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A B S T R A C T

Parabolic trough collector (PTC) systems, a type of concentrating solar power (CSP), use parabolic mirrors to
reflect the sun’s rays toward an absorber tube to heat the fluid inside. PTCs track the sun throughout the day
and are sensitive to angular misalignment, which reduces optical performance. Torsion of the PTC, exacerbated
by wind loading, contributes to angular misalignment, which has been quantified by previous studies using
numerical simulations and experimental tests. However, angular misalignment due to torsion and wind loading
has not yet been studied in an operational plant, which can experience more extreme and variable conditions.
This study characterizes the angular misalignment due to torsion at three rows of the Nevada Solar One CSP
plant and investigates the influence of wind loading. These findings reveal substantial torsion along the PTC
support structure that depends on wind conditions and orientation. Strong winds perpendicular to the PTCs
increase the median angular displacement of the outermost row by up to 18 mrad and increase the standard
deviation by up to 8 mrad when compared to weak wind conditions. These findings can inform enhanced PTC
design, controls and modeling that will improve the performance, reliability and bankability of future CSP
plants.
1. Introduction

Concentrating solar power (CSP) provides firm and dispatchable
electricity due to its thermal storage and hybridization capabilities. Its
inherent capacity to store heat energy for later conversion to electricity
makes this technology an integral part of our decarbonized energy
future. In China alone, there are 30 ongoing CSP projects expected
to produce almost 3000 MW of energy generation capacity in the
next 5 years [1]. In the United States, CSP is projected to generate
10% of the nation’s electricity by 2050 [2]. CSP technologies include
parabolic trough collector (PTC), linear Fresnel, central power tower
and parabolic dish systems. Of the 1.7 GW of operational CSP capacity
in the United States, PTC systems constitute 73% [2] and are commonly
co-located with other CSP or solar photovoltaic technologies to provide
available and reliable power production [3].

PTC systems use parabolic mirrors to direct the sun’s rays toward
the centerline of the absorber tube, which is mounted on every trough
along the line of focal points. To track the sun throughout the day,
most PTC systems use single-axis, open-loop tracking, typically rotating
from facing east at sunrise to facing west at sunset [4]. However, PTC
systems can experience misalignment that causes mirrors to point away
from the sun, resulting in some or all of the sun’s rays missing the ab-
sorber tube and reducing optical performance. As angular misalignment
increases, more of the sun’s rays incident on the PTC miss the absorber
tube, as shown in Fig. 1. This behavior is represented by the intercept
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factor (𝛾), which is the ratio of the number of sun rays that hit the
absorber tube to the number of sun rays that hit the PTC.

Misalignment issues have plagued PTC plants throughout their op-
erational history. Sargent & Lundy LLC Consulting Group [6] reported
that, in 1999, the 30-MWe Solar Energy Generating Systems (SEGS)
VI CSP plant experienced a 0.6% efficiency loss due to tracking error
and structural twist of the LS-2 PTCs and a 2% efficiency loss due to
geometric inaccuracies. A numerical study found that a tracking error
of 16 mrad resulted in a 60% reduction in optical efficiency [7]. The
larger 80-MWe SEGS plant experienced alignment problems and never
reached the performance achieved by the SEGS VI plant. Misalignment
may be caused by structural deformation, installation position errors,
wind loading, gravity, heating, tracking control algorithm, hardware
failures and fatigue [3–5,8–11]. The support structure, which comprises
the columns and piles, space frame and receiver brackets, is designed
to provide the PTC components with stability and rigidity. The space
frame transmits the torque of the tracking system and provides rigidity
to the mirrors to maintain the designed parabolic shape [9]. Wind-
induced structural twist, or torsion, may deform the parabolic shape,
thereby strongly reducing the optical performance of PTCs as the heat
flux from the collector is not fully captured by the absorber tube [3,
12]. Torsional misalignment can be mitigated through shorter trough
segments or increased structural stiffness of the segments [13,14].
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Fig. 1. Diagram of the impact of angular misalignment (𝜖) on the path of the sun rays in the case of (a) no misalignment and (b) 1◦ of misalignment. Upper images are close-ups.
Source: Figure adapted from Stanek et al. [5].
Many studies of wind-induced torsion have relied on test bench
experiments or numerical simulations. Based on numerical structural
analysis, the wind-induced structural twist along the 100-m length of
the LS-3 and EuroTrough collectors reaches 8 mrad at a wind speed
of 11 m/s, resulting in 55% of the heat flux missing the absorber
tube [15,16]. Further, numerical simulations have shown that turbulent
wind can cause self-excited torsional vibrations for certain trough an-
gles [17]. Wind-induced forces and displacements of the PTC increase
with higher wind speeds, but by varying magnitudes depending on
orientation [18,19].

Because the PTCs rotate throughout the day, the influence of ori-
entation (tilt and yaw angle) on the wind-induced misalignment is
important. Numerical results from a multiphysics-coupled transient
model reveal maximum PTC displacement when the PTC faces away
from the wind and minimum displacement when facing down [18].
Based on finite element analysis informed by wind pressure forces
from wind tunnel experiments, the mirrors of a PTC experience a
maximum peak displacement of 21.7 mm when the PTC is tilted 10
degrees away from the face-up position, toward the wind [20]. This
peak displacement is located at the spanwise midpoint between the
two support structures of the PTC. Overall, this study emphasizes the
strong influence that PTC orientation has on the resulting forces, which
is related to the windward exposed area, support structure, flow field
and vortex shedding. Thus, understanding torsion along the PTC and
how it varies with orientation and wind conditions, especially in an
operational setting, is important in mitigating the resulting optical
errors and maximizing performance.

