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Abstract

An overview of carousel heliostats is given. The general advantages and disadvantages are
explained first. To distinguish between the different designs, possible variants of the carousel
architecture and of the main components are described. Most of these variants can be found
in the designs published so far, which are briefly presented. Finally, the cost efficiency of
carousel heliostats in general is discussed.
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1 Introduction

To achieve low heliostat cost, many fancy concepts were developed so far which significantly
differ in architecture and size [1] - [7]. The architectures of heliostats are characterized mainly
by the orientation of their axes. The main orientations (in order of occurrence) are (Figure 1):

o Az-El: The axes correspond to the azimuth and elevation movement of the sun. The
vertical azimuth axis is fixed and the horizontal elevation axis is pivoted about it. The
main Az-El type heliostats are:

o T-type: A torque tube is mounted on the top of a pylon which together form the
shape of a T.

o Carousel: The azimuth movement is realized by a carriage running on a
horizontal circular raceway.

o Fixed horizontal axis: With a fixed horizontal axis (or at least close to horizontal), the
maximum needed angle range is reduced. By this, linear drives are sufficient for both
axes and extensive slew drives can be avoided.

o Target aligned: The first fixed axis of rotation is aligned to the receiver or target. By this,
the optical astigmatism error can be reduced somewhat [8][9].
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Figure 1: Main heliostat architectures (left to right): T-type [10], carousel [11], fixed horizontal axis [12],
target aligned [13].

In this paper, different types of Az-El carousel architectures are investigated to estimate their
potential to reduce heliostat field cost.

2 General Advantages and Disadvantages of Carousel Heliostats
The main principal advantage of carousel heliostats are their short load paths to the ground.
Short load paths promise low material need [14]. For heliostats with pylons, all wind and gravity
loads on the concentrator are first transferred to the pylon top and from there vertically into the
ground. The average load path is comparably long and it leads to bending moments in the
pylon which increases the material need. For carousel heliostats, the loads are transferred
directly from the concentrator to the runway. Such, bending moments can be reduced and
besides the concentrator, all components are almost only loaded by compressive and tensile
forces for which comparably small cross sections are sufficient.

Another advantage of a carousel architecture is the possibility of having the elevation axis
close to the ground. This enables a low stow height with very short load paths. Furthermore,
the wind speeds are reduced. This is partly compensated by the higher turbulence intensity
close to the ground [15]. However, closer to the ground, the turbulence structures are smaller
and cover the concentrator by a smaller portion which all in all leads to lower stow loads [16].
But, lowering stow loads is leading to lower cost only if the stow loads (before reduction) are
significantly higher than the wind loads during operation. This depends on the maximum
possible wind speed of the site and on the maximum wind speed at which the heliostat field is
operated.

A disadvantage of the lay-down option is the additional energy needed to lift the concentrator’s
center of gravity for operation, i.e., when moving the concentrator towards vertical orientation.
But, this energy need is low compared to the energy gained by the heliostat during a complete
day. However, the elevation drive system including energy supply must be dimensioned for
higher loads which leads to some additional cost.

The main principal disadvantage of carousel heliostats is that, for each instance in time, the
runway is loaded only for the short section that supports the carriage. Such, the instantaneous
material usage of the runway is very low. If the runway can be realized at low cost or if it has
a second function like providing weight against lifting, this drawback can be reduced.

3 Principal Design Variants
Carousel heliostat variants can be distinguished by:

e The height of the second (horizontal) axis of rotation.
e The size of the concentrator.
e The design of the main components.

The main mechanical components of a carousel heliostat are:



e The base that fixes the heliostat to the ground.

e The azimuth-drive for the rotation of the concentrator about the carousel’s vertical axis.
e The elevation-drive for the rotation of the concentrator about the horizontal axis.

e The concentrator with its specific shape.

In this paragraph, known possible designs of all these points are described.

3.1 Second Axis’ Height

The orientations of the axes of rotation characterize the different general heliostat architectures
(see paragraph 1). For a carousel, the axis of rotation is vertical (= azimuth axis). Therefore,
carousel heliostats are always of Az-El type.

