effective framework for harmonizing information 
flow, understanding product design, manufacturing 
and service requirements, and establishing com-
mon rules and requirements [1]. As wind turbine 
technology keep improving, technical standards 
need to be updated or new standards developed in 
order to provide appropriate requirements for the 
latest designs and address the uncertainties in and 
needs of the energy sector. Drawing up standards is 
also used proactively to reduce costs within the wind 
energy value chain, as is illustrated by the hot list 
of necessary standards in wind turbine generation, 
including the balancing of plants and O&M [2].

The design of a globally uniform and generally 
recognized set of standards links global markets and 
facilitates trade. Countries require a harmonized, 
documented and transparent global standardization 
framework that will enable the planning authorities 
to assess the potential of wind energy [3] and also 
prepare for adequate framework conditions and 
the uptake of such markets. The use of standards is 
key to reducing legislation and regulation, whether 
through direct compliance with the legislation or as 
a means of demonstrating compliance with com-
pulsory legislation without changing the legislation 
each time changes are made to the standard or 
document. 

In Europe, compliance with standards has tradition-
ally been ensured through third-party certification. 
For example, Denmark’s Regulation 73 just refers to 
compliance with the latest Operational Documents 
for type and project certification, which are regularly 
updated and which refer to the international stand-
ard in the IEC 61400 series as the main normative 
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documents for technical requirements. Standards 
can also be used to reduce administrative burdens, a 
strong example being micro-generation technologies 
in the UK.1

International standards are usually developed in 
a push and pull consensus process influenced by 
multiple stakeholders from industry, investors and 
developers, policy-makers, regulators and end-us-
ers, and hence represent what can be agreed upon. 
This involves a lengthy and costly process where the 
influence is at its greatest at the beginning of the 
process, as illustrated in Figure 1 below.

The preparation of national and international stand-
ards containing rules for the design of wind turbines 
began in the 1980s. At that time, DTU Wind Energy 
had come a long way in Denmark with quality 
assurance and requirements for implementation and 
certification. This work was performed under the 
Danish approval scheme. Projects were also carried 
out at the EU level, in which the Danish standards 
were coordinated with those of other European 
stakeholders, and recommendations were made for 
drawing up EU standards [4]. Also, a set of regu-
lations for certification was drawn up by German-
ischer Lloyd in 1986. Along with the development 
of technology, these were further refined and led to 
the Regulation for the Certification of Wind Energy 

1 The Microgeneration Certificate Scheme is used in the UK 
as a way of aiding deployment and reducing the administra-
tive burden on installing micro-generation technologies. The 
permitted development status allows the planning authorities 
to approve the development of wind turbines and heat pumps 
subject to certain criteria being met [1].   

Conversion Systems of 1993, amended by supple-
ments issued in 1994 and 1998. National standards 
were also published in the Netherlands (NEN 6096, 
Dutch Standard, 1988) and Denmark (DS 472, Dan-
ish Standards, 1992).2 

To accelerate the uptake of wind energy globally and 
facilitate trade, most standards are now developed in 
an international framework. The responsible stand-
ards organization is the International Electrotech-
nical Commission (IEC), which in 1988 formed the 
Technical Committee TC88 with the task of prepar-
ing international standards for wind energy. In 1996, 
the Dresden Agreement was signed between the IEC 
and the European Committee for Electrotechnical 
Standardisation (CENELEC), which provided the 
basis for harmonization between IEC International 
Standards and European standards in electro-tech-
nology. 

The development of standards has followed the 
general development of wind turbines: 1) safety 
and functional requirements of wind turbines; 2) 
test standards by which their performance can be 
compared and validated; 3) standards for interfaces 
and components when wind turbines become a 
significant element in the power system and when 
components are acquired on the international 
market; and 4) conformity testing and certification 
as a means to document and create confidence 
in a complex product in the market and with the 
authorities [5]. 

2 https://www.freeenergyplanet.biz/wind-energy-2/nation-
al-and-international-standards-historical-development.html 
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While international standards have a wider pur-
pose than providing the normative requirements 
for certification by third parties, in Europe stand-
ards have been developed using conformity assess-
ments by an independent party. In the early 1980s, 
the conformity assessment was carried out by 
specific entities on behalf of the authorities, which 
in Denmark meant the Test Station for Wind Tur-
bines at Risø. Since the early 1990s, the conformity 
assessment has been performed by independent, 
accredited parties, building on the traditions of 
ship classification and the principles of the EU’s 
‘New Approach’ separating the essential legislative 
requirements from the detailed requirements in 
standards and provided requirements to those con-
ducting the conformity assessments. In other parts 
of the world different approaches to compliance 
with standards were used. For example, in the USA 
self-assessment was common at the beginning, but 
with larger projects and thus also greater finan-
cial risks, due diligence by independent engineers 
became widely used. 

Initially third-party conformity assessments were 
provided by certification bodies using their own 
conformity procedures and rules, as well as the 
available international standards as normative 
requirements for certification, with interpretations 
and supplementary requirements added from local 
national standards [5]. However, with the accelerat-
ed development in the wind and renewable energy 
sector by many manufacturers and projects world-
wide, a harmonized third-party assessment system 
was needed to assure the necessary transparency, 
acceptance and trust in the overall process. In 2010, 
the IEC 61400-22 standard was issued to provide 
such a framework for wind turbine generating sys-
tems conformity assessment and testing.

