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Abstract. This paper investigates a stowing strategy of a heliostat field based on wind speed and direction, in terms of the
potential benefit of additional energy collection through the partial stowing of heliostats within an azimuth angle range
with reduced operating wind loads. Correlations of one-minute wind speed and DNI at a heliostat field site with the
operating wind loads, based on the azimuth-elevation tracking angles of individual heliostats, were used to assess the
increased operating time and collected thermal energy by the field. The results show that more than 23% of heliostats in
the sector of the field with operating wind loads that are smaller than 50% of the stow loads can continue to operate during
a high-wind period (e.g. 10 m/s). Adopting a stow strategy based on wind direction can increase the annual operating time
of'the heliostat field by 6% with increasing stow design wind speed from 6 m/s to 12 m/s. Furthermore, the stowing strategy
based on wind direction to allow heliostats to continue to operate at wind speeds exceeding 10 m/s can achieve an additional
280 MWh of thermal energy collected by the heliostat field operation during time periods that would conventionally stow
the entire field with 24 GWh of annual thermal energy captured.

INTRODUCTION

The heliostat field represents the largest contribution and almost half of the total capital cost of a concentrating
solar thermal power tower plant [1, 2]. Design specifications for the operating conditions of a heliostat field affect the
performance and cost of a concentrating solar thermal power tower plant. The heliostat structural components,
including the pedestal and torque tube, account for 18-34% of the total cost of conventional T-shaped heliostats
depending on the heliostat size [3]. Furthermore, the drive unit represents 35-50% of the heliostat cost [3] to effectively
track over a range of required motions and reflect the sunlight onto a receiver at the top of a tower during operation
of the plant. Spillage losses due to wind-induced tracking errors become significant on heliostats with increasing
distance from the tower, however the operating range of elevation and azimuth angles is typically larger for heliostats
closer to the tower. By reducing the azimuth angle range from 180° to 140°, the estimated total energy loss of 3% can
be compensated by an increase of 4% of the number of heliostats in the field [4].
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The cost of conventional heliostat drives can be effectively reduced with an accurate estimation of the wind loading
for the expected range of elevation and azimuth angles of heliostats during operation of a field. For instance, the
elevation angle varies between 13° and 77° during operation of heliostats located at the edge of a 150 MW field,
containing 35,000 heliostats distributed over a radius of 500 m in a surround field arrangement [5]. Furthermore, the
elevation angles of two heliostats positioned at radial distance of 100 m and 362 m from a 100-m tower can differ by
up to 15° when tracking throughout a day [6]. The specifications for the operation of a heliostat field include a
threshold (design) wind speed at which the heliostats are moved to stow position. Standard practice in the operation
of heliostat fields is to stow the entire field during the approach of a high-wind event, such as gust front when the wind
speed exceeds this design wind speed. The peak wind loads on heliostats in some operating positions exceed the
maximum stow load, depending on the azimuth-elevation configuration of the heliostat and the turbulence intensity
and length scales in the atmospheric boundary layer (ABL) simulated in wind tunnel experiments on scale-model
heliostats at the University of Adelaide [3, 7-12]. It has be shown that the maximum wind loading on the drives and
supporting structure during a synoptic gust front with a steady wind direction only applies to a portion of the heliostats
in the field, such as azimuth angles of 0° (wind impacting front of heliostat) and 180° (wind impacting back of
heliostat) for the hinge moment and overturning moment, and azimuth angles of £60° and £120° for the azimuth
moment [8]. In this study, a strategy that stows heliostats based on a design wind speed and wind direction is
investigated through a sensitivity analysis of the azimuth angles of individual heliostats within a field and their
corresponding aerodynamic load coefficients derived in wind tunnel experiments. The current study aims to
investigate the maximum operating loads and survival stow loads on multiple 39.6 m? heliostats in the 7 MW, CESA-
I field, through the correlation of:

1. Historical wind speed and DNI data measurements by the German Aerospace Center (DLR) Institute of Solar
Research and Centro de Investigaciones Energéticas, Medioambientales y Tecnologicas (CIEMAT) at
CIEMAT’s Plataforma Solar de Almeria (PSA) in Spain.

2. Non-dimensional wind load coefficients on a scale-model heliostat [3, 7, 8] at a range of elevation («) and
azimuth (f) angles in the University of Adelaide wind tunnel.

