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A B S T R A C T

Due to changing boundary conditions like reduced controller cost and the need for higher flux densities, smaller 
heliostats have become more and more important in recent decades. The methods for determining heliostat wind 
loads were initially developed for the larger heliostats common at the time. For smaller heliostats, it is important 
to choose suitable methods for the individual steps of wind load determination and, if necessary, to adapt them to 
the lower height. These steps involve determining the maximum wind speeds, the turbulence spectra, the 
pressure distribution time series, the dynamic amplification, and the wind load spectra.

1. Introduction

In recent years, the cost optimum of heliostats has shifted towards 
smaller mirror areas. While several studies from a decade ago stated 
sizes of around 50 m2 [6,24,25], the preliminary results of the latest 
study for applications of 565 ◦C or higher are between 5 and 15 m2 [9]. 
The disadvantage of such small heliostats is the larger number of con
trols and cabling required for the heliostat field. However, the rapid 
decline in the cost of electronic components, including PV and battery 
systems, has made this disadvantage less significant. Small heliostats 
have the advantage of a lower weight per mirror area. That is because 
the mirror surface only increases quadratically with the side length, 
while the volume and thus the weight of the structural elements in
creases cubically [16]. Further advantages of smaller heliostats are their 
lower height, which is associated with lower wind speeds, suitability for 
large-scale production [11], and better transportability. With the use of 
smaller solar tower systems for solar fuel production, another point has 
to be considered: the high required flux densities of up to 3 MW/m2 can 
only be achieved economically with heliostats with very high optical 
efficiency. In smaller systems, however, large heliostats have a large 
astigmatism error [28]. This would lead to a very high number of 
required heliostats and thus to high costs as shown for a sample case by 
Pfahl and Dohmen [23].

The main load on heliostats is due to wind. Wind loads are usually 
determined by means of wind tunnel tests. Emes et al. [7] have provided 
a comprehensive overview on this. In wind tunnel tests, it is not only 
important that the wind speed in the wind tunnel increases with height 
(wind profile) as in reality, but also that the turbulence is modeled 

correctly. Both depend on the surrounding of the heliostat field. To 
avoid having to model the environment for every specific case, possible 
environments for buildings and larger heliostats can be divided into 
categories. Boundary layer wind tunnel providers have the appropriate 
turbulence and wind profile generators available for these categories. 
Since solar fields are usually erected in unbuilt surroundings, the “open 
country” category is usually used for heliostats. For this category, there 
is some literature available with wind load coefficients for heliostats (e. 
g. [18,22,27]), so the static wind loads can be roughly determined even 
without own wind load tests, provided that the geometry of the heliostat 
matches that of the literature. However, this procedure is not suitable for 
small heliostats. On the one hand, because previous literature values 
generally apply to larger heliostats with the corresponding turbulence 
intensity for higher heights. On the other hand, the gradients of the wind 
speed and turbulence intensity profiles increase significantly towards 
the ground. Therefore, inaccuracies in the modeling of the ground 
roughness, as they are given with the usual use of only a few ground 
categories, lead to larger errors.

For smaller heliostats, precise wind speed profiles and turbulence 
spectra at heliostat height would therefore have to be measured at the 
particular site in order to be able to develop and build suitable wind 
tunnel set-ups to simulate the ground roughness. This means a consid
erable additional effort. It would therefore be desirable to be able to 
calculate the wind loads. Li et al. [17] presented an approach using 
Large Eddy Simulations (LES).

A disadvantage of conventional wind tunnel tests and also of pure 
LES calculations is that the dynamic behavior and therefore also the 
dynamic wind loads cannot be simulated with the rigid heliostat models 
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usually used. With aeroelastic wind tunnel models it is possible, but very 
expensive and still inaccurate. Dynamic wind loads can be calculated 
using the fluid–structure interaction method (FSI), but this is compu
tationally very extensive. A cost-effective method was presented by 
Gong et al. [10]. They determined the pressure distribution time series 
in the wind tunnel and used them in a transient finite element analysis 
(FEA) simulation. Blum et al. [4] have developed a method to reduce the 
computational effort of this approach by using a coarser model to 
determine the time periods of maximum deformation first and applying 
the precise model only to these time periods.