Typically, at stow position, the azimuth axis runs through the concentrator’s center to achieve
maximum field density. Then, the minimum elevation axis height is half of the concentrator’s
chord length minus the distance of the second axis to the first axis to avoid mirror contact with
the ground for upright concentrator (Figure 2). Figure 10, right, Figure 11, and Figure 13 show
heliostats with the second axis close to the first one and a resulting second axis height equal
to half the chord length. The heliostats of Figure 10, left, and Figure 14, left, have the second
axis near the ground and the one of Figure 14, right, somewhat raised. The runway can be
placed on the ground (Figure 2, a, b, ¢) or raised up to the height of the second axis (d). If the
distance of the second axis to the first axis is close to zero, a “runway” of small diameter can
be at a height equal to half the concentrator’s chord length (e). But then the heliostat is not a
carousel heliostat anymore, but a T-type heliostat.
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Figure 2: Second axis height: a) Near ground level, b) s chord length, with lower elevation drive pivot point,
c) Ya chord length, with elevation drive pivot point at same height, d) /2 chord length, with runway at same
height, e) 'z chord length, with small “runway” at same height = T-type heliostat
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3.2 Concentrator Size

Besides axes orientation and position, the size of a heliostat is an important characteristic.
Because of the short load paths, carousel heliostats seem to be advantageous especially for
large heliostats with high gravity and wind loads. However, in general, larger concentrator sizes
lead to higher specific weight [17]. This means, that the disadvantage of the low material usage
of the runway with the resulting high specific weight is even more pronounced for heliostats of
larger size.

3.3 Main Components
Not only for the runway, but for all components, low-cost solutions are required. In this section,
known solutions for each component are presented.



3.3.1 Base

Concrete

Concrete is an extremely low-cost material and it can be easily formed to the desired shape.
But, molds are needed in which the concrete hardens. Since it is not cost effective to prepare
only small quantities of concrete at a time, many molds are needed to be filled with. To avoid
mold cost for foundations, holes can be dug or drilled into the ground at the heliostat positions
that are filled with concrete. An automated solution is not trivial because ground conditions can
vary significantly. Furthermore, using holes only allows a foundation up to ground level
whereas carousel runways should be somewhat above ground level to avoid that obstacles
that could block the carousel’s wheels can be blown onto it by wind (Figure 1, mid-left, Figure
11, left, Figure 12, left, Figure 13).

A drawback of concrete foundations follows from the fact that solar sites are often in the
outback and far from concrete factories. Then, transportation cost can be significant. It could
be reduced by producing the concrete at site. But, automated cement production is complex
and therefore usually not cost effective for comparably small quantities as needed for one
single solar tower plant. However, production of concrete foundation elements for many solar
power plants at one location is usually economically not feasible either because of the resulting
very high transportation cost.

Stakes and Screw Piles

Stakes as ground anchors provide a cheap solution if the ground conditions are suitable. But,
the ground conditions can vary significantly for different heliostat field sites and even within the
same site. This makes it difficult to develop a low-cost standard solution. Screw piles are less
sensitive to the specific ground conditions but significantly more expensive. The runway ring
would also be rather expensive because it has to be quite stiff since it would be supported only
punctually (Figure 11, right).

Container

Instead of fixing the runway directly to the ground, it can also be fixed to something of
sufficiently high weight like a concrete ring. To avoid the shipping cost, instead, also material
at site could be used as weight like sand, gravel, or stones filled into a container (Figure 3,
Figure 14, right). The surface area of a container large enough to support the runway and to
contain enough weight is comparably large. Therefore, steel sheets as container material
would be rather expensive. Polymers could be an option, but, it would have to be UV resistant
for 20 to 30 years lifetime and of enough strength to support the runway [18].

Figure 3: Carousel heliostat with polymer container base filled with sand.

Consolidated Soil

A very cheap runway would be the consolidated ground itself (Figure 4, left). Because of the
remaining unevenness of the ground, only large wheels would be suitable. So, this idea is only
feasible for large heliostats. A low-cost solution for the wheels could be disused car wheels [6].
To prevent up-lifting by wind, additional weight would be needed. With the wheels directly on



the ground and an additional wheel, a heliostat that can be moved to different positions could
be realized [7] (Figure 4, right).

Figure 4: Heliostat wheels running directly on consolidated ground (left), movable heliostat with ballast on
the rear wheel against uplift by wind (right).

3.3.2 Azimuth Drive
For all azimuth-drives, uplift must be excluded. This can be achieved by sufficient weight of
the carriage or by a kind of hook that grips under the runway.

The moment of the azimuth drive must be transferred to the runway. In the following, several
options are presented.

Friction Wheel

In principle, a friction wheel is a cheap solution but it can be sensitive to dust and sand on the
runway. For high friction, soft rubber material would be most suitable. However, exposed to
UV and for the needed lifetime of 20-30 years, hardening with time would be an issue.