The outcomes of the present study provide an understanding of the daily and seasonal variation of the design wind
loads on individual heliostats and the influence of wind direction on the loading distribution throughout a polar
heliostat field, such that there is a potential to increase the operating minutes of protected regions of the heliostat field
and thus maximize the energy yield of a power tower plant. Collection of high-fidelity wind velocity measurements
over extended periods (i.e. years) can improve the annual operating time and efficiency of the heliostat field thermal
energy capture at concentrating solar power plant sites, through the improved resolution of operating load data.

METHODOLOGY

Wind velocity measurements were obtained by a single CSAT3 ultrasonic anemometer at a 4.5-m height, mounted
alongside three cup anemometers and a vane anemometer (Figure 1b) on a 10-m height meteorological mast (37.094°
N, 2.359° W) to the east of the 7 MWy, (5 MW,.) CESA-I heliostat field (Figure 1a) at PSA. The terrain surrounding
the PSA site was characterized to approximate an open country terrain with a logarithmic law surface roughness height
Zy = 0.08 m and turbulence intensities I, =25% and I,, = 12% in the longitudinal and vertical directions, respectively
[5, 13]. Analysis of the one-minute wind speed distribution (Figure 2a) in the year of 2016 showed that wind speeds
above 10 m/s approached the CESA-I heliostat field from westerly and easterly directions (clockwise angle from north
in Figure 2b), in agreement with previous analysis of wind speeds over 30 m/s over several years [5]. When correlating
wind speed with the heliostat field operating time, during daytime minutes with DNI > 300 W/m? for significant power
generation [14], it was found that u > 10 m/s for 1.9% of the time and u > 12 m/s for 0.36% of the time. Wind speed
and direction were used in combination with peak aerodynamic coefficients on a single heliostat in the University of
Adelaide wind tunnel, as a function of the elevation and azimuth tracking angles of individual heliostats in the CESA-
I field. It is noted that the aerodynamic coefficients on a single heliostat are conservative for the whole field, as the
loading on in-field heliostats would likely decrease due to blockage from upstream heliostats. By applying two criteria
of wind speed and direction to the stowing strategy of parts of the heliostat field with similar azimuth angle rather
than the whole field, the overall energy yield can be increased during synoptic high-wind periods with a steady wind
direction. The operating wind loads on the heliostats that continued operating during high-wind periods were estimated
using the wind load coefficients [8] corresponding to azimuth-elevation angle configuration, and comparing with the
maximum stow loads to ensure the structural integrity of the supporting pylon, torque tube, drives and foundation.
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FIGURE 1. (a) Plan view of the CESA-I heliostat field and 10-m mast (Google.org), (b) meteorological mast with cup, vane and
ultrasonic anemometers at different heights
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FIGURE 2. Normalised probability distributions of 1-minute-data in 2016: (a) wind speed, (b) wind direction

Figure 3 shows the distributions of heliostat tracking angles, defined as the elevation angle a with respect to the
horizontal (denoted by length of arrows) and the azimuth angle (denoted by direction of arrows clockwise with respect
to north), throughout the operating hours of the field on 21 June 2016. The distributions of elevation (Figure 3a) and
azimuth (Figure 3b) angles are symmetric at 12:00, however there is an increased asymmetry in the afternoon at 16:00
(Figure 3c-d). Figure 3(e-f) show that the elevation angles has a smallest variation across the north-south boundaries
of the field of 20° at 12:00 in summer, compared to a maximum variation of 40° at 06:00 and 18:00. During a 30 m/s
gust wind speed, the hinge moment on a heliostat at an elevation angle of 45° is approximately 30% smaller than the
hinge moment on a heliostat at a 30° elevation angle [7]. Furthermore, the azimuth angle shows the maximum variation
of 70° across the east-west boundaries of the field at 12:00 in summer. The azimuth moment in the typical operating
range of 15° < a < 60° is reduced by more than 50% with £15° deviation of the wind direction from the maximum
azimuth load cases at f = 60° and 120° [8]. Hence, the loading on heliostats outside of the critical range of wind
directions are likely to conform to the conventional safety factor of 1.5 for high wind speed sites [15]. Hence, the
largest variation of operating azimuth angles throughout the field in summer offers the greatest potential to stow only
those heliostats in segments of the field excluded from (or within) a cone of acceptance of the wind direction during
a high-wind (gust) event when the wind speed exceeds the design threshold.
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FIGURE 3. Heliostat tracking angle distributions on 21 June 2016: (a-b) elevation and azimuth angles at 12:00, (c-d) elevation
and azimuth angles at 16:00, (e-f) histograms of the operating elevation and azimuth angles throughout the CESA-I field at
different times throughout the day. The size of the arrows in (a-d) indicates the magnitude of the elevation angle, and the
direction of the arrows indicates the azimuth angle in terms of the facing direction of each heliostat.

