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Abstract. Wind energy is anticipated to play a central role in enabling a rapid transition from fossil fuels to a
system based largely on renewable power. For wind power to fulfill its expected role as the backbone – providing
nearly half of the electrical energy – of a renewable-based, carbon-neutral energy system, critical challenges
around design, manufacture, and deployment of land and offshore technologies must be addressed. During the
past 3 years, the wind research community has invested significant effort toward understanding the nature and
implications of these challenges and identifying associated gaps. The outcomes of these efforts are summarized
in a series of 10 articles, some under review by Wind Energy Science (WES) and others planned for submission
during the coming months. This letter explains the genesis, significance, and impacts of these efforts.

1 Wind and the global energy transition

Governments and industries around the world have pledged
to reduce their greenhouse gas emissions to zero during the
next 2 to 3 decades, supporting the Intergovernmental Panel
on Climate Change recommendations to limit the warm-
ing of the planet. Decarbonizing the energy sector, shifting
the electricity supply to renewable sources within the next

2 decades (Cole et al., 2021; Denholm et al., 2021; IPCC,
2022), is a first step. Projections by leading energy observers
(IEA, 2021a; GWEC, 2021; Larson et al., 2020) are that the
new electric sector will rely on 70 %–90 % variable renew-
able generation. The increase in renewables is expected to be
roughly split between wind and solar energy. Therefore, to
achieve a carbon-pollution-free electricity sector near-term
and net-zero greenhouse gas emissions by mid-century, wind
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energy must increase its contribution to power generation
from its current 5 % level of global penetration to supply
35 %–50 % or more of future electricity demand in a highly
electrified global energy system (IEA, 2021a).

Clearly, wind will be a foundational energy source in the
electricity grid at the heart of a future integrated-energy sys-
tem, replacing traditional electricity generators powered by
fossil fuels and providing grid reliability services in addition
to energy (Hodge et al., 2020; Holttinen et al., 2020). Fu-
ture capabilities and functions of the wind energy sector will
evolve apace with the future expansion and needs of global
energy infrastructure (e.g., manufacturing green fuels to cre-
ate demand flexibility and decarbonizing sectors that are dif-
ficult to electrify). However, wind turbines, as designed to-
day, will not be able to provide the services needed to form
and to stabilize the grid as a majority supplier. Meanwhile,
wind power plants will have an ever-expanding footprint that
will inevitably multiply social and environmental impacts.
Efficiently and affordably deploying wind plants at larger
scales, in diverse landscapes, and in deep water offshore will
be extremely challenging. The notion that we can simply take
hardware that has been successful to this point and multiply
the deployment by a factor of 5 or 10 fails to appreciate the
harsh reality that the technology demands of the future will
be significantly different than they have been to date. The In-
ternational Energy Agency (IEA) observed (IEA, 2021b) that
in moving toward a new energy economy “every data point
showing the speed of change in energy can be countered by
another showing the stubbornness of the status quo”, which
could not be more applicable to wind.

The new energy economy will be more electrified,
efficient, interconnected and clean. Its emergence
is the product of a virtuous circle of policy ac-
tion and technology innovation, and its momen-
tum is now sustained by lower costs . . . At the mo-
ment, however, every data point showing the speed
of change in energy can be countered by another
showing the stubbornness of the status quo (IEA,
2021a).

A review article in Science (Veers et al., 2019) emerged
from an IEA Wind Topical Experts Meeting assessing the
“Grand Challenges” for wind energy to meet its full potential
(Dykes et al., 2019). The Science article condenses the out-
come of that workshop to make the case that wind technol-
ogy has grown to turbine sizes, plant scales, and grid impacts
that force a re-evaluation of the very scientific underpinnings
of wind energy. Three critical technical challenges emerged:
the atmosphere, the turbine, and the plant–grid interaction.
Wind energy systems are so intrinsically interconnected that
continued progress requires attention to all three challenges
– progress in any single area is insufficient. Crosscutting
opportunities in digitalization and integrated education of
the next generation of researchers and technicians were also
noted. The publication quickly elicited two insightful letters