The 2020 CSP best practices report [3] highlights the need for
low-cost, low-maintenance PTC systems that operate at a high optical
and thermal performance and can survive wind and earthquake loads.
To this end, extensive research has investigated angular misalignment
through numerical and experimental test bench methods; however,
there have been no studies of torsion and wind-induced angular mis-
alignment experienced by PTCs in operational settings. Because the
operating conditions in the field can be so variable and extreme,
differing from wind tunnel flow conditions due to three-dimensional
turbulence, terrain and diurnal transitions [21], it is important to study
and quantify the wind-driven behavior of PTC systems in operational
settings. For example, Egerer et al. [22] observed higher wind-induced
static and dynamic loads on support structures in the field than pre-
viously reported by wind tunnel tests. The present study aims to
characterize the torsion of the PTC support structure observed at three
rows in the Nevada Solar One (NSO) CSP plant and assess the influence
2 
of wind loading in the torsional misalignment by investigating the
following research questions:

1. How does torsional misalignment of PTC support structures vary
over time and by location for three rows at an operational CSP
plant?

2. How does wind loading affect the torsional misalignment?

Quantification of torsional misalignment and detailed understanding of
its causes can lead to targeted mitigation efforts including improved
control strategies, system and component design, and performance
models that will improve the performance, reliability and bankability
of future CSP power plants.

2. Methods

To explore these research questions, the authors analyze PTC tilt an-
gle measurement data from the long-term field measurement campaign
at the Nevada Solar One CSP plant [23]. The data are publicly available
on the Open Energy Data Initiative [24].

2.1. Field data measurements at Nevada Solar One

The National Renewable Energy Laboratory team conducted a wind
and structural loads field measurement campaign at the NSO parabolic
trough plant located in Boulder City, Nevada, which has a nominal
capacity of 72 MW and 0.5 h of full-load storage. The solar field
contains 800 total solar collector assemblies (SCAs), which are grouped
into four sub-fields, each containing 50 rows of four 100-m-long SCAs.
Each SCA comprises SGNX-1 PTCs, which have an aperture of 5 m and
a focal length of 1.49 m, mounted on single-axis trackers.

The PTC tilt angle is determined by a Parker pneumatic hydraulic
rotary drive actuator (Parker Special HTR 300) situated on the drive
occurrence (DO) pylon. When tracking the sun, the drive tracks in 2.2-
mrad (0.125-degree) intervals and the overall rotation is 240◦ −0◦,+2◦.
The PTC tilt angle is controlled by advanced local controllers in an
open-loop controls system that was developed and tested by Solargenix
Energy [25]. This controls system measures the angular position of the
SCA adjacent to the drive actuator (not on the space frame), but does
not measure the actual position of the sun and instead relies on the
pre-calculated sun position. Therefore, structural deformation, such as
torsion, wind loading, off-design installed PTC or absorber tube position
and errors in calculation inputs (e.g., geographic location, elevation)
can be detrimental to performance. During high wind speed events,
NSO stows the PTCs to prevent damage. For complete details about the
field experiment, refer to Egerer et al. [23].
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Fig. 2. Instrumentation deployed at the Nevada Solar One CSP plant: (a) overview of the structural loads measurements, (b)–(d) location of the inclinometers used to measure
tilt angle and (e) definition of the PTC tilt angle. Satellite images from ©2023 Google Earth data. Photos by Scott Dana.
2.1.1. Instrumentation
As part of this campaign, inclinometers were installed to measure

the tilt angles of three PTC rows: 1, 2 and 4, counting from the
western edge of the solar field. These rows were selected to capture
the different flow and loading dynamics at edge rows versus interior
rows. As shown in Fig. 2, three inclinometers were installed in each
row, spanning half (50 m) of an SCA. The inclinometers measured at a
temporal frequency of 20 Hz and with an overall tolerance of ±2.04
mrad (0.1171◦). This tolerance includes the manufacturer-provided
tolerances of the sensor, manufactured by 2GIG Engineering, and the
NI 9239 signal conditioning module manufactured by National In-
struments. The combined Category B uncertainty associated with the
inclinometer measurement is ±1.75 mrad (0.1005◦), which includes
both a fixed and percentage reading uncertainty provided by the man-
ufacturers of the inclinometer, data acquisition system and Vishay
resistor. Thus, tilt angle measurements are accompanied by a tolerance
of ±2.04 mrad.

The PTC tilt angle is controlled by the Parker actuator, which is
located in the center of the SCA, at the DO pylon (northern edge of
the measurement region). The southern end of the SCA has a loose
bearing and is referred to as the shared occurrence (SO) pylon. The
inclinometers are mounted on the space frame (Fig. 2) at the DO loca-
tion, SO location, and centered between the two at the ‘‘Mid’’ location.
Data from the inclinometers will be hereon tagged with the row number
and location subscripts (e.g., ‘‘R1_DO’’ for measurements from Row 1 at
the DO). The mounting surface on the space frame was selected for its
ease of installation and reference location definition and because this
surface is used by NSO for periodic calibration of the angular position
of the PTCs. Because the inclinometers are mounted on the space frame
and not on the mirrors, the measurements indicate torsion in the space
frame and include any angular offsets among the mounting surfaces
of each inclinometer. Nevertheless, any torsion in the space frame is
important to quantify because it defines the positions of the mirrors.
As an example, Christian and Ho [26] found that rotating the LS-2
PTC from facing up to facing east/west yielded effective slope errors
on the order of 1 mrad due to gravity-induced displacements of the
PTC support structure and mirrors. However, because the space frame
of the LS-2 PTC is different than at NSO, these findings cannot be
directly applied to the present case. At NSO, gravity-induced mirror
displacements were found to vary by ∼1 mrad across all operational tilt
angles in rows 1 and 2 [23]. Thus, in addition to any angular offsets
among the inclinometer mounting surfaces, angular displacements in
the SCAs are expected to affect the positioning of the mirrors with an
uncertainty of ∼1 mrad.