As of today the responsibility for the development 
and maintenance of standards providing technical re-
quirements and procedures for performing third-par-
ty verification and certification of compliance with 
technical standards has been divided between IEC 
TC88 and IECRE Renewable Energy (The IEC System 
for Certification to Standards Relating to Equipment 
for Use in Renewable Energy Applications). IECRE 
was established in 2014 by the IEC with the aim of 
running a single, global certification system accept-
able to local and national authorities, and using 
high-quality international standards while also allow-
ing for continuous improvements. In 2018, once the 
IECRE’s operational documents (ODs 501 and 502) 
had been created, IEC 61400-22 was withdrawn. 

Today there are three major areas of conformity 
assessments:

• Calibration and testing provided for various 
calibrations, and performance testing for 
wind-energy equipment and project perfor-
mance.

• Equipment-type certification scheme providing 
procedures for conformity assessments to IEC 
standards for WTG and components related 
to safety, reliability, performance, testing and 
interaction with the electrical power network. 

• Project certification of a complete wind farm 
on or offshore focusing on design, manufacture, 
transportation, installation and operation. It 
may also include assessment of the site-specific 
design and a site assessment, without evaluating 
transport, construction or testing. This may 
vary worldwide. For example, project certifica-
tion is so far only required by Denmark, Ger-
many, France, Japan, Taiwan and the US, while 
Belgium and UK require project certification 
only in part. There is also a concern that present 
forms of project certification are not suitable 
for floating offshore wind farms. Existing tools, 
such as certification, the marine warranty sur-
veyor (MWS) process and supply-chain reviews, 
need careful attention to ensure they are still fit 
for purpose when applied to floating offshore 
wind farms. This will require early engagement 
between project sponsors and insurers to ensure 
the key differences are understood. 

In TC88 a large pool of standards have been drawn 
up, and new ones are being developed within the 
61400 series. Therefore a hierarchical re-structuring 
of the standards is currently being undertaken to 
make the contents of standards and the interfaces 
between them clearer, and also to make revision 
activities easier. This should cover all aspects, from 
design to operation and maintenance, where the in-
dividual sub-standard has a well-defined and limited 
scope and refers to overriding standards (efficient 
system of a well-defined and narrow scope). This is 
illustrated in the figure below.

Critical issues for wind energy standardization 
and certification 
There are several critical issues related to the devel-
opment of wind energy standards and certification 
that have to be taken into consideration.

Technology standards 
A wind turbine is a series product that is later imple-
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mented under site-specific conditions. This means 
that a wind turbine is not designed for the specific 
condition where it sits on a site but rather for typical 
conditions as specified in the wind-turbine classes in 
standard IEC 61400-1. These classes are expected to 
encompass typical conditions world-wide, but they 
do not take into account special regionally or locally 
extreme conditions such as typhoons, cyclones, 
earthquakes and icing. However, in order to account 
for differences in wind and climatic conditions glob-
ally, there is a need to adjust standards to address 
them [3], both to describe the conditions and to 
assess if products are fit for purpose. 
 
A similar challenge comes from the rapid scaling up 
of wind turbines that brings the rotor scanning the 
wind field up to 200-300 m above terrain. This well 
above the first 100 m, which is relatively well-known 
from measurements and where the wind loading is 
described in standards. The upscaling is illustrated 
by the largest onshore and offshore turbines from 
Vestas,3 the V162-6.2 MW and the V236-15 MW 
with rotor diameters of 162 m and 236 m respec-
tively. This should be compared with the average 
capacity of wind turbines installed in 2020 of 3.3 
MW and 7 MW respectively [6]. These tall wind 
turbines encounter wind conditions that may differ 
considerably from the conditions defined in the IEC 
standard classes, for example, in respect of wind 
shear or wind veer. 

3  Vestas | Products, 21-07-2021.

The acceleration of technological developments rais-
es another set of questions. Whereas standards have 
many advantages, e.g. in promoting trade and secur-
ing a minimum level of quality and reliability, they 
may also stifle innovation. Can we devise standards 
that support technological development, various 
levels of knowledge of wind and external conditions, 
and materials and component reliability? An attempt 
in IEC to develop a standard with requirements for 
the probabilistic design of wind turbines has started 
in 2021.

Other technological trends, such as digitalization, 
sensors and control, system integration, DC grids, 
recyclability etc., provide challenges and oppor-
tunities that today’s standards are ill-equipped to 
support but must be addressed in the future. With 
much of the energy transition and carbon neutrality 
needing to be completed by 2050, standards need to 
support and push technological development rather 
than summarizing best practices.

Harmonized interpretations of testing requirements 
and test facilities
Developing international standards and the cer-
tification of test and validation methods is key to 
facilitating harmonized interpretations of testing 
requirements and also to develop Operational 
Documents for peer assessment of renewable test 
labs and to develop a common reporting format for 
competence areas [7]. As described in Chapter 2, 
the technological developments and validation of 
wind turbines depend on the use of wind resource 

DTUDate Title
2

Figure 2.
61400-101: Hierarchical 

structure of IEC standards
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measuring devices, model experiments, test facilities 
of all sorts and full-scale prototype testing. 