to the editor pointing out that the focus on issues of the phys-
ical sciences missed the equally critical areas related to envi-
ronmental impacts (Katzner et al., 2019) and social interac-
tions (Firestone, 2019). In addition, the Small Wind Turbine
Technical Committee of the European Academy of Wind En-
ergy (EAWE) assessed the status of small-turbine technolo-
gies and identified needs for contributing to distributed en-
ergy production; these lie in an entirely different realm of
physics and application.

The Science article was by design a highly condensed
statement of wind energy’s progress, potential, and high-
level scientific gaps. The need still exists to articulate a more
detailed and actionable set of recommendations. The origi-
nal authors engaged a larger group of experts to review each
Grand Challenge in more depth and provide recommenda-
tions for how outstanding issues might be resolved, including
the environmental and social aspects highlighted by the let-
ters to the editor. In an article clarifying the scientific efforts
related to the pandemic, Yong (2021) advises that environ-
mental and social issues are part of the integrated problem.
He states, “The pandemic made it clear that science touches
everything and everything touches science.” In reality, phys-
ical, social, and environmental processes all interact to in-
fluence the growth of wind energy. We are only now begin-
ning to appreciate and understand these competing issues,
with regard to not only wind energy, but also the range of
factors – technology development, policy, public acceptance,
economics, public–private partnerships, etc. – necessary to
ensure a successful energy transition. Continued research ef-
forts and investments are needed to drive customizable solu-
tions that meet local needs and scale up to achieve regional
and global decarbonization goals.

Supplying half of our future projected electricity demands
requires research, design, and development of wind power
plants at scales and in locations where we have little expe-
rience. Offshore wind plants will need to access areas with
deeper water and rely on floating foundations. Observations
of the offshore wind resource and its dynamic environment
remain quite sparse. Wind plants in close proximity to oth-
ers offshore, as well as on land in flat, hilly, and mountain-
ous terrain, will need to be optimized for their interactions,
which are also poorly characterized. The new turbines will
need to be larger, longer, lighter, and collectively controlled
to both optimize plant productivity in lower-resource areas
and meet the electrical system operational demands. Wind
power plants will be expected to serve as the backbone of the
electricity system, forming the grid and providing essential
grid reliability services, often hybrid with storage and other
renewable energy systems, to enable more comprehensive
services. Success to date has been achieved by engineering
around gaps in our knowledge, with solutions often driven by
experience as much as by fundamental understanding. Unfor-
tunately, this approach can no longer provide the innovation
demanded to support the systems of the future. There is both
a tremendous potential for wind energy and a massive knowl-
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Figure 1. This graphic illustrates the generations of wind energy development. Each generation’s achievements expanded wind energy’s
impact (shown in the blue boxes on the left); however, in moving quickly from generation to generation, some underlying science was left
unresolved (shown in the white boxes on the right). Generation 1 delivered working energy conversion systems, Generation 2 delivered
low-cost and reliable turbines, and Generation 3 is beginning to provide controllable wind plants that support the grid. The aspirational goal
of Generation 4 is a carbon-neutral future energy system. Wind can be the foundation for the fourth generation, but not until the gap left
behind by the previous generations is addressed. Graphic based on Veers (2022).

edge gap between where we are and where we need to be.
The good news is that the community has developed a plan
to address the scientific and technological challenges, which
are surmountable, with appropriate investments.

With the support and guidance of the EAWE Publica-
tions Committee, draft articles are being submitted to WES
throughout 2022. This collection of articles reviews the broad
sweep of wind energy research needs and proposes actions
that will enable wind to be a foundation for the energy system
of the future. The charter for the authors was not to suggest
particular innovative solutions or to tout specific technology
advances, but to review the literature and to articulate the
most critical needs, with the intent to synthesize and clarify.
From this assessment of the current status of the field, rec-
ommendations for critical actions emerge. These articles are
not specifically intended to be road maps but to provide the
basis for road maps developed by agencies, governments, or
other groups as they seek to prioritize resource allocations.