To be able to carry the concentrator’'s weight, the wheel would have to be wide. But a wide
wheel leads to different speeds at the inner and at the outer side of the wheel. The resulting
slippage would lead to increased wear. This can be avoided by conical wheels. But this would
result in a significant extra effort. Anyway, for friction wheels, slippage cannot be completely
excluded. Therefore, a closed loop control would be needed.

A wheel running directly on consolidated soil (see 3.3.1) is also a kind of friction wheel. The
small contact area of the wheel to the ground results in comparably high pressure. Therefore,
a ground consolidation is mandatory to avoid subsidence at rain periods.

Chain

With steel wheels on a runway, less wide wheels would be sufficient and slippage would not
lead to significant wear. But, friction would be too low, so an extra measure to transfer the
moment to the runway is needed. This can be realized by a chain drive which can be very
precise because it is almost backlash free when pretensioned [19]. But, due to the polygon
effect, the sprocket must be of sufficient diameter which limits the maximum gear ratio.

When fixed around the runway or the carriage, a chain can serve as a large gear wheel. This
option is not back lash free, but extra ordinary high gear ratios can be realized as for example
with the ASM 150 heliostat (Figure 5, left). A significant cost factor would be the housing of the
chain to protect it against sand and dust.



Figure 5: Gear wheel made from a chain (left) or bent sheet metal (right)

Toothed Wheel
A large tooth wheel can be made from bended sheet metal (Figure 5, right).

Cable

The runway or carriage can serve as a circular rim for a cable drive system as well [20][21]
(Figure 6). For the cable, no protection against dust and sand is needed, but for the cable drum
[4]. In principle, a cable drive is back lash free. But, the minimum diameter of the drum is limited
by the minimum bending radius of the cable. So, with cable drives no large gear ratios can be
achieved.

Figure 6: Carousel heliostat with scissor mechanism and locking at stow for elevation and cable drive for
azimuth.

3.3.3 Elevation Drive

An advantage of carousel heliostats is that at stow the elevation drive can be easily locked by
a rotation of the azimuth drive, without the need for an extra actuator. For this, hocks can be
fixed to the runway, for example, which run into holes in the carriage when rotated to a certain
position (Figure 6, middle). Then, in the stow position, the elevation drive is protected from the
storm wind loads and it can be dimensioned according to the operating loads only.

In the following, several options for the elevation drive are given.

Rim Drive
The elevation drive can be realized by a rim on which a chain (Figure 11, left) or cables run or
which is driven itself (Figure 11, right). For the azimuth drive, the runway can serve as a rim
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while for the elevation drive an extra rim is needed. It cannot simply be laid on the ground but
requires additional measures to fix it in an upright position.

Linear Drive

Linear drives are a very low-cost option for the elevation. The spindle gear provides an
extremely high gear ratio which allows for a small motor of low cost. Another important
advantage is the self-locking for sufficiently low spindle pitch. The resulting low efficiency of
20-30% is not critical because the additional energy consumption is negligible since usually
the concentrator has to be elevated only once a day. The drive can be pretensioned by the
gravity force of the concentrator. Thus, backlash of the spindle nut is of no relevance on the
tracking accuracy.

For commercially available standard linear drives (Figure 7, right), the spindle nut moves a
tube that runs in an outer tube at which the motor is fixed to. The surface of the inner tube
must be sufficiently smooth for the cylinder sealing. To avoid the costly tubes with sealing, the
spindle nut and the motor can be directly connected to the concentrator and the carousel’s
carriage respectively (Figure 7, left). If the spindle-nut system needs a protection for outdoor
applications, a sheathing tube or a bellows is needed. The sheathing tube can be of plastic
and therefore low-cost. But, a UV resistant bellows for 30 years lifetime would be a significant
cost factor. If necessary, then only for the section between concentrator and carriage because
it varies in length with the elevation. This section is closed for the stow position. So, if protection
of the spindle is only required for the high stow winds with possible sand storms, no bellows
would be needed.

Spindle drives are designed for pressure and tensile forces. Loading by moments must be
avoided because they cause the threads of the spindle nut and the spindle to be loaded
asymmetrically, which leads to local overloads in the thread and thus to a reduced lifetime. To
exclude moments on the spindle, the spindle drive can be connected to the concentrator and
carriage via gimble joints, with the spindle axis running through the two axes of rotation of the
gimble joint (Figure 7, left). If the spindle axis does not run through the gimble joint axes (Figure
7, right), the spindle is still subjected to a torque when loaded by an axial force. The gimble
joints also reduce the required manufacturing accuracy.

Figure 7: Gimble joints with (left) and without (right) spindle axis running through the gimble joint axes.