Also, access to tests and demonstrations is consid-
ered a key prerequisite for industry R&D depart-
ments to establish themselves in a specific location 
or country. Such departments are closely related to 
the manufacturing facilities where there is constant 
feedback from testing components, systems and 
proto-types. Especially for Denmark as a global 
front-runner but with a relatively small market, 
it is important to offer state-of-the art testing and 
demonstration facilities and competences [8]. Such 
research infrastructure is decisive for the capacity 
to deliver scientific breakthroughs and to foster 
innovation. It constitutes a powerful resource for in-
dustry and hence is a prerequisite for collaboration 
between industry and academia, as well as providing 
unique training opportunities and playing an im-
portant role in the education and upskilling of new 
generations of scientists, engineers and professionals 
[9]. Denmark is a showcase for integrating large 
amounts of wind energy into the electricity system, 
and with the planned energy islands, the expecta-
tion is that such competences and knowledge will 
be brought to a higher level of expertise. In Table 1 
below an overview of DTU test facilities is provided.

Not included in this overview is the ambitious 
proposal to create a distributional test infrastruc-
ture between key knowledge players in Denmark, 
the so-called National Energy System Transition 
facilities (NEST). The NEST Facilities interlink 
physically disconnected laboratories to create one 
large connected set of energy system laboratories 
with the ability to mix and match the individual 
pieces to accelerate the energy transition. Five 
laboratories of the three university partners (DTU, 
AAU and AU) combined with large scale demon-
stration facilities at Lindø Offshore Renewables 
Center (LORC), GreenLab Skive and the National 
Test Centres for large wind turbines at Østerild and 
Høvsøre cover all technologies, power and TRL 
levels needed for research in the energy system of 
the future dominated by wind energy. The devel-
opment of new technologies can seamlessly move 
from one lab to the next, and finally end up in full-
scale demonstration in e.g. GreenLab Skive, the 
Østerild National Test Center or the nacelle and 
other test stands in LORC. In short, the coupled 
NEST Facilities will become a Danish renewable 
power incubator to help new energy system tech-
nologies to get ready.

DTUDate Title

Figure 3.
NEST digital infrastructure 

(UMV 2022-2025)
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System complexity and dynamics
Wind energy is a highly complex technological sys-
tem where random external conditions interact dy-
namically with the structural system with advanced 
control and interdependent components. A safe and 
well-functioning wind energy system consists of 
more than well-designed individual components [5]. 
For example, IEC 62400-21-4 provides a standard 
for testing wind turbine components, while IEC 
61400-1 provides standards for design of the wind 
turbine and the wind energy plant. The whole IEC 
61400-21 series is subject to measurements and as-
sessments of the electrical capabilities and is subject 
to the validation of electrical simulation models in 
IEC 61400-27-2. 

An additional critical issue is the interrelation 
between the standard-making communities, i.e. the 
wind energy generation systems (TC88), and the 
system aspects of electrical energy supply (TC8), 

which illustrates the complex and multi-layered re-
quirements that exist within and between the stand-
ards. The transmission system operators (TSOs) 
use the TC8/SC8a Grid Integration of Renewable 
Energy Generation standard to ensure proper 
planning and safe operation, but interoperability, 
both technical and non-technical, between the two 
sets of standards is needed to address the technical 
challenges related to the interoperability of the main 
components of off shore (HVDC) systems [12]. The 
need for interoperability originates from the inte-
gration of a high number of converters delivered by 
various manufacturers and consequently based on a 
diversity of technologies. 

Future challenges for standards and  
certification
The strategic priorities and input discussed by the 
Danish S588 Committee in its position regarding 
the TC88 strategy combines sustainability, the cen-
tral role of wind energy creating a 100% renewable 

Test Centre Høvsøre,  
West Jutland

Offers seven testing sites for international companies test their wind turbine 
concepts and collect data from tests carried out on the turbines. It is possible 
to test and document safety, the turbine’s performance, and noise emission 
with up to 200 metres in overall turbine height.

Test Centre Østerild,  
West Jutland

Offers state-of-the-art facilities to test up to nine wind turbines of which 
Vestas owns two, Siemens Gamesa two and DTU Wind Energy the remaining 
five. Five test sites It is possible to test turbines up to 330 metres in five of 
the test sites and for the remaining up to 250 m. It is being investigated how 
to increase the max height to 400 meters.

The Large-Scale Facility , 
DTU Risø Campus 

The facility consists of a 1560 square metre test hall with three test stands 
capable of testing 45 m, 25 m and 15 m blades or other slender structures.

Poul la Cour Wind Tunnel, 
DTU Risø Campus 

The Poul la Cour Tunnel is a wind tunnel of the closed-return type. The fan 
is driven by a 2.4 MW motor, giving a volume flow up to 630 cubic meter per 
second corresponding to a maximum test section velocity of about 105 m/s 
or 378 km/h.