Shifting the global energy system away from carbon-based
sources will require an investment of trillions of euros in
wind energy installations. This shift cannot be expected to
succeed at current research and development levels of invest-
ment. By articulating the magnitude of the gaps, required re-
sources, and roadblocks, these articles make a case for in-
creased resources to respond effectively to the challenge of
deploying wind power everywhere.

In total, 10 articles will be submitted this year; each
expresses a portion of the total story and recommends
needed action to fill critical gaps. To access the articles

in this series, visit https://eawe.eu/organisation/committees/
publications-committee/ (last access: 7 December 2022).

Individual articles describe the research challenges in each
area.

2 Grand Challenge 1: the atmosphere

2.1 Impact of atmospheric turbulence on performance
and loads of wind turbines: knowledge gaps and
research challenges

Atmospheric turbulence at all scales, but especially at the
more impactful scales of the turbine and plant, has not been
characterized in the detail required to achieve optimal wind
turbine performance and reliability. There is a need to better
characterize turbulence and its effects under the large range
of atmospheric conditions under which wind plants are ex-
pected to continuously and reliably generate power.

2.2 Mesoscale wind plant wakes

Wakes, or regions of slower and more turbulent air downwind
of wind plants, are still not fundamentally well understood,
even as interactions between wakes and the atmosphere dic-
tate wind plant cost effectiveness. Further, the large-scale de-
ployment of wind may introduce broad impacts on local mi-
croclimates, which must be assessed and evaluated.
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2.3 Scientific challenges to characterizing the wind
resource in the marine atmospheric boundary layer

The offshore metocean environment differs significantly
from that on land, while one coastal area differs from an-
other. The offshore environment needs greater definition and
physical understanding to optimize offshore wind plants to
suit their local environments.

3 Grand Challenge 2: the wind turbine

3.1 Grand Challenges in the design, manufacture, and
operation of future wind turbine systems

From the inflow to the manufacturing of massive parts, the
size and flexibility of modern turbines have pushed design
out of the territory where the design assumptions and model-
ing tools were first established, which creates unprecedented
risks to applicability. Fundamentally, we lack the experimen-
tal data at the large scale necessary to validate the models
and materials used to develop innovative solutions for future
systems.

3.2 Current status and Grand Challenges for
small-wind-turbine technology

While modern wind turbines have become by far the largest
rotating machines on Earth, a renewed interest in small wind
turbines is fostering energy transition and smart grid de-
velopment. Small machines have traditionally not received
the same level of design refinement as their larger counter-
parts, resulting in lower efficiency, lower capacity factors,
and therefore a higher cost of energy.

4 Grand Challenge 3: the plant and grid

4.1 Wind-farm flow control: prospects and challenges

Managing the flow through wind plants is a complex chal-
lenge but offers opportunities to evolve optimal plant design,
enhance production, lower maintenance costs, and provide
the controllability demanded by the larger energy system.

4.2 Grand Challenges of wind energy science – the grid

Increased wind and solar photovoltaics (PV) penetrations
are changing the very nature of the power system due to
(1) the connection between generation and the electricity grid
through power electronics rather than synchronous machines
and (2) the inherent variability and uncertainty in the primary
energy source. A grid dominated by wind and solar PV will
impose system needs that will also challenge how we ap-
proach the design of individual turbines, wind plants, hybrid
plants, and the grid itself.

5 Crosscut: digitalization

Grand Challenges in the digitalization of wind energy

A future in which digitalization has made data accessible in
the right places and at the appropriate times has many valu-
able outcomes, but significant technical and cultural imped-
iments remain to be resolved before achieving that aspira-
tional goal for wind energy.