In addition to the maximum loads, the number of load cycles is also 
required for the dimensioning of heliostats in order to exclude failure 
due to fatigue. The method proposed by [20] can be used for this 
purpose.

In this contribution, it is presented which of these methods should be 
applied and in which way to determine the wind loads on small 
heliostats.

2. Wind speed and direction

The maximum wind speeds are the basis for any wind load deter
mination. A distinction must be made between the maximum wind 
speed while the heliostat is operating or moving into the stow position 
and the one that is expected at the specific site and at which the heliostat 
is in the horizontally aligned stow position.

2.1. Maximum wind speed while heliostat is moving

During operation, the mirror is usually not aligned horizontally, 
which means that it has a much larger area exposed to the wind than in 
the stow position. To reduce costs, a maximum operating wind speed is 
therefore defined that is significantly below the maximum wind speed of 
the location. However, this means that the plant loses yield at times 
when operation is not possible due to high wind speeds. In order to 
determine the most cost-efficient maximum operating wind speed, the 
resulting monetary loss must be weighed against the savings on helio
stats resulting from the reduced wind loads.

It must be considered that the heliostat needs a certain time to reach 
the stow position. It is therefore not sufficient to dimension the heliostat 
according to the maximum operating wind speed, as the wind can in
crease till the stow position is reached. The maximum wind speed while 
the heliostat is moving can therefore be significantly higher than the 
maximum operating wind speed which leads to much higher wind loads 
as the wind speed factors quadratically into the calculation of the wind 
loads. For an operational wind speed of 10 m/s and a safety margin of 8  
m/s e.g., three times (!) higher wind loads have to be considered.

However, if it were possible to forecast the exceeding of the 
maximum operating wind speed, the heliostat could be moved to the 
stow position in time and no higher maximum wind speed would have to 
be assumed. The time needed to get from vertical to horizontal mirror 
orientation is typically a few minutes. Anemometers, for example, could 
be placed around the heliostat field or on the prevailing wind side of the 
heliostat field at least for sites with a predominant wind direction. But 
they would have to be at a sufficient distance so that the heliostats can 
move to the stow position early enough. They would also have to be 
sufficiently dense. As this would be very expensive and as the land where 
the anemometers would have to be installed normally has other owners, 
this approach does not seem practicable. But a possible approach is to 
use a wind lidar to scan the surroundings regarding wind speed at a 
distance of up to several kilometers and thus be able to warn of excessive 
wind speeds in time. This approach is described by Conseil [5] and 
Ibrahim [15]. Another possibility is to use weather forecast models that 
can be refined for the specific site using local wind measurements and 
AI. With it, warnings of weather patterns with possibly too high wind 
speeds could be provided [1].

One way of reducing the design wind loads is to move the heliostats, 

which are unfavorably aligned and located at the edge and not in the 
strong lee of other heliostats, into the safety position at lower wind 
speeds or at least into an alignment that leads to lower wind loads. This 
does result in a slight loss of yield. However, as only a few heliostats are 
affected, this loss is relatively small. The efficiency of this approach 
could be increased by monitoring the edge areas of the heliostat field to 
determine which heliostats are particularly affected by the current wind 
conditions. The monitoring could be achieved using sensors on the he
liostats or, probably more simply, using cameras installed on the tower. 
The sensors or cameras would detect the strength of fluctuations of the 
mirror, which would allow to conclude on the wind load. For that, a 
relationship between wind load and surface fluctuations would need to 
be developed. Over time, this could be used to determine which field 
positions are particularly critical for which wind direction, heliostat 
alignment and wind speed. With AI support, this knowledge could be 
gained in a shorter time. Over time, this would make it possible to 
dispense with the sensors or cameras, including for other similar he
liostat fields.

2.2. Maximum wind speed while heliostat is in stow position

Wind standards with wind speed maps are available for many 
countries. They provide the maximum wind speeds at a height of 10 m 
for the various regions of the country. The wind profile and thus the 
maximum wind speed at heliostat height can be calculated using the 
terrain category of the surrounding of the site. However, it can be 
determined more precisely with anemometer measurements on site, 
which is particularly relevant for small heliostats, as the wind profile, as 
already mentioned in the introduction, shows an increasing gradient 
with lower altitude. When taking measurements, it is important to 
ensure that the wind speed is sufficiently high so that the wind profile is 
not distorted by thermal effects.