Composite Laboratories, 
DTU Risø Campus

Composite lab for R&D within composite processing techniques, preparation 
of test specimens, accredited mechanical testing to meet industrial stan-
dards, X-ray computed tomography, electron microscopy, plasma treatment 
and surface chemistry, sensor instrumentation, and signal analysis. 

The research wind turbine 
V52 DTU Risø Campus

The research wind turbine is a variable speed-pitch adjusted wind turbine and 
works as the main part of the large modern megawatt wind turbines.

WindScanner Windscanner.dk was established in 2010 to provide the European wind 
energy research community and industry with remote sensing-based wind 
scanners, able to map the entire 3D wind fields around today’s huge wind 
turbines, wind farms, bridges, buildings, forests and mountains.

AC/DC WindPowerLab. A converter-based laboratory aimed at investigating power electronic controls 
and controller interactions in low-inertia systems. It consists of four 10 kW 
custom built converters. Two of them are 2-level converters and two are MMC 
(modular, multi-level converters), covering the main converter technologies 
used today.

Table 1.
DTU test and research 

facilities 2021
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energy sector, and a constant view of innovation in 
developing harmonized technical requirements and 
standards. 

Sustainability plays a key role in securing the future 
for the wind energy industry as the upscaling of 
wind farms pushes the technology to new scales. 
It considered essential to develop standards that 
address a circular value chain and the life-cycle im-
pacts of wind turbines. As IEC TC88 has represent-
atives from all the stakeholders in the value chain, 
this is an obvious opportunity for the wind industry 
to develop standards as a strategic tool to promote 
global acceptance and to take a leading role in the 
attempt to meet the climate targets. 
Closely related to the sustainability and system 
integration agendas is also the interrelation between 
wind energy standards and power-to-x standards, 
which will develop along with the ambition to create 
a 100% renewable energy system where wind power, 
sector coupling and power-to-x will contribute to 
greening the transportation sector and provide 
green hydrogen to agricultural and chemical indus-
tries that use hydrogen in their production. This also 
involves IECRE certifications to support the efficient 
integration of wind energy into the energy system.

Finally, there should be a focus on promoting inno-
vation and cost efficiency while constantly harmo-
nizing the technical requirements. Although wind 
energy technologies can be considered a mature 
technology with well-established markets, the tech-
nological development will continue to accelerate. 
If standards do not reflect this acceleration, instead 
of facilitating knowledge-sharing and spurring 
deployment, more comprehensive standards may 
prove to be barriers to technical development. 
Access to state-of-the-art test and demonstration 
facilities plays an important role in this acceleration 
and is of the utmost importance in consolidating 
and sustaining Denmark’s global position in wind 
energy. It does matters who is the standard-setter, 
namely leading companies operating in favourable 
framework conditions. It is equally important that 
neutral research institutions with no stakes in indi-
vidual companies act as standard-setters to balance 
the interests of both industry and end-users.  

Global cooperation, scientific advice and 
research-based consultancy
Global wind energy continues to expand, as does the 
engagement of DTU Wind Energy in providing sci-
entific advice to authorities and institutions around 
the world. This started in Cape Verde Islands in 1983 

and lasted for more than 25 years with support for a 
technology centre, wind-resource assessments and 
the planning of wind farms financed by UN, Danida 
and the World Bank [13]. Later followed further 
engagements in Somalia (1985-1988), Egypt (1991-
2006), Indonesia, India, South Africa, China and 
many more countries,4 mainly related to wind-re-
source assessment, wind-farm planning and test 
centres for wind energy. Today, this early engage-
ment provides a solid foundation for both research 
projects, as well as technical assistance within the 
Danish Energy Agency’s Global Cooperation with 
nineteen partner countries (per September 2021).5

Examples of wind-resource mapping activities in 
emerging countries are described below. See also 
Chapter 3 for developments in the wind atlas in 
general.

Egypt was one of the first countries in the world to 
map its wind resources in the Wind Atlas for Egypt 
based on mesoscale modelling (KAMM/WAsP). The 
Atlas was created by the New and Renewable Energy 
Authority (NREA), the Egyptian Meteorological 
Authority (EMA) and DTU Wind Energy and was 
finalized in 2006. In the past, Egypt has carried out 
multiple activities to develop its wind-energy sector 
in collaboration with DTU Wind Energy. From 1991 
to 1997, the focus was on demonstrating and devel-
oping technology and planning in the sector. This 
included a demonstration wind farm in Hurghada, 
the creation of the Hurghada Wind Energy Tech-
nology Center (WETC), the measurement of wind 
resources along the Gulf of Suez, and elaboration of 
the Wind Energy Master Plan (WEMP) for Egypt. 
Afterwards, from 1997 to 2006, the installation of 
measurement stations and equipment, software 
tools and databases was required to create the Wind 
Atlas for Egypt. In addition, guidelines for environ-
mental approvals were created, together with the 
Bird Migration Atlas and the Wind Farm Planning 
Report [14]. During these years, the Zafarana wind 
farm was developed, including site and resource 
assessment, site calibration, layout and performance 
assessment. 

