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Motivation

9 Votes

• Total: 5400

8 Votes

• Total: 4800

6 Votes

• Total: 3350

8 Votes

• Total: 6850Easy field installation. Self Calibration

Metrology in the field. 

Certifiable and Bankable

Better Wind Data,

understanding how to use it

Facet Fabrication process 

understanding

Heliocon Roadmap Workshop

Accurate solar and wind resource 

assessment of the site is essential

– CSP Best Practices Report“
In addition, no design standards exist 

for how to take a wind speed and 

convert it to loads on the collector.

– CSP Best Practices Report“
Care should be taken to make sure 

the collectors selected are designed 

appropriately for the wind speeds that 

will be experienced at the plant site. 

– CSP Best Practices Report
“

Lack of wind and loads on collectors in an operational field setting
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Wind Driven Loads on Solar Collectors

SolarPACES 2021, DLR

1. Wind driven Loading impacts both affects life and performance of Solar Collectors

2. Studying impacts of wind loading on CSP solar collectors at two operational power 

plants with troughs and heliostats
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Goals

Collect Wind and Loads data from a parabolic 
trough power plant, Nevada Solar One (NSO)

Collect Wind and Loads data from a power tower 
plant, Crescent Dunes 

Develop accurate and 
computationally in-expensive 
simulation techniques to study 
deep array effects for troughs and 
heliostats



Parabolic Troughs



Funded by:

This presentation may have proprietary information and is protected from public release.

Field Site: Nevada Solar One (NSO)

Nevada Solar One CSP Plant
72-megawatt (MW) capacity, 0.5 hours of full-load storage
Boulder City, Nevada
 

Photo by Michael Adams, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=23131135
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Wind Measurement Set-Up 

Wake met mastsInflow met mast

First of a kind measurement campaign in a fully operational 
power plant
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Wind Measurement Set-Up 

West

Inflow mast

Row 2 Row 3 Row 4

Wake mast 1 Wake mast 2 Wake mast 3

Row 1

15m

7m

5m

3.5m

East

≈
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Load Measurement Campaign – Signal Overview 
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Measurement Campaign Overview 

First of a kind long-term 

measurement campaign

1. Wind data 

continuously collected 

for 2 years

2. Loads data collected 

for 6 months
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Open Dataset

https://data.openei.org/submissions/5938

doi: 10.25984/2001061 https://www.osti.gov/dataexplorer/biblio/dataset/2001061 

https://doi.org/10.25984/2001061
https://www.osti.gov/dataexplorer/biblio/dataset/2001061
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Multiple Papers – Published & Under Review
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Wind Field Modulation - Troughs

1. Upstream rows blocking the wind

2. Change in wind direction by upstream rows

3. Turbulence modified significantly by trough orientation
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Wind Directionality Change - Troughs

Wind

Trough rows modify the direction of incoming wind – induce torsional loads on drives & supporting structures



NREL    |    15

Vertical wind and turbulence profiles 

U
w

Inflow mast Wake mast 
1

Wake mast 
2

Wake mast 
3

• Wind speed blocked 
after row 1.

• At hinge height: less 
TKE, but increased TI.

• Observed TI is higher 
than expected from 
ESDU standard 
(z0=0.3).
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Natural Frequency & Vortex Shedding

• Spectral peak in w 
after row 1 reflects 
in drag moment 
coefficient.

• Vortex shedding 
dominant 
phenomenon.

• Length scales 
coincides with 
trough dimension.

Trough angle 60º 

Natural 
frequency

Vortex 
shedding
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Power Plant Interior – Wind Field

W ind direction
270o

N

E

S

W
Lidar 

scan

Lidar 

scan

Western winds - perpendicular to the troughs
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Power Plant Interior – Wind Field
Normalized wind speed over troughs

Increased wind shear in the interior of the plant 
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Power Plant Interior – Wind Field

First few rows

Less shear;
Less turning 

moments

Last few rows

More shear;
More 

turning 
moments

Inflow

Higher hinge moments on troughs in the interior of the plant
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Load Measurement Campaign – Dynamic Tilt

-90°
0°

90°

West

• Inclinometers installed at 3 
locations (DO, Mid, SO) on each of 
the 3 rows

• Measurements from November 
2022 – June 2023.

• Collected at 20 Hz frequency with 
10-second statistical windows.