6 Beyond technical borders: environmental and
social issues

6.1 Interdisciplinary research challenges in wind energy
at the intersection of engineering and environmental
science

Multidisciplinary systems engineering principles can bridge
the gap from environmental stressors to wind plant design
and operation and address critical wildlife impacts. Environ-
mental research must define wildlife and habitat impacts of
large-scale deployment in collaboration with engineering of
turbines and plants. Custom solutions for specific environ-
mental constraints can provide optimal designs suited to the
local ecosystem, i.e., to achieve coexistence and create syn-
ergies.

6.2 Social aspects of wind energy development

Deployment of wind energy is expected to expand 5 to
10 times beyond current levels and will interact with hu-
man communities across several continents, as well as those
living near and deriving their livelihoods from the sea. The
social aspects of how wind plants interact with the commu-
nities where they are built as well as communities served
by low-cost clean electricity need to be addressed. Solutions
will need to venture beyond decontextualized and simplified
assessments of acceptance and outdated not-in-my-backyard
concepts to include engagement in planning processes and
different ownership structures, as well as participation in de-
sign, to embrace the transition as a shared task among mem-
bers of society.

7 Summary

Wind Energy Science, through its open-review approach, of-
fers an excellent opportunity for the wind community to en-
gage in discussion on the nature of critical research needs and
recommendations for their fulfillment. We hope that the open
dialogue enabled by WES will be exercised by the research
community, and we enthusiastically invite you to engage in
the conversation and tackle the challenges towards realizing
our future wind-based global energy system.

Wind Energ. Sci., 7, 2491–2496, 2022 https://doi.org/10.5194/wes-7-2491-2022



P. Veers et al.: Grand Challenges: wind energy research needs for a global energy transition 2495

Data availability. No data sets were used in this article.

Author contributions. PV and KD led the work and provided the
initial and subsequent drafts. The entire author team supplied com-
ments, recommended changes, and edited several drafts to achieve
the final paper.

Competing interests. At least one of the (co-)authors is a mem-
ber of the editorial board of Wind Energy Science. The peer-review
process was guided by an independent editor, and the authors also
have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. This work was authored in part by the Na-
tional Renewable Energy Laboratory, operated by Alliance for Sus-
tainable Energy, LLC, for the US Department of Energy (DOE) un-
der contract no. DE-AC36-08GO28308. The views expressed in the
article do not necessarily represent the views of the DOE or the
US Government. The US Government retains and the publisher, by
accepting the article for publication, acknowledges that the US Gov-
ernment retains a nonexclusive, paid-up, irrevocable, worldwide li-
cense to publish or reproduce the published form of this work, or
allow others to do so, for US Government purposes.

Financial support. The drafting of this perspective was finan-
cially supported by the National Renewable Energy Laboratory and
the Department of Wind and Energy Systems at the Technical Uni-
versity of Denmark.

Review statement. This paper was edited by Carlo L. Bottasso
and reviewed by two anonymous referees.

References

Cole, W. J., Greer, D., Denholm, P., Frazier, A. W., Machen, S., Mai,
T., Vincent, N., and Baldwin, S. F.: Quantifying the challenge of
reaching a 100 % renewable energy power system for the United
States, Joule, 5, 1732–1748, 2021.

Denholm, P., Arent, D. J., Baldwin, S. F., Bilello, D. E.,
Brinkman, G. L., Cochran, J. M., Cole, W. J., Frew, B.,
Gevorgian, V., Heeter, J., Hodge, B.-M. S., Kroposki, B.,
Mai, T., O’Malley, M. J., Palmintier, B., Steinberg, D., and
Zhang, Y.: The challenges of achieving a 100 % renewable
electricity system in the United States, Joule, 5, 1331–1352,
https://doi.org/10.1016/j.joule.2021.05.011, 2021.