4 Since 1980, DTU Wind Energy (until 2007 via Risø Wind 
Consult) has taken on a broad range of tasks, with a particular 
emphasis on the preliminary phases of wind power projects 
and problem complexes that call for new knowledge or the fur-
ther development of standards and methodology and delivered 
consultancy and capacity-building to more than fifty countries 
in Africa, Asia and Central and South America.
5  See more on Global Cooperation here: https://ens.dk/en/
our-responsibilities/global-cooperation
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The wind atlas and the knowledge thereby obtained 
allowed NREA to identify areas with good wind 
resources, after which it contacted all the relevant 
authorities to obtain concessions of land to build 
wind farms, whether developed by themselves or 
by private developers. Today a new assignment is 
‘exploring options for the improvement of wind 
resource assessment in Egypt, and a joint bilateral 
research project is being pursued regarding the 
methods and quality of forecasting renewable energy 
in Egypt with universities, relevant authorities and 
private stakeholders. 

The Wind Atlas of South Africa (WASA) was sup-
ported by the Danish Government and Global En-
vironmental Facility (GEF) through UNDP and was 
conceived in 2008. Versions of the Wind Atlas of 
South Africa were launched in 2012, 2014, 2018 and 
2020.6 WASA1, WASA2 and WASA3 constitutes 
the building blocks for South Africa and is current-
ly validated for approximately 75% of the country. 
Most wind projects are located in the Western Cape 
and Eastern Cape, but WASA3 and other studies 
suggest that almost the entire country has resources 
for feasible wind projects but that measurements for 
validation have not yet been carried out in the north 
of the country (Mpumalanga, Limpopo and North 
West), where uncertainties over wind-resource 
assessments are more significant than in other 
provinces. 

WASA4 is currently under development and aims at 
validating and reducing the uncertainties of WASA, 
upgrading WASA, supporting large-scale wind-farm 
developments and wind conditions for large wind 
turbines, estimating off-grid annual wind-energy 
production, supporting regional cooperation and 
providing capacity-building and education in uni-
versities and public entities.

As part of the Sino-Danish Wind Energy Develop-
ment Programme, DTU collaborated with China’s 
Meteorological Administration (CMA) in making 
wind-resource assessments in 2008-2010. The main 
results of the “Meso- and Micro-scale Modelling 
in China” project were:  1) Mesoscale modelling in 
China: Risø DTU numerical wind atlas calculation 
for Dongbei (NE China); 2) wind measurements 
for validation from mast-mounted anemometers 
and vanes in Dongbei (NE) China from 2008 to 

6 On the WASA project, see: http://www.wasaproject.info/
index.html 

2010; and 3) microscale modelling generating an 
observational wind atlas for measurements loca-
tions in northeast China, used for verification of the 
meso-scale modelling [15].

In 2011, the National Institute of Wind Energy in In-
dia (NIWE) and DTU developed a numerical wind 
atlas of India. The technique used was the KAMM/
WAsP developed by DTU. DTU has also supported 
NIWE in setting up a Wind Turbine Test Center in 
Kayathar in Tamil Nadu in 1999 and is currently as-
sisting NIWE in preparing for an offshore test centre 
[10]. Also a joint research project called HYBRIDize 
was launched in 2019 focusing on new knowledge, 
methods and tools for a large grid-connected re-
newable hybrid power plant (HPP) to provide value 
not only to the project partners but also to society at 
large after completion of the project.

DTU carried out Phase 1 of the World Bank’s Re-
newable Energy Resource Assessment and Map-
ping project for Vietnam in 2014 [16]. The interim 
meso-scale modelling results were calculated by 
output from simulations of the WRF model. The 
methods used to run the meso-scale simulations and 
generalize the WRF model’s wind climatologies were 
documented and provided with preliminary valida-
tion. A meteorological phenomenon of particular 
interest was the nocturnal low-level jet examined in 
the model output data. 

Under the Mexican-Danish Climate Change Mitiga-
tion and Energy Programme (CCMEP), a Wind Atlas 
for Mexico has been developed in order to enhance 
Mexico’s capacity to assess its wind-energy resources. 
DTU Wind Energy collaborates with the National 
Institute for Electricity and Clean Energy (INEEL), 
CFE, the University of Mexico (UNAM), SENER and 
the Danish Energy Agency. The atlas is a numerical 
atlas complete with historical datasets, wind-climate 
statistics, elevation and roughness maps, and analysis 
performed using WAsP. The assignment also includ-
ed measurement campaigns, resolution studies of 
meso-scale modelling, scoping of extreme wind, and 
training and education. Alongside the Wind Atlas 
project, a parallel research project is focusing on mul-
ti-scale and model-chain evaluations of wind atlases 
conducted by DTU Wind Energy, Technologico de 
Monterey, CISESE and others. 

And then there is the Global Wind Atlas. This is an 
open and free diamond which brings together the 
latest developments in global resource assessments 
to be used by planners and others to make prelim-
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inary assessments of resources as a first important 
step in making wind energy available on a global 
scale.  

Also more policy-planning advice is provided in 
recent assignments with Ukraine, Indonesia and 
Vietnam in which support schemes and auction 
designs for wind energy are reviewed, analysed and 
discussed with national authorities and stakeholders, 
thus maximizing the knowledge from state-of-the-
art research on policy design and implementation 
in advanced European wind energy countries (see 
Chapter 4), as well as emerging economies such 
South Africa [17].    

