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Operation and Maintenance Costs

• Wind plant operation and maintenance (O&M) is a $4–$5 billion annual 
market in the United States
– Accounts for 25% to 35% of levelized cost of energy (LCOE)

– Turbine and balance of plant O&M is roughly half the total O&M cost
– Premature blade, gearbox, and main bearing failures are main drivers.

$27/kilowatt (kW)-year
$10/megawatt (MW)-hour (hr)
¢1/kW-hr

Sources: Wiser, R. and M. Bolinger. 2021. Land-Based Wind Market 
Report: 2021 Edition (Technical Report). DOE/GO-102021-5611. U.S. 
Department of Energy: Washington, D.C, 2019. doi: 10.2172/1818841
and Wiser, R., M. Bolinger, and E. Lantz. 2019. “Assessing Wind Power 
Operating Costs in the United States: Results from a Survey of Wind 
Industry Experts.” Renewable Energy Focus, 30: 46–57. doi: 
10.1016/j.ref.2019.05.003.

https://www.energy.gov/sites/default/files/2021-08/Land-Based%20Wind%20Market%20Report%202021%20Edition_Full%20Report_FINAL.pdf
https://doi.org/10.1016/j.ref.2019.05.003
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Our Goal: Improve Drivetrain Reliability, 
Reduce Uncertainty, and Extend Life

Where we are today

Where we want to be tomorrow

Source: Keller, J. et al. 2016. Wind Turbine Drivetrain Reliability 
Collaborative Workshop: A Recap (Technical Report). DOE/GO-
102016-4878. National Renewable Energy Laboratory (NREL), Golden, 
CO (US). http://www.nrel.gov/docs/fy16osti/66593.pdf.

http://www.nrel.gov/docs/fy16osti/66593.pdf
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Drivetrain Reliability Research

• Predominant failure modes generally are not:
– Accounted for in design standards or predicted by life models
– Specific to a supplier or due to manufacturing or material quality

• Need for research to characterize failure modes and:
– Develop methods to increase reliability and life (coatings, additives, designs, controls)

– Develop methods to predict remaining useful life and increase availability
– Reduce drivetrain O&M costs and LCOE.
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Photo courtesy of 
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Photo by Mark McDade, NREL 40432
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Photo by Dennis Schroeder, NREL 21864
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Plant

Photo by Siemens AG, NREL 27844
Photo by Dennis Schroeder, NREL 21864

Turbine

Bench

Photo courtesy of ANL

Photo by Mark McDade, NREL 40432

Dynamometer

Drivetrain Reliability Research
Pitch, Main, and Generator Bearings and Gearboxes

• Identify failure modes
− Prevalent, costly, and 

uncharacterized

Start

Source: Gould, B. and A. Greco. 
doi: 10.1007/s11249-015-0602-6

Axial 
crack

• Improve designs
− Components, controls,

materials, coatings,
lubricants…

• Predict remaining useful life

• Optimize O&M

• Improve standards
− American Wind Energy Association 

Recommended Practices

− International Electrotechnical 
Commission 61400-4 and AGMA 
6006 standards.

Characterize 
Failures

Cracking, wear, 
micropitting, fretting…

Quantify Damage 
Contributors

Load, stress, cycles, slip, 
friction, current…

Develop Rating 
or Life Model

Fatigue, friction energy…

Verify Life Model
Predictions (hindcast) vs. 
actual failures (forecast)

Micropitting

Photo by Scott Eatherton, 
Wind Driven, NREL 61194

Finish

DRC Workshops, 
Failure Database, etc.

Planet Bearing 
Fatigue

Spline Wear

Source: Keller, J. et al. 2021. Wind Turbine Drivetrain Reliability and
Wind Plant Operations and Maintenance Research and Development
Opportunities. Golden, CO. National Renewable Energy Laboratory 
(NREL). NREL/TP-5000-80195. 
https://nrel.gov/docs/fy21osti/80195.pdf.

https://doi.org/10.1007/s11249-015-0602-6
https://nrel.gov/docs/fy21osti/80195.pdf
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Drivetrain Failure Mode Projects

Planet Bearing Load Sharing (Completed)
• Investigated load sharing in wind turbine drivetrain application
• Quantified differences between cylindrical and tapered roller bearings
• Partners: Romax, SKF, Timken, GEARTECH, Xcel Energy, Brad Foote Gearing

Gearbox Bearing Axial Cracking (Completing)
•Determine root causes of white-etching cracks (WECs) at 10% of L10
•Evaluate effects of lubricant, bearing, and controller
•Partners: GE, Winergy, SKF, Timken, Afton, Castrol, Klüber, Technical University of 
Denmark