The inclinometers measure the angle between the inclinometer
mounting surface and calibrated earth level [23]. As shown in Fig. 2e,
the inclinometers record a zero position when the trough is facing up,
a positive angle when facing east and a negative angle when facing
west. This instrumentation recorded data from November 2022 through
3 
June 2023, but a plant calibration occurred on December 22, 2022,
so only data after this date are used in the present analysis. From
the field measurement dataset [23,24], this work uses the ‘‘raw’’ tilt
angle measurements, not the ‘‘calibrated’’ measurements because the
calibration procedure relied on the measured tilt angle when in stow,
which was later revealed to not be ‘‘locked’’ position. In this stow
position, the PTC tilt angle may vary even though the controls dictate
a 120◦ angular position. The actual angular position of the PTC, as
commanded by the control system, was unavailable; therefore, it could
not be used for calibration.

To measure inflow wind conditions, a meteorological mast was
installed 30 m outside of the PTC array to the west. Sonic anemometers
measured wind speed, direction and temperature at heights of 3.5 m,
5 m and 7 m, with a frequency of 20 Hz. A cup anemometer measured
the horizontal wind speed at a 15-m height. Temperature, relative
humidity and barometric pressure were also measured at a height of
2 m and a frequency of 1 Hz. Analysis of 1-min averaged data was
used to characterize torsional error and explore the influence of inflow
conditions. The data are filtered to only consider time periods during
operation, which excludes stow and includes only daytime periods
during which the PTCs are tracking the sun position.

2.2. Calculation of torsional error

Here, torsional error of the SCA is defined as the angular displace-
ment away from a reference angular position along the transversal
plane, as shown in Fig. 3. Mathematically, torsional error is defined as
the difference between the measured PTC tilt angle at a given location
and the measured tilt angle at a reference location:

𝜖𝑡𝑜𝑟𝑠𝑖𝑜𝑛 = 𝛽𝑥,𝑦 − 𝛽𝑥,𝐷 𝑂 (1)

where 𝛽 denotes the measured tilt angle of the PTC at a given location
(𝑥, 𝑦), where 𝑥 denotes the row number (R1, R2 or R4) and 𝑦 denotes
the sensor position (DO, Mid or SO) on that row. A torsional error of
zero would represent an SCA that exhibits no twisting. The DO location
is always used as the reference position because it is the location of the
rotational drive and the controller and because of the high stiffness of
the SCA assembly at the drive. Because each tilt angle measurement has
a tolerance of ±2.04 mrad, the torsional error has an overall tolerance
of ±4.08 mrad.

Similar to slope error and tracking error, torsional error describes
an angular offset away from the intended aim point of the PTC, and
thereby negatively affects optical performance. Torsional error within
a row (e.g., 𝛽𝑅1,𝑆 𝑂 − 𝛽𝑅1,𝐷 𝑂) indicates variation in stiffness along the
SCA, which depends on the design and materials used and can be exac-
erbated by gravity, wind and/or temperature effects. To illuminate how
angular misalignment impacts optical performance, Fig. 4 illustrates
the intercept factor as a function of angular misalignment for a PTC
with the same aperture and focal length as the SGNX-1 and with ideal
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Fig. 3. Angular displacement in the transversal (east–west-up) plane caused by torsion
along the PTC. Angular displacement is the difference between the tilt angle, 𝛽,
measured at the two locations shown, DO and SO. Figure not to scale.

Fig. 4. Intercept factor as a function of angular misalignment 𝜖 for a PTC with a 5-m
aperture and a 1.49-m focal length without sun shape or slope error. The gray region
spans the critical angles between 13.7 and 23.6 mrad.

optical properties. These results were generated using FirstOPTIC [27],
an analytical solver for the intercept factor, and reveal the dramatic
decrease in intercept factor that results from small increases in angular
misalignment within the shaded region. This shaded region is bounded
by 13.7 mrad (0.78◦), the acceptance angle and 23.6 mrad (1.35◦). The
acceptance angle is the maximum angular misalignment angle at which
all rays incident on the PTC hit the absorber tube, resulting in an inter-
cept factor of ∼1 without sun shape or slope error. When the angular
error is larger than 23.6 mrad, almost none of the rays reflecting off
the PTC hits the absorber tube, resulting in an intercept factor of ∼0.
In between these two angles, the PTC’s optical performance depends on
the magnitude of the error, as shown in the shaded region of Fig. 4.