RESULTS AND DISCUSSION

Figure 4 shows a case study analysis of the correlations of the wind speed, wind direction and DNI on 21 June
2016 to determine the distribution of the elevation and azimuth angles of the 300 heliostats in the CESA-I heliostat
field. The time series (Figure 4a) indicate a clear day with DNI approaching 1000 W/m? and moderate to high one-
minute average easterly wind speeds above 5 m/s and exceeding 10 m/s during the maximum DNI period from 12:00
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to 15:00. Correlation of the 10-minute averages of wind speed and DNI for more than two years in Figure 4(b) shows
a weak correlation between wind speed and DNI. In the 3D histogram shown in Figure 4(b), the statistical occurrence
of DNI against wind speed is shown by the colorbar. This frequency is indicated by the grey grid values in the
maximum operating wind speed range of 5-10 m/s, where the color of each pixel shows the frequency of the bin within
the DNI range (row) of the grid. With increasing DNI, there is an increased range and average value of wind speed.
This is supported by the scatter plot in Figure 4(b), which shows that the median values of the DNI-weighted wind
speed for day and night conditions increase from 2 m/s to 5 m/s with increasing DNI from 0 to 1100 W/m?. Figure
4(c-d) show the distribution of the elevation and azimuth angles of individual heliostats in the CESA-I field, averaged
over the minutes with u > 10 m/s in Figure 4(a). The elevation angle showed a small variation throughout the field,
ranging from a = 39° in the inner field and decreasing with distance from the tower to @ = 30°, which corresponds
to the maximum operating lift force and hinge moment coefficients [7]. The azimuth angle § showed a maximum
variation from 77° in the eastern sector to 133° in the western sector of the field, as indicated by the red circles in
Figure 4(d). This operating range of azimuth angles represents the smallest values of the hinge moment and
overturning moment resisted by the torque tube and foundation, The aerodynamic wind load coefficients of smallest
magnitude (close to zero) occur for wind approaching at f = 90° perpendicular to the heliostat facing direction.
However, the maximum azimuth moments occur at § = 60° and 120°. Hence, there is a narrow margin of azimuth
angles (90 + 15°) for which the expected hinge moments and overturning moments are below 30% of their maximum
load cases at f = 0° and 180°, and the azimuth moment is below 50% of its maximum at f = 60° and 120°. As
indicated by the contour lines in Figure 4(d), there are 154 heliostats in the field within the operating range of § = 90
+ 15°. This suggests that the eastern half of the field could safely continue operation without exceeding the maximum
operating load during a steady wind of constant direction that would otherwise stow the entire field upon reaching the
design wind speed. Assuming the duration of the transition from the operating positions of the heliostat field to stow
position is 10 minutes at the occurrence of a 10 m/s wind gust and an additional 10 minutes to return heliostats to their
operating positions, the stowing strategy to allow heliostats with f = 90 £ 15° to continue to operate was investigated.
Adopting such a strategy increased the thermal energy collected by 280 MWh through heliostat operation during
periods that would conventionally stow the entire field with 24 GWh of thermal energy captured in the year 2016.
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FIGURE 4. Case study on 21 June 2016: (a) wind speed, direction and DNI time series, (b) correlation of 10-minute DNI-
weighted wind speed and DNI. Lower plot: median of wind speed in different DNI categories. Upper plot: statistical occurrence
of DNI vs. wind speed, normalized for each DNI category, (c) distribution of heliostat elevation angles atu > 10 m/s, (d)
distribution of heliostat azimuth angles at u > 10 m/s. Red circles indicate the individual heliostats corresponding to the
maximum and minimum azimuth angles throughout the field.
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Figure 5 shows the peak operating loads on the 300 individual heliostats within the CESA-I field for the high-wind
periods with u > 10 m/s. It can be observed in the histogram distributions with 50 Nm bins in Figure 5(a-c) that there
is a wide range of operating loads throughout the heliostat field due to differences in elevation angle (Figure 4c) and
particularly azimuth angle (Figure 4d) of individual heliostats. The peak hinge moments (Figure 5a) and overturning
moments (Figure 5b) distributions are negatively skewed with increasing magnitude, however only 16 heliostats (5.3%
of the field) are within the maximum bin range of My, = 650-700 Nm and only 8 heliostats (2.7%) are within the
maximum bin range of M,, = 1000-1050 Nm. In contrast, the peak azimuth moments (Figure 5c) are positively skewed
with increasing magnitude, such that there are 27 heliostats (9%) and 49 heliostats (16.3%) of the field with peak
M, < 50 Nm and M, < 100 Nm, respectively. Based on the ultimate design stow condition using the maximum stow