Dykes, K. L., Veers, P. S., Lantz, E. J., Holttinen, H., Carlson, O.,
Tuohy, A., Sempreviva, A. M., Clifton, A., Rodrigo, J. S., Berry,
D. S., Laird, D., Carron, W. S., Moriarty, P. J., Marquis, M., Men-
eveau, C., Peinke, J., Paquette, J., Johnson, N., Pao, L., Fleming,
P. A., Bottasso, C., Lehtomaki, V., Robertson, A. N., Musku-
lus, M., Manwell, J., Tande, J. O., Sethuraman, L., Roberts, J.
O., and Fields, M. J.: IEAWind 960 TCP: Results of IEA Wind
TCP Workshop on a Grand Vision for Wind Energy Technology,
Tech. rep., https://doi.org/10.2172/1508509, 2019.

Firestone, J.: Wind energy: A human challenge, Science, https:
//science.sciencemag.org/content/366/6470/1206.2/tab-e-letters
(last access: 7 December 2022), 6 December 2019.

GWEC – Global Wind Energy Council: GWEC Global Wind Re-
port 2021, https://gwec.net/global-wind-report-2021/ (last ac-
cess: 7 December 2022), 2021.

Hodge, B.-M., Brancucci, C., Jain, H., Seo, G., Kroposki, B.,
Kiviluoma, J., Holttinen, H., Smith, J. C., Estanqueiro, A., Orths,
A., Söder, L., Flynn, D., Korpås, M, Vrana, T. K., and Yasuda,
Y.: Addressing technical challenges in 100 % variable inverter-
based renewable energy power systems, WIREs Energ. Environ.,
9, e354, https://doi.org/10.1002/wene.376, 2020.

Holttinen, H., Kiviluoma, J., Flynn, D., Smith, J. C., Or-
ths, A., Eriksen, P. B., Cutululis, N., Söder, L., Korpås,
M., Estanqueiro, A., MacDowell, J., Tuohy, A., Vrana, T.
K., and O’Malley, M.: System impact studies for near
100 % renewable energy systems dominated by inverter based
variable generation, IEEE T. Power Syst., 37, 3249–3258,
https://doi.org/10.1109/TPWRS.2020.3034924, 2020.

IEA – International Energy Agency: Net Zero by 2050: A
roadmap for the global energy system, https://iea.blob.core.
windows.net/assets/0716bb9a-6138-4918-8023-cb24caa47794/
NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf (last
access: 7 December 2022), 2021a.

IEA – International Energy Agency: IEA World Energy Out-
look, https://www.iea.org/reports/world-energy-outlook-2021/
executive-summary (last access: 7 December 2022), 2021b.

IPCC – Intergovernmental Panel on Climate Change: Climate
Change 2022: Mitigation of Climate Change, https://www.ipcc.
ch/report/ar6/wg3/ (last access: 7 December 2022), 2022.

Katzner, T., Nelson, D., Diffendorfer, J. E., Duerr, A. E., Camp-
bell, C. J., Leslie, D., Vander Zander, H. B., Yee, J. L.,
Sur, M., Huso, M. M. P., Braham, M. A., Morrison, M. L.,
Loss, S. R., Poessel, S. A., Conkling, T. J., and Miller, T.
A.: Wind energy: An ecological Challenge, 366, 1206–1207,
https://doi.org/10.1126/science.aaz9989, 2019.

Larson, E., Greig, C., Jenkins, J., Mayfield, E., Pascale, A., Zhang,
C., Drossman, J., Williams, R., Pacala, S., Socolow, R., Baik,
E. J., Birdsey, R., Duke, R., Jones, R., Haley, B., Leslie, E.,
Paustian, K., and Swan, A.: Net-Zero America: Potential Path-
ways, Infrastructure, and Impacts, interim report, Princeton
University, Princeton, NJ, https://netzeroamerica.princeton.edu/
the-report (last access: 7 December 2022), 15 December 2020.