Dana et al. 2022
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Load Measurement Campaign – Dynamic Tilt
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Calculating Tracking Error

Zhu 2011

Calculating the sun position:

𝝐 = 𝜷 − 𝜷𝒏𝒐𝒎𝒊𝒏𝒂𝒍 𝜖 = 𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟 𝛽 = 𝑡𝑟𝑜𝑢𝑔ℎ 𝑎𝑛𝑔𝑙𝑒

𝜖
 [

𝑑
𝑒𝑔

]
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Impact of Tracking Error
Performed Ray-tracing to compute 

optical performance at each tilt angle𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 (𝛾) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑎𝑦𝑠 𝑡ℎ𝑎𝑡 ℎ𝑖𝑡 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑎𝑦𝑠 𝑡ℎ𝑎𝑡 ℎ𝑖𝑡 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟
 

Critical Angle Range 
0.79o to 1.35o

x
 [

m
]

13.7 mrad

23.6 mrad

Even at intercept factor (𝛄 ≅ 1) could result in non-uniform heating of receiver tube
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Torsion causes angular misalignment

𝜖𝑡𝑜𝑟𝑠𝑖𝑜𝑛 =  𝛽𝑥,𝑦  − 𝛽𝑥,𝐷𝑂

Torsional error



NREL    |    25

Strong, western winds affect torsional 
misalignment

Strong, westerly winds induce greater median torsional error and standard 
deviation of tilt angle in row 1 than in rows 2 and 4 because row 1 blocks 
the incoming wind
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Wind interactions with exterior PTC

Strong westerly winds have 
opposite effects on row 1 torsional 
error when the troughs face toward 
versus away from the incoming 
wind. 

𝛽 > −20°𝛽 < −20°

𝛽 = −20°

• Higher torsional error during strong winds when facing away from the wind.
• Higher standard deviation during strong winds.
Wind conditions and PTC orientation play an important role in torsion.
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Loads: Comparison to Wind Tunnel Tests

Hosoya et al. (2008)

Hosoya, N, Peterka, J A, Gee, R C, and Kearney, D. 2008. Wind Tunnel Tests of Parabolic Trough Solar Collectors: March 2001--August 2003. Golden, CO: 
National Renewable Energy Laboratory. NREL/SR-550-32282. doi:10.2172/929597. 

NSO measurements

W
in

d
 

(y
aw

=0
º)
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Loads: Comparison to Wind Tunnel Tests

Torque moment coefficient:

Hosoya et al. (2008): Comprehensive wind tunnel tests

Hosoya, N, Peterka, J A, Gee, R C, and Kearney, D. 2008. Wind Tunnel Tests of Parabolic Trough Solar Collectors: March 2001--August 2003. Golden, CO: 
National Renewable Energy Laboratory. NREL/SR-550-32282. doi:10.2172/929597. 

My Torque moment
Fx Drag force
U Wind speed
Lpanel Length of trough panel
Lsegment Length of trough segment 
W Aperture width

Drag force coefficient:
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Loads: Comparison to Wind Tunnel Tests

Drive Motor

Torque Moment
Bending Moment
→ Drag force

½ Solar Collector Assembly (50 m)
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Loads: Comparison to Wind Tunnel Tests

StowNoon
Sunset Sunrise

NSO: mean ± peak 
loads (wind 
direction: 260°–
280°)

𝐶 𝑓
𝑥

 
Hosoya et al. (2008): 
mean ± peak loads 
(0º yaw)

Trough row 1Drag force coefficient:
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Loads: Comparison to Wind Tunnel Tests
𝐶

𝑚
𝑦

 
𝐶 𝑓

𝑥
 

Wind tunnel studies on troughs underpredict dynamic loading on collectors



Heliostats
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Crescent Dunes Campaign

A 6-month wind and loads data 
collection campaign

Focus on N-W quadrant of the 
plant – dominant wind direction

Characterize Wind profiles at the 
edge and in the interior

Measure loads on 3 heliostats – 
Two at the edge and one in the 
interior
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Crescent Dunes Wind Measurement

Inflow Mast - 1
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Crescent Dunes Wind Measurement
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Crescent Dunes - Lidar

High resolution scanning Lidar installed on the heater bay for full field wind mapping

Vertical and Horizontal scans



NREL    |    37

Crescent Dunes - Lidar

Wind from the South-EastWind from the North-West
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Crescent Dunes Wind and Loads
Pedestal bending moments (Mx and My) to determine foundation loads and 
validate load distribution on the mirror

Torque along the torque tube to obtain validation of load distribution along the 
x-axis and proxy for torque actuator loads 