3. Results and discussion

3.1. Long-term spatial variations in torsional error

The torsional error is characterized based on measurements at three
SCAs during operational, daytime periods of the 7-month measurement
period. These results reflect the behavior at three SCAs out of the 800
total SCAs at NSO. Fig. 5 depicts the statistical summary of the torsion
experienced by each row during all environmental and operational
4 
Fig. 5. Statistical summary of the torsional error (𝛽𝑥,𝑦 − 𝛽𝑥,𝐷 𝑂) along each row from
December 23, 2022, to June 11, 2023, during daytime hours. The positive torsional
error indicates that the PTC at (𝑥, 𝑦) is lagging behind the DO position. The negative
torsional error indicates that the PTC at (𝑥, 𝑦) is ahead of the DO position. The torsional
error has a tolerance of ±4.08 mrad.

conditions. Each box plot represents the distribution of the difference
between the measured tilt angle at a given location and the measured
tilt angle of each row’s drive location (e.g., 𝛽𝑅1,𝑆 𝑂 − 𝛽𝑅1,𝐷 𝑂 for row 1).
Positive torsional error, for example in row 1, indicates that the Mid
and SO locations in row 1 lag behind the DO location. Existing design
practices aim to minimize this lag, which is expected since the SCA
is driven and controlled at the DO location, effectively ‘‘pulling’’ the
50-m SCA segments along through the rotation while the SO location
is held loosely and the Mid location is free. The magnitude of the
torsional error indicates the lack of stiffness in the SCA structure, but
also includes any angular offsets among the mounting surfaces of the
inclinometers. The negative torsional error in row 2 indicates that the
Mid location of the PTC at (𝑥, 𝑦) is ahead of the DO position, which is
not the expected behavior and may indicate an angular offset between
the mounting surfaces.

Within each row, substantial torsional effects are observed. Overall,
row 1 experiences the greatest amount of torsion, likely due to the
impact of wind loading as an exterior row, whereas row 4 experiences
the greatest variability in the torsion. The SCA in row 1 exhibits a
median of 13.9 mrad angular displacement at the Mid location and 9.6
mrad angular displacement at the SO location with respect to the DO
location. The larger angular displacement at the Mid location reflects a
bowing effect as the Mid location lags behind both the outer locations
of the PTC, which may be attributed to wind loading and the lack
of stiffness at the Mid location. This angular displacement at the Mid
location exceeds the acceptance angle of 13.7 mrad, meaning that
part of this SCA may suffer from reduced optical performance if the
inclinometer mounting surfaces are perfectly aligned. In rows 2 and 4,
the SO locations show the largest median deviation at 7.4 mrad and
5.2 mrad, respectively, which may be attributed to their long distance
from the drive. In rows 1 and 2, the Mid location has a higher standard
deviation (larger box) than the SO location, demonstrating the free
movement at this location. The reported torsional error has a tolerance
of ±4.08 mrad.

The torsion experienced by these SCAs is likely to negatively impact
optical performance and heat flux distribution along the absorber tubes.
This problem could be mitigated by increasing the stiffness of the
space frame along the length of the SCA or by improving the controls.
Currently, the controls determine the PTC tilt angle based on one
inclinometer per SCA at the drive location. Adding inclinometers at
the mid and shared locations and calculating an ‘‘average’’ optimal tilt
angle for the entire PTC might improve optical performance. In closed-
loop tracking, adding additional light sensors or inclinometers along
the length of the PTC could provide more complete feedback to the
controls to correct the PTC tilt angle.
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Fig. 6. The relationship between the torsional error at the shared location (SO) of all rows and measured variables, represented using box plots of all daytime, operational data
from December 23, 2022, to June 11, 2023. Box plots are shown only when the number of data points exceeds 20. Measured variables include the tilt angle of the PTC, air
temperature measured at a 7-m height, inflow wind direction measured at a 7-m height, and the trough-perpendicular component of the inflow wind speed.
3.2. Possible root causes for torsional error variations

The torsional error includes all possible error sources, including
gravity, non-uniform distribution of mass, drive accuracy and backlash,
structural deformation, assembly stiffness, bearing friction, wind load-
ing, temperature, off-design trough positions and rotation axis position.
Fig. 6 illustrates the correlation between torsional error at the SO
location of each row and four other measured variables: PTC tilt angle,
wind direction, trough-perpendicular wind speed and air temperature.
The median torsional error strongly correlates with tilt angle, changing
by about 8 mrad in row 1, 5 mrad in row 2 and 11 mrad in row
4 across the range of tilt angles. Rows 1 and 2 show peaks at tilt
angles of −10 to −15 degrees, meaning that the SCA is most twisted
just after the SCA passes the face-up position, which occurs roughly
at solar noon. Although row 2 exhibits symmetric behavior about the
peak, row 1 exhibits greater torsional error at positive tilt angles than
row 2, perhaps due to wind loading. Gravity effects are expected to
apply similarly to all rows, but row 4 reveals a different behavior.
This sinusoidal behavior perhaps indicates variations in the sensor
positioning on the space frame compared to the other rows or in the
mass distribution about the rotation axis. This sinusoidal trend also
appears in the hinge moments calculated at the drive shaft [22], which
supports the latter explanation. Regarding the influence of temperature,
the torsional error in all rows remains largely insensitive, indicating
that the thermal expansion of the space frame materials has a small
impact relative to PTC orientation and wind conditions.

The lower row of Fig. 6 illustrates the correlation between the
torsional error and wind conditions. In these box plots, the median
values represent the static wind loading effects and the size of each
box — a measure of the standard deviation of the data — represents
the dynamic wind loading effects. The median value of all rows re-
mains largely insensitive to the wind direction; however, there is a
substantial increase in the standard deviation of the row 1 torsional
error, represented implicitly by the upper and lower bounds of the
box plots, during southwesterly (225–270 degrees) winds. Row 1 is the
most vulnerable to the wind direction as an exterior row and there-
fore the most sensitive to trough-perpendicular winds from the west.
The last subfigure exhibits the correlation between the torsional error
and trough-perpendicular wind speed. As expected, row 1 reveals the
strongest correlation with wind speed, as illustrated by greater standard
5 
deviation and variability in the median as wind speed increases. At high
wind speeds (>5 m/s), the median torsional error becomes erratic with
a large standard deviation, likely due to the difference in aerodynamic
forces pushing against the PTC when turned away versus toward the
strong winds.