Veers, P.: Grand Challenges in the Science of Making Torque
from Wind: Then and Now, Keynote address at TORQUE 2022,
Delft University of Technology, Delft, the Netherlands, https:
//www.nrel.gov/docs/fy22osti/83193.pdf (last access: 7 Decem-
ber 2022), 1 June 2022.

https://doi.org/10.5194/wes-7-2491-2022 Wind Energ. Sci., 7, 2491–2496, 2022

https://doi.org/10.1016/j.joule.2021.05.011
https://doi.org/10.2172/1508509
https://science.sciencemag.org/content/366/6470/1206.2/tab-e-letters
https://science.sciencemag.org/content/366/6470/1206.2/tab-e-letters
https://gwec.net/global-wind-report-2021/
https://doi.org/10.1002/wene.376
https://doi.org/10.1109/TPWRS.2020.3034924
https://iea.blob.core.windows.net/assets/0716bb9a-6138-4918-8023-cb24caa47794/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://iea.blob.core.windows.net/assets/0716bb9a-6138-4918-8023-cb24caa47794/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://iea.blob.core.windows.net/assets/0716bb9a-6138-4918-8023-cb24caa47794/NetZeroby2050-ARoadmapfortheGlobalEnergySector.pdf
https://www.iea.org/reports/world-energy-outlook-2021/executive-summary
https://www.iea.org/reports/world-energy-outlook-2021/executive-summary
https://www.ipcc.ch/report/ar6/wg3/
https://www.ipcc.ch/report/ar6/wg3/
https://doi.org/10.1126/science.aaz9989
https://netzeroamerica.princeton.edu/the-report
https://netzeroamerica.princeton.edu/the-report
https://www.nrel.gov/docs/fy22osti/83193.pdf
https://www.nrel.gov/docs/fy22osti/83193.pdf


2496 P. Veers et al.: Grand Challenges: wind energy research needs for a global energy transition

Veers, P., Dykes, K., Lantz, E., Barth, S., Bottasso, C. L., Carlson,
O., Clifton, A., Green, J., Green, P., Holttinen, H., Laird, D.,
Lehtomäki, V., Lundquist, J. K., Manwell, J., Marquis, M., Men-
eveau, C., Moriarty, P., Munduate, X., Muskulus, M., Naughton,
J., Pao, L., Paquette, J., Peinke, J., Robertson, A., Sans Rodrigo,
J., Sempreviva, A. M., Smith, J. C., Tuohy, A., and Wiser, R.:
Grand challenges in the science of wind energy, Science, 366,
1–17, https://doi.org/10.1126/science.aau2027, 2019.

Yong, E.: What even counts as science writing anymore?, The
Atlantic, https://www.theatlantic.com/science/archive/2021/10/
how-pandemic-changed-science-writing/620271/ (last access:
7 December 2022), 2 October 2021.

Wind Energ. Sci., 7, 2491–2496, 2022 https://doi.org/10.5194/wes-7-2491-2022

https://doi.org/10.1126/science.aau2027
https://www.theatlantic.com/science/archive/2021/10/how-pandemic-changed-science-writing/620271/
https://www.theatlantic.com/science/archive/2021/10/how-pandemic-changed-science-writing/620271/

	Abstract
	Wind and the global energy transition 
	Grand Challenge 1: the atmosphere
	Impact of atmospheric turbulence on performance and loads of wind turbines: knowledge gaps and research challenges
	Mesoscale wind plant wakes
	Scientific challenges to characterizing the wind resource in the marine atmospheric boundary layer

	Grand Challenge 2: the wind turbine
	Grand Challenges in the design, manufacture, and operation of future wind turbine systems
	Current status and Grand Challenges for small-wind-turbine technology

	Grand Challenge 3: the plant and grid
	Wind-farm flow control: prospects and challenges
	Grand Challenges of wind energy science – the grid

	Crosscut: digitalization
	Beyond technical borders: environmental and social issues
	Interdisciplinary research challenges in wind energy at the intersection of engineering and environmental science
	Social aspects of wind energy development

	Summary
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

