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I. Resource and potential
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World electricity generation 
« What we need » following IEA Stated Policies Scenario
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2018 2040

Total generation 
[TWhe / year]

26 603 41 373

Source: IEA (2019), World Energy Outlook 2019, IEA, Paris https://www.iea.org/reports/world-energy-outlook-2019
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Resource and potential
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Primary resource:
30 000 000 TWhp / year

Technical potential: 
420 000 TWhe / year

Source: IEA (2019), Offshore Wind Outlook 2019, IEA, Paris https://www.iea.org/reports/offshore-wind-outlook-2019
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Resource and potential
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Source: IEA (2019), Offshore Wind Outlook 2019, IEA, Paris https://www.iea.org/reports/offshore-wind-outlook-2019

Near to shore
(20 - 60 km)

Far from shore
(60 - 300 km)

Shallow water
(< 60 m)

Deep water
(60 - 2 000 m)

36 000 TWhe / year

76 000 TWhe / year

51 000 TWhe / year

254 000 TWhe / year
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II. Wind Energy Conversion System (WECS)
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Wind energy conversion system
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Source: Mulders, S. P., et al. "Wind turbine control: Open-source software for control education, standardization and compilation." Journal of Physics: Conference Series. Vol. 
1452. No. 1. IOP Publishing, 2020.
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LCOE breakdown of offshore windfarm
Costs of a reference fixed-bottom offshore wind farm

[1] T. Stehly, P. Beiter and P. Duffy, "2019 Cost of Wind Energy Review," National Renewable Energy Laboratory (NREL), 2020.

Multi-MW 
generator

Direct-drive
(gearless)

Lightweight

Geared
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Unit power
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World’s largest wind turbine generator 
Vestas V236-15.0 MW

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

© ge.com
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Unit power
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Source: IEA (2019), Offshore Wind Outlook 2019, IEA, Paris https://www.iea.org/reports/offshore-wind-outlook-2019

© ge.com

Towards 20 MW offshore wind turbines !
GE Haliade-X 18 MW

MingYang Smart Energy MySE 18.X-28X
CSSC Haizhuang H260-18MW

ge.com…
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Wind turbine generator
Synchronous generator
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EESG in Enercon
E-126- 7.5 MW

Source: https://www.windpowermonthly.com/article/1487163/enercon-starts-ep3-tests & https://www.intechopen.com/chapters/38933

EESG in Enercon
E-138 EP3 4.2 MW
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III. Superconducting wind turbine generator ?
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Comparison 20 MW DD PMSG vs. Fully HTS SG
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PMSG Fully HTS
SG

Ø 9.6 m
430 tons

Ø 7.9 m
145 tons

[1] T.-K. Hoang, L. Quéval, L. Vido, D.-Q. Nguyen, “Levelized cost of energy comparison between permanent magnet and superconducting wind generators for various 
nominal power,” IEEE Transactions on Applied Superconductivity, vol. 32, no. 7, id. 5202606, Oct. 2022.
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Ø 13.1 m                  Ø 4.7 m

PMSG

HTS
SG

232 tons                  108 tons
[1] L. Quéval, “Modeling and simulation of grid-connected superconducting wind turbine generators,” PhD thesis, The University of Tokyo, Tokyo, Japan, 2013. Online:
www.lqueval.com

Comparison 10 MW DD PMSG vs. HTS SG
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Superconducting wind turbine generators ?

#1 - Technical reason
Conventional technologies do not meet the constraints of size and
weight for the next generation >20 MW direct-drive wind turbine
generators that will be installed on offshore floating platforms?

#2 - Techno-economic reason
WECS with superconducting machines have the potential to be more
competitive than conventional machines?

482023-06-21ESAS'2023 School
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Source: Mulders, S. P., et al. "Wind turbine control: Open-source software for control education, standardization and compilation." Journal of Physics: Conference 
Series. Vol. 1452. No. 1. IOP Publishing, 2020.

Impact of a modification of the generator ?
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Techno-economic assessment 

Goal:

Scenario:

Performance indicator: LCOE [€/MWh] 𝑃𝑃𝐼𝐼 [unit]
ESAS'2023 School 512023-06-21

vs.WECS
PM generator

WECS
HTS generator
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Superconducting wind turbine generators ?