3.3. Impact of wind conditions on torsional error

The previous section highlighted the sensitivity of torsional error
to the wind conditions, which is tested in this section by filtering the
data for specific wind conditions to parse out the factors of wind speed,
wind direction and tilt angle. Fig. 7 illustrates how torsional error
varies with tilt angle during strong, westerly winds (opaque) versus
during weak winds from any direction (translucent). Here, the term
‘‘strong winds’’ refers to wind speeds greater than 4 m/s, ‘‘weak winds’’
refers to wind speeds less than 3 m/s, and ‘‘westerly’’ refers to wind
directions between 225 and 315 degrees clockwise from north, which
are perpendicular to the PTCs. The translucent markers illustrate the
baseline angular misalignment without wind effects. Rows 1 and 2
experience a baseline torsional error of approximately 10 mrad due
to gravity, distance of SO from the drive, and variation in assembly
or component (e.g., bearings) stiffness at the measurement locations.
The absolute difference between the opaque and translucent markers
represents the wind effects and eliminates the uncertainty associated
with possible misalignment of the inclinometer mounting surfaces. The
wind effects are the most noticeable in row 1 and diminish as one
moves farther into the interior of the collector field. In all rows, the
wind conditions impact the torsional error at angles between −20 and
+40 degrees, with maximum differences at 0 degrees in rows 2 and
4, which aligns with Mehos et al. [3], who stated that ‘‘the face-up
orientation is typically the most exposed and dangerous’’. At zero or
positive tilt angles, strong westerly winds change the median torsional
error by up to 18 mrad in row 1, 8 mrad in row 2 and 6 mrad in row
4. At negative tilt angles less than −15 degrees, strong westerly winds
change the median torsional error by up to 9 mrad in row 1, but do
not affect the torsional error in rows 2 and 4. Compared to the weak
wind condition results, which depict symmetric behavior about the
peak in row 1, the strong westerly winds induce a dramatic asymmetry
about this tilt angle of −15 degrees because of the parabolic shape.
This critical tilt angle of −15 degrees aligns with the finite element
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Fig. 7. The relationship between torsional error at the shared location (SO) and tilt angle for strong wind conditions (opaque markers) versus weak wind conditions (translucent
markers). Results are represented using box plots of all daytime, operational data from December 23, 2022, to June 11, 2023. Box plots shown only when the number of data
points exceeds 20.
Fig. 8. The angular displacement induced by weak winds versus strong westerly winds when the PTC faces away from the wind (𝛽 > −20◦) versus toward the wind (𝛽 < −20◦).
Angular misalignment is exaggerated for clarity.
analysis results from Zou et al. [20], who identified a maximum peak
displacement of the mirrors when the PTC is tilted 10 degrees toward
the wind from face-up.

These findings reveal a clear dependence of the torsional error on
both tilt angle and wind conditions. During strong westerly winds, row
1 experiences a trend similar to that in rows 2 and 4 at positive angles,
but deviates dramatically at angles less than (more west-facing) than
−15 degrees, which exemplifies the influence of the wind-induced de-
flection as the PTC exposes more interior surface area to the wind. This
interaction between PTC orientation and the inflow wind is depicted
in Fig. 8. During weak winds, the SO location of row 1 lags behind
the DO location by between 9 and 14 mrad (Fig. 8a,c). During strong,
westerly winds, row 1 at SO lags behind DO even more, by up to 27
mrad when facing eastward (𝛽 > 0). The peak row 1 torsional error at
the 35-degree tilt angle coincides with the peak hinge moment [22],
which indicates stronger aerodynamic forces acting on the upper part
of the outer surface of the PTC at this position unlike when the PTC
faces directly east (𝛽 = 90 deg) and the forces acting on the upper part
of the PTC are counteracted by those acting on the lower part. At tilt
angles less than −15 degrees, the strong winds cause torsional error to
drop to almost zero, indicating minimal twist in row 1. As depicted in
Fig. 8b,d, when the wind impinges on the outside, convex surface of
the PTC, the aerodynamic force rotates the PTC to face more eastward.
However, when the wind impinges on the inside, concave surface of
the PTC, the same aerodynamic force results in rotating the PTC to
face more westward. This stark difference between the strong and weak
wind conditions at negative tilt angles does not appear in rows 2 or 4
because row 1 blocks the incoming wind.
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To test the hypothesis that torsional error differs based on the
eastward versus westward orientation of the PTC, Fig. 6 is recreated
for row 1, but using filtered data that distinguishes between times when
the PTC faces eastward (facing away from the wind) versus westward
(facing toward the wind). As shown in Fig. 8, wind speed has the
opposite effect on torsional error depending on PTC orientation when
the row 1 PTC faces eastward versus westward. When the PTC faces
east, which is pointed away from the incoming trough-perpendicular
wind, the torsional error increases as wind speed increases because
the aerodynamic forces rotate the PTC downward at the looser SO
and Mid locations, increasing the lag between DO and SO. In contrast,
when the PTC faces west, which is pointed toward the incoming wind,
the torsional error decreases as wind speed increases, because the
aerodynamic forces act on the inside of the PTC and push it downward,
resulting in more downward rotation at the SO and Mid locations.
Because the PTC is facing the wind, this downward rotation reduces the
lag between DO and SO, as depicted in Fig. 8. Flow simulations from
previous studies [19,28] illustrate the wind flow patterns that affect
the PTC support structure stability and tracking system due to stronger
eddies on the leeward side of the PTC when it faces the wind versus
away from the wind. The wind’s impact on torsion is stronger when the
PTCs face away from the wind than when they face toward the wind,
as highlighted by the steeper slope of the east-facing curve in Fig. 9.