Critical issues in global scientific advice
Over the years, Danish researchers have been deeply 
involved in providing their knowledge to peers and 
stakeholders around the world in order to facilitate 
the design and uptake of wind energy. This has given 
rise to a number of critical issues that need to be 
addressed.

Global scientific advice as part of national diplomacy 
and economic interests
Although in principle science should benefit 
society in its widest meaning, being international, 
disinterested and subject to organized and trans-
parent scepticism, science is also embedded in 
countries’ diplomacy and economic interests. This 
is even more outspoken in global scientific advice. 
The projects described above have formed part 
of the development aid programmes of Danish 
and multilateral institutions, which have placed 
a strong emphasis on capacity-building so that 
the aided countries would be able to plan for and 
implement wind energy. Tests and demonstrations 
of wind turbines have also been included, thereby 
supporting wind turbine manufacturers in their 
market entry to these countries. 

At the same time, the receiving countries may have 
a political and economic interest in developing their 
own technologies and competing on the global 
market. This may skew requests for scientific advice 
towards technology transfer, which may be in con-
flict with national industrial interests. A clear policy 
and an ability to balance interests is essential.

Global scientific advice contributes to disseminating 
international rules, procedures and standards
Since the first development projects in the last 
century, the industry has become a global industry 
subject to fierce competition and national requests 

for local content, which makes market entry more 
difficult and subject to joint venture arrangements, 
licencing etc. This is a first step in building up a 
national innovation system which may be used as a 
window of opportunity to catch up and even chal-
lenge the front runners, as the Chinese wind energy 
industry has demonstrated [18]. Global scientific 
advice then becomes part of making sure that what-
ever technology is used complies with international 
standards and safety and reliability rules. Although 
Denmark is a frontrunner in wind energy, the big 
markets are elsewhere. Global scientific advice plays 
a key role in disseminating the international rules, 
procedures and standards for wind energy technolo-
gies and projects. 

Global scientific advice creates new knowledge
Global scientific advice has paved the way for apply-
ing state-of-the-art knowledge in new settings geo-
graphically, physically, institutionally and culturally. 
It has also challenged the known ways of exploring, 
planning and implementing wind energy and forced 
researchers to reflect on established practices and 
underlying assumptions, possibly leading to totally 
new solutions. The Global Wind Atlas rests on a sol-
id foundation of mission-driven wind resource as-
sessment and observational and numerical projects 
to provide a planning tool for local authorities and 
developers. The cooperation with local authorities, 
research institutes and companies has been decisive 
here, as well as being part of the wind atlas activities 
financed by the World Bank and others. 

Global scientific advice is intertwined with research 
and education
The close link between international research 
cooperation, capacity-building and global scien-
tific advice is illustrated in several cases, and also 
to a large extent supported by an aligned effort by 
different Danish agencies, ranging from the Danish 
Foreign Ministry, the Danish Energy Agency and 
the Danida Fellowship Center to the Innovation 
Fund Denmark. For example, the cooperation 
with NIWE in India has developed over many 
years and is characterized by capacity-building 
and learning from Danish experiences, but also 
involves genuine research projects to which both 
parties contribute and from which they both gain 
in the common endeavour to develop wind energy. 
Although the emphasis is on capacity-building and 
some continuing courses are made for practitioners 
from cooperation countries, less attention is given 
to higher education cooperation and support at the 
institutional level. 
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Future challenges for scientific advice
The question remains whether it makes sense in 
a mission-driven research area to distinguish so 
sharply between research, education, innovation and 
scientific advice. The traditional divide has internal 
implications for career development, with research 
overruling the other two. The external implica-
tions are related to the financing of global scientific 
advice, which is traditionally subject to market com-
petition, with little notice being taken of the added 
value of being a university or other independent 
knowledge institution.

Governments around the globe argue that in-
vestments in the green transition create jobs and 
economic prosperity, and the wind energy sector is 
no exception.7 Global scientific advice has to balance 
the conflicting interests involved in the technolog-
ical competitiveness of countries with transferring 
state-of-the-art knowledge to cooperating partners 
to assist them in taking action and developing the 
necessary conditions for the uptake of wind ener-
gy. It is hence part of the geopolitics of the energy 
transformation, which are fundamentally different 
from that of fossil fuels. Researchers highlight a 
range of implications [19], such as: i) a shift towards 
less oligopolistic markets due to the abundant and 
geographically dispersed nature of renewable sourc-
es; ii) competition for access to critical minerals and 
metals, impacting on interaction, markets and trade 
partners, and reshaping cooperation and conflicts 
among countries; iii) a shift from global [fuels] 
networks to regional and/or continental grids; and 
iv) increasing industrial rivalry over market shares 
in renewable energy technologies. This may lead to 
trade wars and market protection, but it might also 
lead to accelerated technology development, lower 
costs and wider uptake to the benefit of the climate.