Main Rolling Bearing Wear (Ongoing)
• Determine root causes of premature wear
• Evaluate effects of lubricant, bearing, and controller
• Partners: SKF, University of Strathclyde, University of Colorado Boulder

Pitch Bearing and Gearbox Plain Bearing Reliability (New)
• Instrument GE1.5 pitch bearing, validate models, improve rating models
• Evaluate torque and load-sharing in gearboxes with plain bearings
• Partners: ongoing discussions

Photo by Dennis Schroeder, NREL 49413

Source: Windpower Engineering & Development

Source: R. Errichello et al. Wind Turbine Tribology Seminar- A Recap. 2012

Source: Windpower Engineering & Development

Photo by Dennis Schroeder, NREL 32787

https://www.windpowerengineering.com/making-short-lived-pitch-bearing-work-longer/
https://www.windpowerengineering.com/artificial-intelligence-will-improve-om/
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Gearbox Bearing Axial Cracking
Benchtop Tests

• Apply DC voltage to rotating contact
• Leads to WECs in specimen
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WEC-induced pitting
in clean steel specimens with
common wind turbine gear oil

WEC Failures ANL

Source: Gould, B.et al. 2021. “The Effect of Electrical Current on 
Premature Failures and Microstructural Degradation in Bearing Steel.” 
International Journal of Fatigue 145 (106078). doi: 
10.1016/j.ijfatigue.2020.106078.

https://doi.org/10.1016/j.ijfatigue.2020.106078
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Gearbox Bearing Axial Cracking
Full-Scale Tests

• Determine designs and operations influencing white-etching cracks
– Bearing loads, roller slip, and electrical current are strong causal factors
– Installed new Winergy high-speed pinion with torque sensor

Source: Guo, Y. and J. Keller. 2020. “Validation of Combined Analytical 
Methods to Predict Slip in Cylindrical Roller Bearings.” Tribology 
International, 148: 106347. doi: 10.1016/j.triboint.2020.106347.

Source: Guo, Y. et al. 2020. “A Methodology for Reliability Assessment 
and Prognosis of Bearing Axial Cracking in Wind Turbine Gearboxes.” 
Renewable and Sustainable Energy Reviews 127 (109888). doi: 
10.1016/j.rser.2020.109888.

Photo by Mark McDade, NREL 49050

5% rated

100% rated

22% rated

Probability of failure model for 10 years of 
wind plant operational data and failure records

Both bearings

Rotor side

Generator side

Load and slip model validation and study of changes in 
bearing type, clearance, temperature, and lubricant

https://doi.org/10.1016/j.triboint.2020.106347
https://doi.org/10.1016/j.rser.2020.109888
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Pitch and Main Bearing

Main Bearing Testing
Greases were tested using two newly developed test 
methodologies for replicating two leading causes of 
main bearing failure: electrical WECs and micropitting

Pitch Bearing Testing
Greases were tested on new fretting wear rig built using 
an actuator for high frequency/low amplitude 
reciprocating sliding contact

Fretting wear scar (optical) Surface profilometry

Fretting wear test rig Grease test rig

Micropitting test Electrical WEC test

Displacement 
Charge Amp

Displacement and 
Force Readout
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Main Bearing Wear

• Investigation of main bearing wear and lubrication
– Little axial motion between bearing rings; no indication of cage slip

Photos by Mark Dunn, SKF USA Inc., NREL 63050 and 63052

Photo by Jerry Hur, NREL 49959

Axial motion not sufficient to disturb lubricant 
film when compared to the speed of rolling
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Source: Guo, Y. et al. 2021. “Investigation of Main Bearing Operating 
Conditions in a Three-Point Mount Wind Turbine Drivetrain.” Forschung 
im Ingenieurwesen. doi: 10.1007/s10010-021-00477-8.

Source: Bergua Archeli, R. et al. 2021. Up-Tower Investigation of Main 
Bearing Cage Slip and Loads. NREL/TP-5000-81240. 
https://www.nrel.gov/docs/fy22osti/81240.pdf. 

No slip of bearing cage in any power 
production condition

No Slip

Slip

https://doi.org/10.1007/s10010-021-00477-8
https://www.nrel.gov/docs/fy22osti/81240.pdf
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Remaining Useful Life

• Failure prediction through machine-learning models by combining supervisory 
control and data acquisition (SCADA) and physics domain modeled data 

• When modeled data are added into SCADA data, the best-performing machine-
learning model has about 50% reduction in false alarms. 

Performance of Long Short-Term Memory Machine-Learning model: SCADA data (left), SCADA and modeled data (right)
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Thank you!
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Energy Efficiency and Renewable Energy Wind Energy Technologies Office and cooperative research and development 
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expressed in the presentation do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government 
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