For heliostats with the second axis close to the ground, a linear drive would need a very long
stroke when connected to the upper end of the concentrator (Figure 10, left, Figure 12, right).
Possible solutions for linear drives connected to the back side of the concentrator for shorter
required stroke lengths are multi-stage telescopic linear actuators (e.g. [22]), an opening in the
concentrator with the spindle nut connected to it (Figure 14, left), or an opening into the ground
(Figure 2, a and b) with the spindle nut connected to the carriage. The disadvantage of multi-
stage telescopic drives is that the outer spindles are larger in diameter than necessary for the
loads so that the inner spindles fit into them. Therefore, material usage is low. With waterjet
cutting with added particles, openings can be cut into the glass mirrors. But, the spindle would
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disturb cleaning when in stow and would have to be protected against sand storms by a
bellows. The disadvantage of an opening in the ground is the significant extra effort for it.

Scissor Mechanism

With a scissor mechanism, a large ratio of stroke to minimum height can be achieved. Thus, a
low height of the secondary axis can be realized (Figure 6, left). When retracted, at a low
height, the angle between the legs of the scissors is small which leads to a load amplification
on the spindle. The motor and the spindle must therefore be dimensioned for a multiple of the
load of a directly loaded linear drive. For this reason and because of the additional costs for
the scissor, a scissor mechanism drive is far more expensive than a simple direct linear drive.
Furthermore, a scissor mechanism leads to additional backlash. But, when pretensioned by
the gravity load of the concentrator, this is of no impact on the tracking accuracy.

3.3.4 Concentrator

Shape

Usually, heliostat concentrators are rectangular as to this shape the mirrors can be cut to
easiest. Around shape (Figure 11, left) enables the highest heliostat field density but can result
in much offcut. A good compromise seems to be mirrors cut into triangles which are assembled
to a polygonal shape as with the Stellio heliostat [2].

Face-Down

Mirror cleaning and hail risk can be reduced for concentrators that can be turned face down
(Figure 10, right, Figure 11, left). With the scissor mechanism shown in Figure 8, a face-down
option can be realized for a heliostat with low concentrator height at stow [23]. However, the
benefits did not seem worth the effort, so this approach was not followed up.

'.V & A . ‘I \ !I! {
! N

. S
[ | !

\
i

Figure 8: Carousel heliostat with lay-down and face-down concentrator at stow.

Instead of turning the concentrator upside down, it could also be folded up. Figure 9 shows a
solution for a folding mechanism driven by the elevation drive [24] [25].



Figure 9: Carousel heliostat with concentrator folded up for stow by the elevation drive system [26].

Mirror Cleaning

For carousel heliostats, a comparably simple individual cleaning device can be realized [27]
(Figure 14, mid-left). However, autonomous cleaning vehicles are probably the more cost-
effective solution [28] [29].

4 Known Hitherto Carousel Heliostat Designs

4.1 Deflandre

Already in 1977, Deflandre et al. applied for a patent for a carousel heliostat [30] (Figure 10,
left). The center of rotation is not central to the concentrator, but at one corner of it. This leads
to a double as big diameter of the runway and to a significantly reduced field density. The linear
drive for elevation is connected to the upper end of the concentrator which leads to a large
length of the linear drive.

Figure 10: Heliostat of Deflandre et al. [30] (left) and Westinghouse [31] (right)

4.2 Westinghouse
The two rims that are directly driven for elevation make the Westinghouse heliostat unique [32]
(Figure 10, right). The rims and the mirrors are stabilized by suspension cables.



4.3 ASM 150

The 150 m? Advanced Stressed Membrane Heliostat (ASM 150) of sbp (Figure 1, mid-left,
Figure 5, left, Figure 11, left) is a highly efficient heliostat [33] [34]. Because of the long lever
arms of the drives realized by rims of large diameter, a high tracking accuracy was achieved.
Thin glass mirrors of high reflectivity were glued to a prestressed steel membrane that was
kept in shape by a ventilator that regulated the pressure inside the concentrator.

Mirror
Support
Structure #”]

Lower
Structure

Base
assembly
and drives

Anchors /

PV panel

Azimuth track

Figure 11: ASM 150 [33] (left) and Sunring [35] (right).

4.4 Sunring
Figure 11, right, shows the 27 m? Sunring heliostat [5] [36]. The disadvantages of the large
aspect ratio of the concentrator are the higher astigmatism error and the reduced field density.