#1 - Technical reason
Conventional technologies do not meet the constraints of size and
weight for the next generation >20 MW direct-drive wind turbine
generators that will be installed on offshore floating platforms?

#2 - Techno-economic reason
Superconducting wind turbines will be more competitive than
conventional machines?

#3 - Geopolitical reason
Critical raw material act

522023-06-21ESAS'2023 School
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Critical raw material act
European Commission, March 16th, 2023
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Source: European Commission, "Critical materials for strategic technologies and sectors in the EU - a foresight study," 2020

Identified supply risks for the EU and EU shares of production
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IV. Current status and perspectives
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Founding article
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Design of partially SC WT generators (ironless)
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[1] H. Ohsaki, Y. Terao, R. M. Quddes, “Electromagnetic characteristics of 10 MW class superconducting wind turbine generators,” Int. Conf. on Electrical Machines and
Systems, pp. 1303-1306, 10-13 Oct 2010.
[2] M. R. Quddes, M. Sekino, H. Ohsaki, N. Kashima, S. Nagaya, "Electromagnetic Design Study of Transverse Flux Enhanced Type Superconducting Wind Turbine Generators,"
IEEE Transactions on Applied Superconductivity, vol. 21, no. 3, pp. 1101-1104, June 2011.
[3] H. Ohsaki, Y. Terao, M. Sekino, “Wind turbine generator using superconducting coils and bulks,” J. Phys.: Conf. Ser., vol. 234, part. 3, 2010.
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Design of partially SC WT generators (with iron)
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[1] H. Ohsaki, L. Quéval, Y. Terao, "Design and characteristic analysis of 10 MW class superconducting wind turbine generators with different types of stator and rotor
configurations," 4th International Conference on Clean Electrical Power (ICCEP 2013), Alghero, Italy, June 2013.
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[1] Y. Terao, M. Sekino, H. Ohsaki, "Electromagnetic design of 10 MW class fully superconducting
wind turbine generators," IEEE Trans. on Applied Superconductivity, vol. 22, no. 3, 2012.
[2] Y. Terao, “Electromagnetic design of light weight and high-power density superconducting
synchronous machines for 10 MW class wind turbine generators,” PhD thesis, The University of
Tokyo, Tokyo, Japan, 2013.

[1]

[2]

[2]

Design of fully SC WT generators
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[1]

[2]

[2]
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[1] L. Quéval, H. Ohsaki, "AC losses of a grid-connected superconducting wind turbine generator," IEEE Trans. on Applied Superconductivity, vol. 23, no. 3, pp. 5201905, 2013.
[2] L. Quéval, M. Sekino, H. Ohsaki, "A coupled FE phase-domain model for superconducting synchronous machine," IEEE Trans. on Applied Superconductivity, vol. 22, no. 3,
pp. 5200804, 2012.

Machine modelWECS model HTS Tape model

Nonlinear 
abc-model

External 
systems

Control 
strategy

FE model
A-formulation

FE model       
H-formulation

Simulation of grid-connected SC WT generators
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[1] L. Quéval, V.M.R. Zermeño, F. Grilli, “Numerical models for AC loss calculation in large-scale applications of HTS coated conductors,” Superconductor Science and
Technology, vol. 29, no. 2, Jan. 2016.

Reference
model

Homogenized
model

Multi-scale
model

Numerical models for large superconducting coils
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Development in USA
DOE funded project to “Develop High-Efficiency, Lightweight Wind Turbine Generators for
Tall Wind and Offshore Applications”

• [July 2019] DOE selected projects
• Each of the selected projects received $500,000 to design a wind turbine generator that

can be scaled up to at least 10 MW.
• 2 projects developed superconducting generators

• AMSC develops HTS based concept – funding stopped
• GE develops LTS based concept – 2nd phase started to develop a scaled demonstrator

• [Jan 2021] DOE selected GE to receive up to $20.3 million to build and test a scaled
prototype of their generator on a wind turbine.

• GE plan to produce a working prototype of a superconducting wind turbine generator by
2023.