Outlook
In conclusion, putting knowledge to work in inter-
national standardization and global scientific advice 
is driven by the mission to create knowledge for 
the benefit of the public good and society. Much of 
this work is incremental and focused on optimiz-
ing the relevant technology and services within the 
given boundaries or transferring and adapting the 
knowledge to new settings. But as has been demon-
strated above, it also provides access to new data, 

7  See, for example, IEA-COP26 Net-Zero Summit, April 2021: 
https://www.iea.org/commentaries/global-leaders-recognise-
clean-energy-s-huge-economic-potential-now-they-need-to-
act 

other stakeholders and different geographical and 
institutional settings, all of which challenge assump-
tions and help create new concepts and solutions. 
The sustainability agenda is here to stay, as is the 
system perspective of wind energy. Little is being 
researched about the conflicting interests in setting 
standards for new energy technologies and systems 
when striving to combat climate change and achieve 
sustainable development. Contrary to international 
R&D cooperation [20], there is little knowledge on 
the benefits and disadvantages of global scientific 
advice and consultancy.

References
1. IRENA (2013). International Standardisation in 
the Field of Renewable Energy. Available at: https://
www.irena.org/-/media/Files/IRENA/Agency/Publi-
cation/2013/International_Standardisation_-in_the_
Field_of_Renewable_Energy.pdf 

2.  MEGAVind (2017). Why Reduce Cost in the 
Value Chain through Standardization. Available at: 
https://megavind.winddenmark.dk/sites/megavind.
winddenmark.dk/files/media/document/WHY%20
REDUCE%20COST%20IN%20THE%20VALUE%20
CHAIN.pdf 

3. IRENA (2019). Future of Wind: Development, 
investment, technology, grid integration and socio-eco-
nomic aspects. Available at: https://www.irena.org/
publications/2019/Oct/Future-of-wind

4.  DTU Wind Energy (2019). Wind. We put knowl-
edge to work. Available at: file:///C:/Users/bhjq/Down-
loads/DTU-108-sider_ENGELSK_web%20(6).pdf

5.  Larsen, H.H. & Sønderberg, L.S. (2014), DTU 
International Energy Report 2014 – Wind energy – 
drivers and barriers for higher shares of wind in the 
global power generation mix. DTU.  
https://backend.orbit.dtu.dk/ws/portalfiles/por-
tal/102457047/DTU_INTL_ENERGY_REP_2014_
WIND.pdf 

6.  IEA TCP Wind (Forthcoming). Annual Report 
2020.

7.  ARESCO (2019). Conformity Assessment in the 
Wind Energy Industry. Available at: https://share.ansi.
org/Shared%20Documents/Standards%20Activities/
International%20Standardization/IEC/Communica-
tions%20Committee/Conformity%20Assessment%20
in%20the%20Wind%20Energy%20Industry.pdf 

Chapter 17 – Putting knowledge to work: scientific advice to policy and markets



Page 168  — DTU international Energy Report 2021 

8.  MEGAVind (2021). Test methods and facilities for 
wind energy. Available at: https://megavind.wind-
denmark.dk/sites/megavind.winddenmark.dk/files/
media/document/Megavind%20Test%20Methods%20
and%20Facilities%20for%20Wind%20Energy_0.pdf

9.  ESFRI (2020). Making Science Happen: A new 
ambition for Research Infrastructures in the Europe-
an Research Area. ESFRI White Paper. Available at: 
https://www.esfri.eu/sites/default/files/White_paper_
ESFRI-final.pdf 

10.  Jørgensen, BH, Clausen, NE, Hjuler Jensen, P. 
(2020). Østerild Test Center: Lessons Learned in Set-
ting up a Wind Test Center for Offshore Wind Energy. 
DTU. Available at: https://orbit.dtu.dk/en/publica-
tions/%C3%B8sterild-test-center-lessons-learned-in-
setting-up-a-wind-test-ce 

11.  IEA TCP Wind (forthcoming). Country report – 
the Netherlands.

12.  ENTSO-E (2021). Position on Offshore Devel-
opment. Interoperability. Accessed 21 June 2021 at 
https://eepublicdownloads.entsoe.eu/clean-docu-
ments/Publications/Position%20papers%20and%20
reports/210125_Offshore%20Development_Interoper-
ability.pdf

13.  Mortensen, NG, Hansen, JC, Delgado, J. (2002). 
Wind Resource Assessment for Santiago, Sao Vicente 
and Sal, Cap Verde Islands prepared for Electra S.A. 
and Programa Energia, Água e Saneamento of the 
Republic of Cape Verde. Risø-I-1821. 

14.  Clausen, NE, Mortensen, NG, Hansen, JC, Claus-
ager, I, Pagh Jensen, F, Georgy, L. Said Said, U. (2004). 
Wind farm planning at the Gulf of Suez, Risø-R-1287 
(EN). 