4.5 Pquadrum

With the 4 - 7 m? heliostat of pquadrum, almost all structural components are made from
concrete [37] [38] (Figure 12). The high resulting weight prevents from uplift by wind. However,
for a ground soaked with water after heavy rain, it is not clear if the heliostat would not sink in.
For the advantages and disadvantages of using concrete, see 3.3.1, section “Concrete”.
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Figure 12: Pquadrum’s concrete heliostat (left) and Edisun’s heliostats with the runways mounted on a grid
of rods (right).

4.6 Edisun
The runways of the Edisun heliostat is mounted on a grid of rods (Figure 12) [39]. Itis not clear,
how ground and mirror cleaning would be realized.

4.7 Titan-Tracker
The Titan Tracker was offered for 150m? and 264m? mirror area (Figure 13) [41]. The tracker
has a patented mechanism which allows for adaptations to possible irregularities in the runway.

Figure 13: Titan Tracker [40] [41]

4.8 KOSMOS

The KOSMOS heliostat of DLR has a concentrator made of triangular sandwich facets [27][42].
The elevation drive runs trough the concentrator which can hinder mirror cleaning. Automated
mirror cleaning can be realized with a wiper lip system (cf. 3.3.4, section “Mirror Cleaning”). A
first 8 m? prototype was build (Figure 14, left). However, the drives and cross sections of the
profiles of this prototype are dimensioned already for 50 m? heliostat size.
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Figure 14: KOSMOS heliostat with wiper lip for mirror cleaning (left) and SAHEL heliostat (right).

4.9 SAHEL

As ballast and base for the runway, the 5 m?> SAHEL heliostat of DLR has a container made of
steel metal sheets to be filled with sand or gravel at site [43] (Figure 14, right). The elevation
is realized by a telescopic linear drive [22] (cf. 3.3.3, section “Linear Drive”).

5 Discussion and Conclusion
Many smart approaches have been developed to bring carousel heliostat cost down. But, are
they sufficient to overcompensate the additional cost for the runway?

Particularly for large heliostats, the runway cost is high. The cheapest runway would be the
consolidated ground. However, the required wheels would be rather expensive. The usage of
disused car wheels could be a solution. But, it is not clear whether the cost of organizing the
wheels and adapting them individually to the carriage’s interface would exceed the cost
savings and if a sufficiently high level of reliability could be guaranteed.

However, large heliostats are not economical anyway due to their high specific weight [17],
their low suitability for high-volume production, the higher wind loading, and the significant
reduction in electronics costs in recent decades. In addition, for high temperature applications
like solar fuel production, which are getting more and more important, small heliostats are
needed because of their lower astigmatism losses [18].

By comparing the carousel designs with the T-type design in Figure 2, it's questionable whether
a carousel heliostat can compete against a simple T-type heliostat for small sizes. The pylon
of the T-type heliostat can be of small wall thickness and for the foundation a simple hole can
be drilled into the ground to be filled with cement or pile driving of the pylon could be used. In
contrast, for a carousel heliostat the runway must be thick enough to keep the wheels form
uplift by wind and for the on-ground foundation at least a simple additional mold, a consolidated
ground, and reinforcement of the concrete is needed to prevent fractures. So, both
components seem to be more expensive for the carousel heliostat. Pfahl et al. tried to find
solutions for a low-cost runway and base, but for all cases, the T-type benchmark heliostat
was of lower cost [18].

So, all in all, with the approaches found so far, it seems by a carousel architecture, no cost
reduction for heliostats can be achieved.

6 Summary

Carousel heliostats can be seen as a special kind of an Az-El heliostat type. They can be
distinguished by the height of the elevation axis, the size of the concentrator, and the design
of the main components which are the base, the azimuth and elevation drive, and the
concentrator.
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Design variants of the base are concrete rings, stakes, screw piles, containers, or just the
consolidated soil. Solutions for the azimuth drive found so far are friction wheels and chain,
toothed wheels and cable drives. The elevation drive can be realized by a rim, a linear or a
scissor mechanism drive. Square, polygonal, or round are shapes concentrators have been
built so far, some with face-down option or even foldable for the stow position.

Most of these design variants can be found in known hitherto carousel heliostats from
Deflandre and Westinghouse, the ASM 150 from sbp, the Sunring from Solar Dynamics, the
concrete heliostat of pquadrum, a heliostat of Edisun, the Titan-Tracker heliostat, and the
KOSMOS and the SAHEL heliostat of DLR.

In recent years, the trend has been towards smaller heliostats, as they are more cost effective,
particularly for high temperature applications. For small heliostats, however, the comparison
with T-type designs showed no cost advantage for carousel architectures. Unless new
breakthrough approaches are found, it is therefore recommended to focus on other heliostat
architectures.
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