The median torsional error explored in previous sections illustrates
the impact of static wind loading, whereas the standard deviation
reveals the impact of dynamic wind loading. Fig. 10 quantifies the
variability in the torsional error over the entire measurement period
during strong, westerly winds (opaque lines), as compared to weak
winds (translucent lines). During strong westerly winds, the standard



B.J. Stanislawski et al. Renewable Energy 241 (2025) 122135 
Fig. 9. The relationship between the torsional error at the shared location (SO) of row
1 and the tilt angle and trough-perpendicular wind speed for the east-facing (circle
markers) versus west-facing (triangle markers) PTC. Results are represented using box
plots of all daytime, operational data from December 23, 2022, to June 11, 2023. Box
plots are shown only when the number of data points exceeds 20.

Fig. 10. Standard deviation of torsional error (𝛽𝑥,𝑦−𝛽𝑥,𝑆 𝑂) at each row from December
23, 2022, to June 11, 2023, during strong westerly winds (opaque lines), as compared
to weak winds (translucent lines).

deviation of torsional error is greatest in row 1, substantially greater
than in weak wind conditions, and decreases dramatically in row
2 because row 1 provides sheltering to interior rows. Although the
standard deviation of torsional error in row 1 reaches only 3.8 mrad
during low wind speeds, the wind-induced variability in torsion leads
to an increase in standard deviation up to 10.2 mrad. This increase is
because the row 1 PTC faces the undisturbed, turbulent inflow wind
and deforms due to the variable, dynamic wind loading. The high
standard deviation at row 1 during windy conditions approaches the
acceptance angle of the PTC, potentially reducing optical performance.
These findings have the potential to improve SCA designs that mitigate
dynamic wind effects on optical performance.

To differentiate between the sensitivity of the torsional error to the
wind direction versus to the tilt angle, see Fig. 11. The greatest torsional
error (in red) occurs at row 1 during strong southwesterly winds at tilt
angles between −20 and 50 degrees because the wind loading is more
influential when the PTCs face away from the wind. The peak torsional
error in red aligns with the greatest hinge moments (𝐶 ) of the drive
𝑚𝑦
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shaft [22]. During all other wind directions, the change in torsional
error is much less sensitive to orientation because the wind is blowing
along the PTC (not perpendicular to the PTC), without much blockage
or flow modification by the PTCs. Row 2 follows a similar trend to that
of row 1, but with a smaller magnitude, due to the sheltering effect of
row 1 from the wind. During strong westerly winds, the torsional error
in the first two rows is more sensitive to the wind direction than to the
tilt angle. The row 4 torsional error exhibits the sinusoidal behavior
shown in Fig. 6 and in the hinge moments [22]. There is a slight
sensitivity to wind direction when facing up during westerly winds,
but the row 4 torsional error is more sensitive to tilt angle and largely
insensitive to wind direction.

3.4. Torsional error time series during 3 sample days

To provide an idea of how these findings affect daily operations,
Fig. 12 illustrates the temporal and spatial variations in torsional error
on 3 days: January 28, 2023, which is characterized by low wind
speeds and largely uninterrupted operation, February 22, 2023, which
is characterized by strong westerly winds and April 2, 2023, which
sees a frontal passage as the wind accelerates and changes direction
midday. January 28, 2023, the first column of this figure, reveals the
typical behavior of the row 1 SCA throughout the day without the
influence of wind. The torsional error at the Mid and SO locations is
approximately 10 mrad until midday, when the torsional error peaks
and then decreases in the afternoon. This trend mirrors that of the
median values in Fig. 6, illustrating the influence of SCA tilt angle
in torsion. The persistent lag of the SCA at the Mid and SO locations
of approximately 10 mrad may also contribute to the peaks occurring
slightly after solar noon. As DO rotates to the face-up position, SO is
approximately 10 mrad behind. When DO passes the face-up position,
gravity begins to pull the DO and SO ends of the SCA in opposite
directions. In the last row, the standard deviation of the tilt angle
remains approximately 0.1 mrad.

On February 22, 2023, when the plant is operating, the sustained
strong westerly winds cause the torsional error in row 1 to quadruple
at the SO location until about 13:00 h when the PTC rotates to face the
wind, causing the aerodynamic forces to rotate the PTC downward and
reducing the torsional lag. Additionally, the torsional error exhibits a
large amount of scatter, indicating dynamic wind-loading effects as the
turbulence levels increase with the greater wind speeds. This dynamic
loading is also illustrated by the standard deviation of tilt angle on this
day, which reaches up to 3x its value during weak winds on January
28, 2023.

April 2, 2023 exhibits a real-time transition from the weak winds
condition to the strong westerly winds condition. The torsional error in-
creases sharply at 13:00 h when the front passes through the plant. This
peak is followed by a sharp drop in torsional error as the PTC rotates
to face the wind and the Mid and SO locations are pushed downward
by the resulting aerodynamic forces, reducing the lag between those
locations and DO. From these three sample days, it is clear that the
wind conditions play an important role in torsion, and that the wind’s
impact depends on the orientation of the PTCs.