15.  Mortensen, NG at al. (2010). Meso- and Mi-
cro-scale Modelling in China: Wind atlas analysis for 
12 meteorological stations in NE China (Dongbei). 
DTU. https://orbit.dtu.dk/en/publications/meso-and-
micro-scale-modelling-in-china-wind-atlas-analysis-
for-1

16.  Badger, J et al. (2015). Wind Resource Map-
ping in Vietnam. Mesoscale Modelling Report. 
World Bank. https://documents.worldbank.org/
en/publication/documents-reports/documentde-
tail/264301468115480511/wind-resource-map-
ping-in-vietnam-mesoscale-modelling-report 

17.  Dai, Y, Haakonsson, S, Huang, P, Lema, R, Zhuo, 
Y. (2020). Chapter 10. Catching up through green 
windows of opportunity. In Jørgensen, BH et al. SDC 
International Report 2020. Cooperating for Energy 
Transition. Aarhus University Library. Available at: 
https://ebooks.au.dk/aul/catalog/book/395 

18.  Kruger, W, Nygaard, I. Kitzing, L. (2021). Coun-
teracting market concentration in renewable energy 
auctions: Lessons learned from South Africa. Energy 
Policy. Volume 148, Part B. 111995.

19.  Scholten, D, Bazilian, M, Overland, I, Westphal, K. 
(2020). The geopolitics of renewables: New board, new 
game. Energy Policy 138, 111059.

20.  Jørgensen, BH, Haakonsson, S. (2020). Chapter 2. 
Sino-Danish cooperation in the energy transition. In 
Jørgensen, BH et al. SDC International Report 2020. 
Cooperating for Energy Transition. Aarhus University 
Library. Available at: https://ebooks.au.dk/aul/catalog/
book/395

Chapter 17 – Putting knowledge to work: scientific advice to policy and markets



DTU international Energy Report 2021 — Page 169

Abbreviations
AC Alternate current

AEP Annual energy production

AGL Above ground level

AI Artificial intelligence

ALS Accidental limit state

AM Additive manufacturing

B Billion

BESS Battery energy storage system

BoS Balance of system

CAPEX Capital expenditure

CCS Carbon Capture and storage

CCUS Carbon Capture Use and Storage

CEM Clean Energy Ministerial

CEO Chief executive officer

CFD Computational Fluid Dynamics

CHP Combined heat and power

DC Direct current

DD Direct drive

DS Danish Standards

DSO Distributed system operator

DTU Technical University of Denmark

EAWE European Academy of Wind Energy

EERA European Energy Research Alliance

EERA JPWind European Energy Research Alliance Joint Programme for Wind Energy

EIA Environmental impact assessment

ETIPWind The European Technology & Innovation Platform on Wind Energy

EU European Union

EV Electric vehicle

EWA European Wind Atlas

FCEV Fuel cell electric vehicle

FIP Feed-in premium

FIT Feed-in tariff

FLS Fatigue limit state

FSI Fluid structure interaction

FWT Floating wind turbine

G2V Grid to vehicle

GB Great Britain

GDP Gross domestic product

GE General Electric

GFL Grid following

GFM Grid forming
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GHG Green house gas

Gt Giga ton

GW Giga watt

GWA Global Wind Atlas

GWEC Global Wind Energy Council

HLC Higher level control

HPP Hybrid power plant

HV High voltage

HVDC High voltage direct current

Hz Herz

IBR Inverter-based resource

IEA International Energy Agency

IEC International Electrotechnical Commission

IECRE IEC System for Certification to Standards Relating to Equipment for Use in Renewable Energy Applications

IPCC Intergovernmental Panel on Climate Change

IRENA International Renewable Energy Agency

KAMM Karlsruhe Atmospheric Mesoscale Model

kW Kilowatt

LCA Life cycle assessment

LCoE Levelized cost of energy

LiDAR Light Detection and Ranging

LNG Liquid natural gas

LW Low wind

MDAO Multi-disciplinary design analysis and optimization

MIMO Multiple input multiple output

MISO Midcontinent Independent System Operator

MPC Model predictive control

MV Medium voltage

MW Megawatt

NDC Nationally determined contribution

NDT Non-destructive testing

NEWA New European Wind Atlas

NGO Non Governmental Organisation

NIMBY Not in my backyard

NREL National Laboratory for Renewable Energy

NSEC North Seas Energy Cooperation

NTM National transport model

O&M Operations and maintenance

OCP Onshore connection point

OD Operational document

OECD Organisation for Economic Co-operation and Development

OEM Original equipment manufacturer

OPEX Operating expenditure
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OWPP Offshore wind power plant

PDD Pseudo magnetic direct drive

PtX Power-to-x

PV Photovoltaic

R&D Research and development

RAT Rope-access technician

RD&D Research, development and demonstration

RE Renewable energy

RET Rain erosion testing

REWS Rotor effective wind speed

RNA Rotor nacelle assembly

SDG Sustainable development goal

SDG Sustainable Development Goal

SHM Structural health monitoring

SISO Single input single output

SLS Serviceability limit state

TC Technical Committee

TGC Tradable green certificate

TRL Technology readiness level

TSO Transmission system operator

TWh Terawatt hour

ULS Ultimate limit state

UN United Nations

US United States of America

VIBRES Variable inverter-based renewable energy source

VIV Vortex induced vibration

VRE Variable renewable energy

VSC Voltage source converter

W/m2 Watt per square meter

WASA Wind Atlas for South Africa

WAsP Wind Atlas Analysis and Application Programme

WFC Wind farm control

WFFC Wind farm flow control

WPP Wind power plant

WPPC Wind power plant control

WRF Weather research and forecasting

WRT With reference to

WT Wind turbine

WTC Wind turbine control

XCT X-ray computed tomography