In case the surroundings of the heliostat field site are not uniform, 
the wind direction must also be considered. If the highest wind speeds 
can only occur from one prevailing wind direction, wind measurements 
with this wind direction can be used. Otherwise, all possible wind di
rections must be considered and the one with the most unfavorable wind 
profile has to be taken into account.

If no wind speed maps are available, historical wind data can be 
used. This can be analyzed using extreme value statistics to calculate the 
maximum wind speed ([19], Appendix A). The main wind direction can 
also be determined from this data, if not otherwise known.

3. Turbulence

One advantage of small heliostats is the lower height with the 
associated lower wind speeds. However, the intensity of the turbulence 
increases with reduced height. This must be considered especially for 
load cases that are strongly affected by turbulence i.e. orientations with 
a high ratio of peak load to mean load. These are in particular the 
moment about a horizontal axis (MHy or MHx) with horizontal mirror 
alignment and the moment about the vertical axis (Mz) with vertical 
mirror and flow parallel to the mirror surface. This is explained in the 
following for MHy.

MHy is calculated according to Peterka and Derickson [18] using the 
following formula: 

MHy = cMHy
ρ
2
v2

HAh (1) 

With cMHy for the wind load coefficient of the hinge moment, ρ for the air 
density, vH the mean wind speed at elevation axis height H, A the mirror 
area, and h the chord length of the mirror. This formula reflects the fact 
that the hinge moment increases proportionally with the individual 
factors with the exception of the wind speed which is squared. The de
pendency of the wind speed on height can be calculated using the log
arithmic law [18]: 
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vH = v10m
ln H

z0

ln 10 m
z0

(2) 

With v10m for the mean wind speed at 10 m height and z0 for the ground 
roughness of the surrounding which is typically 0.03 m for the terrain 
category “open country”.

All in all, the hinge moment would increase with the mirror area as 
given by the blue dashed graph of Fig. 1. Here, the hinge moment is 
normalized to an area of 100 m2. For the heliostat height, half the square 
root of the mirror surface A is assumed.

But the height also impacts the turbulence intensity and thus the 
wind load coefficient. By Pfahl [19] the following dependency of the 
hinge moment on the vertical turbulence intensity Iw was determined: 

cMHy = 1.45I2
w +0.48I2

w (3) 

The vertical turbulence intensity can be calculated from the longitudinal 
turbulence intensity Iu by the standard ESDU 85020 [8]: 

Iw = 0.55Iu (4) 

Holmes ([13], eq. (3.18)) gives the following relationship for the height 
dependency of the longitudinal turbulence intensity near the ground: 

Iu =
1

ln H
z0

(5) 

This results in the orange continuous graph of Fig. 1 which shows the 
overall impact of the wind speed and the wind load coefficients on the 
hinge moment, which both change with height. If the impact of the 
turbulence is not taken into account, the load for a 10 m2 mirror, for 
example, would be assumed 26 % too low (difference between the solid 
and dashed graphs). This difference is smaller for larger heliostats. For 
50 m2, for example, the difference is only 8 %. This shows that the 
impact of turbulence on the wind load coefficients must be considered, 
especially for small heliostats.

The turbulence intensity at site can be determined by classifying the 
surrounding into the corresponding terrain category. However, espe
cially for low heights, the turbulence intensity is also strongly affected 
by specific terrain structures that cannot be covered by the terrain cat
egories. For this reason and due to the stronger gradient of the turbu
lence intensity profile near the ground, a measurement directly on site 
leads to significantly more accurate values, especially for smaller 
heliostats.

In order to model the turbulence as realistically as possible, not only 
the turbulence intensity but also the turbulence energy spectra should be 
determined, preferably for all three spatial directions. For this, the wind 

speed time series must be measured with 3D anemometers. Pfahl [19] 
had shown that for the stow position the hinge moment MHy and the 
vertical force Fz do not depend on the shape of the spectra, but solely on 
the turbulence intensity, i.e. the peak frequency is of minor relevance 
which is approximately corresponding to the dominant scale of turbu
lent eddies. For the determination of the dynamic forces, however, it is 
of relevance, which means that in the simulations a good match of the 
turbulence energy spectra should be aimed for nevertheless.