622023-06-21ESAS'2023 School
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AMSC 10 MW DD SeaTitan
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© AMSC
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GE 10 MW Ecomagination
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© GE
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AML 10 MW fully SC
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© AML

[1] L. Quéval, R. Gottkehaskamp, "Analytical field calculation of modulated double helical coils," IEEE Transactions on Applied Superconductivity, vol. 25, no. 6, pp. 4901307,
Dec. 2015.
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Development in EU

• Innwind 10 … 20 MW DD (Siemens)
• Components demonstrated
• LCOE: HTS vs. PM vs. magnetic gearbox

• SUPRApower (Tecnalia, ex. Acciona)
• Design 10 MW DD, Hardware ?

• Windspeed (ECO 5)
• Design 3.5 MW DD

• EcoSwing (Envision, Jeumont Elec.)
• EolSupra20 (Univ. Paris-Saclay)
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Adapted from [1] C. Bührer, "Attempting to shift a paradigm: HTS generators for cost-sensitive applications," DBU Seminar, Osnabrück, Apr, 2016.
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EcoSwing

682023-06-21ESAS'2023 School

Adapted from [1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-
academia workshop on applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.
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EcoSwing
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[1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-academia workshop on 
applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.
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EcoSwing
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[1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-academia workshop on 
applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.
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EcoSwing
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[1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-academia workshop on 
applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.
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EcoSwing
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[1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-academia workshop on 
applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.
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EolSupra20
Feasibility study of a 20 MW superconducting wind turbine generator
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EolSupra20
Design and optimization of the electromagnetic/cryogenic designs of a 20 MW fully 
SC wind turbine generator to minimize the LCOE

742023-06-21ESAS'2023 School

[1] T.-K. Hoang, L. Quéval, L. Vido, C. Berriaud, “Impact of the rotor blade technology on the levelized cost of energy of an offshore wind turbine,” Joint International 
Conference OPTIM-ACEMP, Brasov, Romania, May 2017.
[2] T.-K. Hoang, L. Quéval, C. Berriaud, L. Vido, “Design of a 20 MW fully superconducting wind turbine generator to minimize the levelized cost of energy,” IEEE Transactions 
on Applied Superconductivity, vol. 28, no. 4, pp. 1-4, June 2018.

Fig. 2 - EolSupra20 cryogenic designFig. 1 - EolSupra20 electromagnetic design
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EolSupra20
EolSupra20 2018 base design 
]
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[1] T.-K. Hoang, L. Quéval, C. Berriaud, L. Vido, “Design of a 20 MW fully superconducting wind turbine generator to minimize the levelized cost of energy,” IEEE Transactions 
on Applied Superconductivity, vol. 28, no. 4, pp. 1-4, June 2018.

Rotor:

Stator:
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EolSupra20
EolSupra20 2018 base design 
]
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[1] C. Gondrand, “Turbo-Brayton cryogenic systems, An ideal solution for refrigeration,” EASISchool2, Oct. 2019.
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EolSupra20
Some trends (offshore floating) … 
]

ESAS'2023 School 782023-06-21

[1] T.-K. Hoang, L. Quéval, L. Vido, D.-Q. Nguyen, “Levelized cost of energy comparison between permanent magnet and superconducting wind generators for various 
nominal power,” IEEE Transactions on Applied Superconductivity, vol. 32, no. 7, id. 5202606, Oct. 2022.
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Development in South Korea
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Adapted from [1] M. Bauer, “Superconducting generators for wind power, EcoSwing generator and outlook,” COST ACTION 19108 Hi-Scale first joint WG3/4 industry-
academia workshop on applications for HTS technologies in the electrical energy chain, [online], Apr. 2021.

10 MW generator
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V. Conclusion
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Conclusion
 
• Superconducting wind turbines are still in the laboratory 

development phase.
• EcoSwing: world’s first HTS wind turbine in 2019.
• Currently no pilot projects nor industrial deployment. TRL 4-5.

• Today 16 MW conventional machines. Tomorrow 20 MW ? The 
business case needs to be re-examined …
• Technical motivation: 30 MW ?
• Techno-economic assessment: LCOE of the full system ?
• Critical raw material act: rare earth materials.

• Fully HTS machines have potential for >20 MW floating offshore 
wind turbines. Bottlenecks identified in 2018 on the way to being 
resolved: Conductor length & Cooling system.

862023-06-21ESAS'2023 School
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Merci !
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Technology
Readiness Level
(TRL)
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