Torque of the pedestal to assess asymmetrical loading across mirrors and proxy 
for azimuth drive loads

Pedestal axial load, to access lift

Accelerometers across support frame to validate mode shapes, accelerations, 
spectral content of the facet support structure, and elevation angle

Mirror displacements to validate cyclic loading response and facet spectral 
content 

Dynamic tilt to measure elevation angle and torque tube dynamics

Azimuth position (encoder or altitude sensor)

Differential pressure for lift/drag/stall measurements

• 3 torque bridges, 2 on torque tube and 1 on the pedestal
• 2 bending bridges on the pedestal near the base
• 1 full axial bridge on the pedestal 
• 2 half bending bridges on the support structure of the mirror, top, and bottom end of the mirror
• 2 inclinometers, one on each end of the torque tube
• 1 rotary encoder 
• Pressure differential on 3 locations 
• 4 Accelerometers on each 4 corners, triaxial accelerations, backside, and in plane

Loads instrumentation 
installed on 3 Heliostats 

(2 at the edge of the 
plant and 1 in the 

interior)



Simulation Model Development
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Deep Array Simulation - Troughs

Six-Row Parabolic Trough Large Eddy Simulation (LES)

  Key design considerations
1. Drag force highest on row 1 and decreases in the downstream rows
2. Moments highest in the downstream rows with higher unsteady variation in rows 5 & 6
3. Edge effects critical 
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Deep Array Simulation - Troughs

Six-Row Parabolic Trough Large Eddy Simulation (LES)

118 million CFD mesh 
cells

3.2 million CPU-hrs
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Actuator Force Modeling

1. Validated approach in wind-turbine flow modeling

2. Computationally efficient and generalizable

• Simulates forces applied by a body on the fluid

• Applicable for stationary/moving bodies

3. New challenges for solar collectors

• Thin body — aerodynamics not known a priori

• Highly separated flows

File:Windmills D1-D4 
(Thornton Bank).jpg

actuator 
line

discrete 
force 
points

rotor 
blades

turbulent wake

(single blade)

Flow past a wind turbine

file:///./localhost/upload.wikimedia.org/wikipedia/commons/b/ba/Windmills_D1-D4_(Thornton_Bank).jpg
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Actuator Force Modeling in Practice

Simulated conditions
• Isolated collector at 60°
• U=11 m/s

Simulation setup
• Grid spacing

• Farfield: 0.4 m
• Around collector: 0.05 m 

(16 computational cells / 
length)

• Total grid size: 
643k cells

Computational cost
• 10 s of simulation time 

in ~22 min of wall time 
on 3 compute nodes

Flow separation initiated from leading edge

A computational speed up of  1100x observed
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Actuator Force Modeling – Elevation Angle Sweep

1. Unsteady aerodynamics captured at full 
range of angles

2. Comparisons with 
University of Adelaide data

3. Each Elevation Angle Simulation Cost: 
9 CPU-hrs

4. A computational speed up of 4900x 
observed compared against body fitted 
mesh

NREL 
Actuator 
force 
modeling

University of 
Adelaide 
wind tunnel 
data
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Actuator Force Modeling – Six Row Troughs
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Actuator Force Modeling – Six Row Troughs
Simulations of 6 row trough arrangement compared against field data from NSO



NREL    |    49

Simulation of Structural Response

Simulation of deforming heliostat under strong wind conditions.
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Simulation of Structural Response

Timeseries of vertical displacement Power spectral density of displacements

~ 2 Hz

• Simulations reproduce 2 Hz tone seen in measurements
• Peak-Peak oscillation of mirror surface ~ 1 mm 

• Impact on optical performance will be studied next
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Conclusion & Future Work
1. First-of-a-kind long term measurements of wind driven loads & deformations of collector mirror 

surface were performed at two operational power plants

2. Quantified the impact of wind on loads experienced by parabolic troughs
• Developed a model for wind modulation by troughs in an operational field

• Wind tunnel studies found to underestimate dynamic loads 

• High torsional load was observed even on the troughs in the interior rows

• Poor optical performance of the troughs on the edge row were observed

3. Measurement campaign at Crescent Dunes ongoing to study impact of wind driven loads on 
Heliostats

4. Plan to test smaller heliostats being installed at the NREL Flatirons campus
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This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, 
LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by U.S. 
Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office.  The 
views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. 
Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S. 
Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published 
form of this work, or allow others to do so, for U.S. Government purposes.
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