aerodynamic coefficients [3, 7, 8] over all of the azimuth angles at a turbulence intensity I, = 13%, the maximum
operating loads on the individual heliostats in Figure 5(d-f) were normalized against the stow design wind loads. The
results confirm that the loading distribution for this high-wind period in summer are highly dependent on the azimuth
angle of individual heliostats in the field. The normalized hinge moments (Figure 5d) and overturning moments
(Figure 5e) are largest in the western sector of the field, reaching maximum values of 37% and 22% of the stow load,
respectively, compared to minimum values of 1% and 7% in the eastern sector of the field. The peak operating azimuth
moments (Figure 5f) exceed the stow load by up to a factor of 2.5 in the western sector of the field, due to the
considerably smaller azimuth moment coefficients in stow [3]. However, there are 69 heliostats (23%) in the eastern
sector of the field with azimuth moments below 50% of the stow azimuth moment. Hence, this indicates that there is
a significant variation in the peak operating loads throughout a heliostat field based on azimuth angle, which are
considerably lower than the stow design load within a safety factor of at least 1.5. Furthermore, adopting a stowing
strategy based on wind load offers an effective and robust solution to stow only those individual heliostats (or rows)
in the field that exceed the maximum operating design load and ultimate design stow load specifications.
Instrumentation of heliostats in different rows within a field would also be highly beneficial to better understand the
wind-blocking and vortex shedding effects on the heliostat field acrodynamics and wind load distributions.
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Figure 6 shows the operating time of the CESA-I field, normalized with respect to the operating minutes with
DNI > 300 W/m? by season in 2016. Based on the results in Figures 4 and 5, those heliostats in the field with § = 90
+ 15° are assumed to operate at wind speeds larger than the stated stow design wind speed. As the maximum allowed
wind speed is increased from 6 m/s to 12 m/s, the operating time increases by 7% in winter and summer, 6% in spring
and 2% in autumn. An increase of 6% of the annual operating time of the heliostat field can thus be achieved by
continuing to operate above the maximum operating design wind speed, only for those heliostats in the field within
the stated range of azimuth angles. This indicates that there is a significant opportunity to increase the annual
performance and efficiency of a heliostat field through the adoption of a partial stowing strategy of a heliostat field,
based on wind speed and direction. It should be noted that the estimated peak wind loading distributions on single
heliostat aerodynamic coefficients provide a conservative measure of the loading distribution throughout the heliostat
field. Further work to verify a stowing strategy based on wind direction, or wind load, should consider the blockage
and vortex shedding of heliostat-induced wake turbulence and the resulting variation of wind loads on heliostats in
different rows. Partial operation of the field would also need to verify the benefit and/or limitation to the optical
performance of the heliostat field and the aiming distribution and heat flux profiles over the surface of the receiver.
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FIGURE 6. Operating time by season, relative to all operating minutes with DNI > 300 W/m? in 2016, of the CESA-I heliostat
field, including operating heliostats with f§ = 90 + 15° at wind speeds larger than the stated maximum wind speeds
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CONCLUSIONS

This paper investigated a stowing strategy of a heliostat field based on wind speed and direction, in terms of the
potential benefit of additional operating minutes and energy generation through the partial stowing of only individual
heliostats within a cone sector of § = 90 £ 15° representing the range of minimum operating wind loads. The results
show that partial stowing of the field through reduced wind loading of some regions of the field due to differences in
azimuth angle can achieve increased operating time of the heliostat field. For example, up to 23% of heliostats in the
eastern sector of the field have a peak operating azimuth moment with magnitude less than 50% of the stow azimuth
moment, with the operating hinge and overturning moments remaining less than 10% of their respective stow load
cases. As the stow design wind speed is increased from 6 m/s to 12 m/s, the annual operating minutes of the plant can
be increased by 6% throughout the year by adopting a stowing strategy to allow heliostats with f = 90 £ 15° to
continue to operate. It was found that employing this stowing strategy at wind speeds exceeding 10 m/s can achieve
an additional 280 MWh of thermal energy collected by heliostat field operation in a year, which would conventionally
stow the entire field with 24 GWh of annual thermal energy captured.
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