4. Pressure distribution time series

The simulations to determine the pressure distribution time series 
can be performed using a wind tunnel or CFD. They could also be 
measured directly on site using a heliostat equipped with pressure sen
sors. However, this would be a significant effort, also because it would 
mean waiting for a sufficiently high wind speed from a suitable 
direction.

A problem with measurements in the wind tunnel is that relevant low 
frequencies cannot be generated, particularly with small heliostats. The 
reason is that only vortices up to the size of the wind tunnel can be 
generated, so frequencies caused by larger vortices cannot occur, cf. 
Fig. 2 [19]. Since a relatively large model scale must be chosen for small 
heliostats in order to be able to model the structure of the heliostat and 
the wind speed and turbulence profile at heliostat height accurately, a 
relatively large part of the spectrum cannot be simulated. Although 
there are proposals to compensate for this effect [2], this leads to an 
increase in measurement inaccuracy. A further difficulty is that turbu
lence generating devices suitable for the spectra and the unusually large 
model scale have to be developed, which means considerable additional 
costs.

For these reasons, it would be desirable, especially for smaller he
liostats, to determine the pressure distribution time series using CFD. Li 
et al. [17] have presented a promising method. It involves a Large Eddy 
Simulation (LES) in which the turbulence is generated by a spectral 
method called PRFG3 matching turbulence spectra and length scales at 
real scale. However, a validation of the method by full-scale measure
ments is still lacking.

5. Dynamic amplification

In principle, the dynamic loads could be determined directly with the 
LES calculations if the movements of the heliostat were made possible 
with the Fluid-Structure Interaction (FSI) method. However, this is 
computationally very time-consuming and not necessary, as the move
ments of the heliostat are small in relation to the sizes of the relevant 
turbulence structures. Therefore, the pressure distribution time series 

Fig. 1. Impact of wind speed profile only on hinge moment (blue dashed graph) and including also turbulence intensity profile (orange continuous graph).
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and the resulting movement of the heliostat can be determined sepa
rately. It is not possible to determine the dynamic loads in outdoor tests, 
as resonance effects depend on the excitation frequency and this in turn 
depends on the wind speed. It would therefore be necessary to have the 
maximum possible wind speeds available for the measurements, which 
is obviously practically impossible.

The pressure distribution time series, on the other hand, can be ob
tained at lower wind speeds. This is because the pressure distribution 
time series of higher speeds can be calculated from these, as it can be 
assumed that the pressure distribution on the mirror surface increases in 
the same way as the dynamic pressure with the second power of the 
wind speed (at least for sufficiently high wind speeds with negligible 
impact of thermal effects).

To determine the dynamic amplification, the pressure distribution 
time series can be applied to the structural-mechanical heliostat model 
in a transient FEA simulation. Components that are not relevant for the 
deformations, such as the motors, can be removed for simplification, but 
must be represented by a corresponding mass point. In general, a 
simulation duration of 10 min (based on an average outdoor wind speed) 
is considered sufficient, as it has been shown for many locations that all 
excitation frequencies resulting from the ground roughness of the sur
rounding area occur during this period [14]. Frequencies that result 
from temperature differences and are caused, for example, by the 
change of day and night or seasons are significantly lower and have 
almost no impact on dynamic effects (besides their impact on the 
maximum wind speed that has to be considered).

But even with all permissible model simplifications and the limita
tion to 10 min, a transient calculation is still very time-consuming, as a 
very short time step corresponding to the highest resonance frequency to 
be considered is required to calculate the stresses. Blum et al. [4] have 
therefore developed a method that can significantly reduce the calcu
lation times. This method takes advantage of the fact that a much 
simpler model is sufficient for calculating the deformations of the he
liostat. With this model, one or a few time periods of largest 

deformations are determined (Fig. 3). These time periods are not 
necessarily the time periods of highest wind speeds as lower wind speeds 
at critical frequencies can lead to even higher dynamic loads. A more 
detailed model is then used to simulate only this one or these few critical 
time periods in order to calculate the maximum stresses. The Mode 
Superposition Method (MSUP) is applied for the calculations, which 
already leads to a considerable reduction in calculation time. For the 
simplified model, the considered modes and the fineness of the grid are 
reduced to such an extent that a sufficiently accurate calculation of the 
deformations is still possible. This was the case for an amount of 
considered modes reduced from 30 to 10 and a finite element size 
increased by a factor of 6. By this, the computational time was reduced 
by a factor of 4.5 [3]. The results are the maximum stresses which can be 
validated by stress–strain data of discrete components gained by full- 
scale measurements.