4. Conclusion

This study characterizes the torsional error in the PTC support
structure experienced by three rows at an operational CSP plant and
quantifies the wind impacts on torsion. Wind-induced torsion had been
studied using numerical simulations and experimental tests, but not in
an operational setting, highlighting a novel contribution of the present
study. The findings of this work are summarized in the following
conclusions:

• Torsion along the PTC support structure causes a median angular
displacement of up to 13.9 mrad in row 1, 7.4 mrad in row 2 and
5.2 mrad in row 4, each with a tolerance of ±4.08 mrad.
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Fig. 11. Torsional error (𝛽𝑥,𝑆 𝑂 − 𝛽𝑥,𝐷 𝑂) as a function of tilt angle and wind direction. The gray region signifies westerly winds that are perpendicular to the trough. Data points
are from all daytime operational periods during strong winds (>4 m/s) between December 23, 2022, and June 11, 2023.
Fig. 12. Measurement data from 3 days: January 28, 2023 (low wind, smooth operation), February 22, 2023 (high winds) and April 2, 2023 (frontal passage). First row: inflow
wind speeds at a 7-m height. Second row: wind direction with westerly winds shaded in gray. Third row: PTC tilt angle at row 1, DO 𝛽𝑅1,𝐷 𝑂 in degrees. Fourth row: torsional
error in row 1 at two lateral locations (Mid and SO), with respect to the drive location (DO). Positive torsional error (𝜖𝑡𝑜𝑟𝑠𝑖𝑜𝑛 > 0) indicates when the PTC at (𝑥, 𝑦) is lagging behind
the DO position. Fifth row: standard deviation of 1-min intervals of the PTC tilt angle.
• The median torsional error changes by about 5 to 11 mrad across
the full range of tilt angles during operation, peaking in rows 1
and 2 at −15 to −20 degrees (facing slightly toward the west).

• The torsional error in all rows is strongly correlated with trough
tilt angle, and in row 1, with trough-perpendicular wind speed as
well. Air temperature does not play an influential role in torsional
error.

These conclusions are based on measurements from inclinometers
mounted on the space frames, which define the position of the mirrors.
Future work should quantify the expected orientation and deformation
of the mirrors based on the observed torsion of the space frame. These
large magnitudes of torsional error include any possible misalignment
of the inclinometer mounting surfaces, but the variation and trends
suggest potential impacts on optical performance. These findings are
based on only three SCAs out of the 800 total SCAs at NSO; therefore,
8 
impacts on the overall plant performance are unknown. Although
current design practices aim to minimize torsion along the PTC, the
torsion experienced at NSO may reduce optical performance in the
three measured rows. These findings should be considered in the design
of the support structures and control strategies.

Although CSP plants stow the PTCs during strong winds, operational
PTCs can still face adverse wind conditions that may exacerbate torsion
enough to reduce optical performance. This study finds that torsional
error depends strongly on wind conditions, PTC orientation, and the
PTC’s location within the collector field. Specifically, this study quan-
tifies the effect of wind conditions on the torsional error, summarized
in the following conclusions:

• As expected, strong winds (>4 m/s) perpendicular to the PTCs
induce greater median torsional error and standard deviation of



B.J. Stanislawski et al. Renewable Energy 241 (2025) 122135 
Fig. A.1. Statistical summary of the tracking error 𝜖 of all operational daytime periods from December 23, 2022, to June 11, 2023.
tilt angle in row 1 than in rows 2 and 4 because row 1 blocks the
incoming wind.

• Strong winds perpendicular to the PTCs increase the median tor-
sional error of the outermost row by up to 18 mrad and increase
the standard deviation by up to 8 mrad when compared to weak
wind conditions.

• Strong winds perpendicular to the PTCs have opposite effects
on row 1 torsional error when the troughs face toward versus
away from the incoming wind. The parabolic shape causes the
transition between reducing and increasing torsional error to
occur at a tilt angle of −20 degrees (tilted slightly toward the
wind) rather than at 0 degrees (facing up).

• At tilt angles less than −20 degrees (more west-facing), strong
winds perpendicular to the PTCs change the median torsional
error by up to 9 mrad in row 1 and by a negligible amount in
rows 2 and 4.

• At tilt angles greater than −20 degrees (more east-facing), the
interior rows 2 and 4 are still affected by strong winds perpen-
dicular to the PTCs, which increase the median torsional error
by up to 8.5 mrad in row 2 and 6 mrad in row 4 in the face-up
position.

• During strong winds perpendicular to the PTCs, the standard
deviation of row 1 torsional error can reach above 10 mrad at the
shared location and 6 mrad at the middle of the PTC, compared
to weak wind conditions.

• In row 4, an asymmetric distribution of mass about the rotation
axis is suspected, which likely causes the sinusoidal behavior of
the torsional error time series and the large standard deviation.

Torsional error greater than the acceptance angle of 13.7 mrad will
decrease optical performance of the PTC at that location according to
9 
the relationship in Fig. 4 and smaller torsional error values can lead
to non-uniform heating of the absorber tube. Therefore, the promi-
nent influence of wind in angular misalignment supports the need
for stringent torsional stiffness design requirements, torsion mitigation
strategies, frequent calibration of the tracker drives and closed-loop
control strategies that use a light sensor mounted on the trough to
correct misalignment [9].