With their method, Blum et al. [4] were able to determine a dynamic 
amplification factor of the maximum stresses in the structure of 1.4 for a 
2 m2 heliostat in the stow position. By Pfahl et al. [21], a ratio of the 
static and the dynamic maximum hinge moment of 2.0 is given for an 8  
m2 heliostat in stow. For the same heliostat at 5◦, 10◦, and 20◦ elevation 
angles, Vasquez [26] calculated dynamic amplification factors of the 
hinge moment of 2.3, 2.2, and 2.8 respectively This confirms the general 
trend for smaller heliostats to have lower amplification factors than 
larger ones, which is another advantage.

6. Fatigue

For the reliable design of heliostats, it is not only important to ensure 
that the maximum peak loads are not exceeded during the service life, 
but also that individual components do not fatigue due to alternating 
loads and thus fail. In order to be able to prove this through tests or 
calculations, the number of load cycles must be known. Not only the 
highest wind loads, which occur relatively rarely, are relevant for 
determining fatigue, but also lower loads, especially as they occur much 

Fig. 2. Size restriction of wind tunnel that limits the size of vortices that can be simulated [19].

Fig. 3. Time period of largest deformation [12].
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more frequently. Therefore, the number of load cycles for each load level 
must be known. The total number of load cycles in relation to the in
dividual load levels forms the so-called load spectrum.

Pfahl [20] has proposed a method for estimating the load spectrum 
for heliostats in a simple way. It is based on the wind load spectra for 
buildings given in Eurocode EN 1991 1–4, Fig. 4. However, since small 
heliostats are significantly lower than the buildings on which this 
standard is based, and because the frequency of wind fluctuations in
creases with lower heights, it is particularly important to adjust the 
number of load cycles to the height of small heliostats.

Especially for the stow position this is relevant, since the vertical 
velocity component of the vortices is decisive here. The size of the 
relevant vortices which make a major contribution to the vertical 
component Dvortices is in turn linearly dependent on the height of the 
mirror surface, as shown in ([19], Fig. 71): 

Dvortices∝H (6) 

According to Pfahl ([19], eq. (B12)), the following applies to the main 
excitation frequency fexcitation: 

fexcitation∝
1

Dvortices
(7) 

So, all in all it follows: 

fexcitation∝
1
H

(8) 

Thus, assuming that EN 1991 1–4, B.3 applies to heights of 10 m, this 
results in a factor of 10/H by which the number of load cycles must be 
adjusted.

7. Summary and Outlook

To determine the dynamic wind loads on small heliostats, it is pro
posed to combine the following methods with adjustments regarding the 
low height: 

1. Maximum wind speeds 
a. Moving to stow: Maximum allowable wind speed determined by 

cost optimization of energy yield and heliostat costs; use of AI- 
refined short-term wind forecasts (nowcasting) and/or wind lidar.

b. Stow: Wind speed maps from standards; wind profile from local 
measurements.

2. Turbulence: Measurement of turbulence-energy spectra at heliostat 
height using 3D anemometers on site.

3. Pressure distribution time series: Generated by Large Eddy Simula
tions (LES) or wind tunnel tests with turbulence generation elements 
developed for measured spectra.

4. Dynamic amplification: Calculated by transient FEA simulations 
with MSUP and limitation to the critical time periods determined by 
a simplified model.

5. Fatigue: Determination of load spectra based on Eurocode EN 1991 
considering the increased number of load cycles for lower heights.

This procedure is to be validated by field measurements of the dy
namic loads. It is not possible to measure at the maximum possible wind 
speeds. However, it can be assumed with a high degree of probability 
that if the method provides realistic results for several lower wind speed 
levels, this should also be the case for higher wind speeds.

Potential to further simplify the procedure is seen by using AI 
especially for the FEA method to determine the pressure distribution 
time series. For to shorten the needed calculated time period of the 
dynamic amplification, extreme value statistics may could be applied 
which would mean, that also all other measurements and calculations 
could be reduced to the same shorter time period.
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