Based on the data collection and analysis, this work also shares
lessons learned from the measurement campaign. The measurement of
PTC angular misalignment is difficult in an operational plant that uses
open-loop tracking because there is no ‘‘ground truth’’, and therefore,
no way to calibrate the measurements. This means that inclinometer
measurements cannot be used for assessing absolute tracking error
or optical performance, but rather torsion of the space frame with
respect to a reference angular position on the same space frame. This
is a helpful lesson to share with the broader CSP community and
presents a need for finding a method to establish a ‘‘ground truth’’ at
operational PTC plants. To help address these measurement challenges,
future work should study the impact of static and dynamic wind loading
on optical performance through numerical simulations or in a more
controlled experimental test bench setup with heat flux distribution
verification capabilities. These findings and lessons learned advance
the CSP community’s understanding of torsion and, more broadly,
angular displacement error, as well as its measurement, causes and
impact, which can inform improved designs, controls and performance
modeling techniques. Greater understanding and mitigation of these
sources of error promote the continued adoption of CSP and its role
in our transition to a clean energy future.
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Fig. A.2. Trough tilt angles at rows 1, 2 and 4 and at three lateral locations (DO, Mid, SO) on a low-wind, smooth-operation day (January 28, 2023). Upper row: the trough tilt
angle 𝛽𝑥,𝑦 in degrees. Lower row: tracking error 𝜖.
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Appendix. Uncalibrated long-term tracking error

In light of the lack of calibration of the measured PTC tilt angle with
the controller-defined tilt angle, results thus far are presented in terms
of torsional error, which is the difference between the measured tilt
angle at two locations along the same PTC. This section also shares the
raw tracking error results—the difference between the measured PTC
tilt angle and the calculated sun position. These findings reveal the need
for redundant measurements from different metrology techniques when
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measuring tilt angle (e.g., inclinometer and photogrammetry) and the
benefits of saving the controls history at CSP plants.

The tracking error is calculated at every instant in time as:

𝜖 = 𝛽𝑥,𝑦 − 𝛽𝑛𝑜𝑚𝑖𝑛𝑎𝑙 (A.1)

where 𝜖 denotes the tracking error in milliradians, 𝛽𝑥,𝑦 denotes the
measured tilt angle of the PTC at location (𝑥, 𝑦) and 𝛽𝑛𝑜𝑚𝑖𝑛𝑎𝑙 denotes
the nominal tilt angle of the PTC.

The nominal tilt angle, 𝛽𝑛𝑜𝑚𝑖𝑛𝑎𝑙, is the tilt angle of the PTC when
pointed directly at the calculated sun position in the transversal plane.
The sun position is calculated using a pvlib [29] Python library
for the National Renewable Energy Laboratory’s Solar Position Al-
gorithm1 [30,31], which takes as inputs the latitude, longitude and
elevation of NSO and generates the azimuth, 𝛾𝑠𝑢𝑛, and elevation, 𝛼𝑠𝑢𝑛,
angles of the sun throughout the field measurement period. These
angles are used to project the sun position in 3D onto the east–west-
up transversal plane based on Anderson and Mikofski [32] using the
pvlib.tracking package, which also requires the tilt of the tracker
rotation axis with respect to the horizontal (𝛽𝑎 = 0◦) and compass
direction along which the axis of rotation lies; measured east of north
(𝛾𝑎 = 0.3◦).

The statistical summary of the raw tracking error from December
23, 2022, to June 11, 2023, is presented in Fig. A.1. The large mean
values are likely due to an angular offset between the inclinometer’s
mounting surface and the aim direction of the mirrors, which could
not be quantified due to the lack of calibration. The large standard de-
viations are likely due to differences in the sun position algorithm used,
wind loading (largest at row 1 SO), and asymmetric mass distribution
about the pivot axis (at row 4 Mid and SO). This offset between the
center of mass and the pivot axis that causes the sinusoidal signal is
apparent in the bimodal shape of the histogram at the row 4 Mid and
SO locations.

A sample time series tracking error is shown in Fig. A.2 for the low-
wind case of January 28, 2023. The second row of figures highlights
the trends of tracking error throughout the day. At each sensor location
(differentiated by colors), the PTCs move similarly throughout the day,
but row 1 appears to track ahead of the sun (𝜖 < 0) and rows 2
and 4 appear to lag behind the sun (𝜖 > 0). However, in reality,
whether the tracking error is positive or negative is unknown due to
the lack of calibration. At the drive location in row 1, the tracking error
increases approximately linearly throughout the day, up to a tracking

1 https://pvlib-python.readthedocs.io/en/v0.4.2/generated/pvlib.
solarposition.spa_python.html#pvlib.solarposition.spa_python.

https://pvlib-python.readthedocs.io/en/v0.4.2/generated/pvlib.solarposition.spa_python.html#pvlib.solarposition.spa_python
https://pvlib-python.readthedocs.io/en/v0.4.2/generated/pvlib.solarposition.spa_python.html#pvlib.solarposition.spa_python
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error of −40 mrad. In rows 2 and 4, the trend strays from linear and
he tracking error appears to decrease in the afternoon in row 2. The
racking error at the Mid and SO locations reveals local error minima
ust after solar noon (vertical dashed line in the upper row of figures),
ith the most pronounced peaks in row 1. This tracking error could

be due to installation and positioning errors of the SCAs, pivot-point
offset of the inclinometer or SCAs, miscalculation of sun position by
the controller or deformation of the space frame between the mirrors
and inclinometer position.

Data availability

Wind and Structural Loads on Parabolic Trough Solar Collectors at Ne
vada Solar One (Reference data) (Open Energy Data Initiative (OEDI))
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