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A B S T R A C T

With regard to climate change and the importance of utilization of solar energy, the development of a modular
concrete heliostat is presented. The focus thereby lies on the design and the construction of the concentrator
structure, demonstrating the technical proof of concept for a small-scale collector. The idea of using concrete as
a structural material is its free shapeability, and its worldwide availability. With respect to accuracy demands,
a high-performance concrete (HPC) is used that possesses a high compressive and also tensile strength. The
collector is designed as a strut-like structure with main radial beams and a central mount to ensure high
stiffness. A circular design minimizes shading effects in the solar field. By employing symmetry reduction
methods, the concentrator is dissolved into equal segments making it a modular construction. To demonstrate
the feasibility, a prototype with diameter 3.2 m and a weight of just about 340 kg consisting of four modules
was developed. The production is achieved using a modular formwork made from polystyrene at the RPTU
Kaiserslautern. The concrete heliostat is built-up and qualified at the solar tower Jülich (Germany) by means
of photogrammetric measurement of the mirror surface. In addition, the concrete structure was measured in
the lab of the Ruhr University Bochum. The deformations of the concrete structure vary mainly in the range of
±1mm only indicating remarkable stiffness. In contrast, the mirror deformations reveal an optical efficiency
of 𝑆𝐷𝑟𝑚𝑠 = 7.8mrad. However, these deformations are primarily attributed to the simple mirroring concept
by means of clamping, which was not the central subject of the development. However, deviations between
varying collector positions are less than 2 mm and only occur in local areas of single mirror facets, which
additionally underlines the stiffness of the concrete structure.
1. Introduction

The installed capacity of concentrated solar power (CSP) plants
exhibits more than 6 GW with an additional 1.5 GW under construction
in 2021 [1]. However, photovoltaic (PV) technology is currently more
mature and widely used due to its lower costs. Yet, CSP becomes

Abbreviations: Ar , reflecting area; cpe, wind load coefficient; C i, force or moment coefficient; CSP, concentrated solar power; CST, central solar tower; d,
diameter of the heliostat; Ecm, mean Young’s modulus of concrete; f , focal length; f cm, mean compressive strength of concrete; f ctd , design value of concrete’s
tensile strength; f ctm, mean tensile strength of concrete; f ctm,fl, mean flexural tensile strength of concrete; f yk, yield strength of reinforcement; F x , horizontal
wind force; F z , vertical wind force; FE, finite element; GWP, global warming potential; h, height; hbeam, cross-section height of the beam; HPC, high-performance
concrete; I r , moment of inertia in radial direction; l, length; Mhy , hinge moment; n, shape coefficient; NC, normal-strength concrete; Pr , circular line-like load;
PTC, parabolic trough collector; PV, photovoltaic; qref , reference wind pressure; qb, basic wind load; qw , wind load; R, radius; RMS, root mean square; SD, slope
deviation; SDrms, RMS of the slope deviation; SDrmscs, RMS of the concrete structure’s slope deviation; SDrmsm, RMS of the concrete mirror facet’s slope
deviation; ULS, ultimate limit state; vref , reference wind speed; 𝛼, pitch angle (tilting axis); 𝛽, yaw angle (direction of wind or rotation axis); 𝛾c, specific weight
of concrete; 𝜈, Poisson’s ratio; 𝜌, air density; 𝜌c, bulk density of concrete; 𝜎c, concrete’s stress; 𝜀c, concrete’s strain; 𝜑, angle of a modular segment
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E-mail address: patrick.forman@rub.de (P. Forman).

more important concerning ongoing climate change and the targeted
replacement of fossil energy consumption to achieve a CO2-neutral
energy supply in the coming years or decades [2]. Additionally, it
exhibits a higher efficiency than PV [3]. In CSP plants, the incoming
direct solar radiation is concentrated onto a receiver using mirrored
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Solar Energy 285 (2025) 113093 
collectors. Thereby, a heat transfer fluid is heated up so that electricity
can be generated by means of a conventional turbine. If heat storage
s integrated, electricity can also be harvested when no direct solar
nergy is available. This denotes the main advantage of CSP in contrast
o PV, where direct and indirect solar energy is directly transferred

into electricity. The most established CSP systems are parabolic trough
collectors (PTC), which are also the most cost-effective [4,5]. However,
central solar tower (CST) plants can achieve higher temperatures of up
o about 700-1000 ◦C, in contrast to about 400 ◦C for PTC, due to
 higher concentration ratio of solar radiation. Therefore, a multitude
f collectors, called heliostats, are arranged in a solar field to point-
ise concentrate the solar radiation onto a receiver arranged on a solar

ower by means of rotationally symmetrical parabolic shaped mirrors.
ence, they are seen to be the most promising CSP technology in the
ext years [6].

Current trends in CSP aim for cost reduction to be competitive
on the market, especially for CST systems [7–11]. Hereby, develop-
ments on the level of the solar field, e.g. solar field layout [12–14],
hybrid plants [15,16], or receiver type [17], and also of the heliostat,
.g. structural design [7,18–21], or wind loads [8,22–24], are part

of the evolution to be able to attain holistic advancement. On the
structural level of heliostats, T-shaped heliostats with glass mirror
facets have become the most widely used technology for heliostat struc-
tures [7]. However, due to the separation between the pylon with the
torque beam forming the typical T-shape, and a rectangular concentra-
tor consisting of additional cross beams that support the mirror facets,
the deformations of these subsystems superimpose. In [20], a T-shaped
heliostat with an umbrella-like supporting structure is therefore intro-
duced to stiffen the structure. In contrast, the Stellio heliostat [25,26]
ossesses a central mount with main radial beams as a steel framework
nd exhibits a pentagonal shape of the mirror area. Since the load path

is thereby reduced, its design is materially simplified and exhibits great
accuracy, serving as a benchmark in this article. Other designs aim for
he minimization of wind loads since they are crucial for the design,

e.g., a lay-down heliostat [27]. It is designed as a sandwich structure
made from aluminum with a soft core, featuring radial main bearing
elements and an almost circular shape. In addition, it has been shown
that circular or polygonal shapes of concentrators minimize shading
between individual collectors, enabling a denser distribution in the
solar field, which means that more mirror surfaces can be used [28].
The first known heliostat made from concrete, due to its cheap material,
is demonstrated, among various others, in [8]. It consists of a massive
concentrator structure with thicknesses in the range of decimeters and
needs an equally weighted counterweight for the bearing in its centroid,
which is by no means a resource-efficient design. However, for PTC, it
could be shown that thin shells made from high-performance concrete
(HPC) are a promising alternative to conventional steel framework
collectors [29,30]. Based on the developments on PTC, the shell-like
structure is now to be dissolved into a strut-like structure increasing
the statical height of the cross-section and therefore the stiffness for
heliostats.

In the article, the conceptual design for heliostats made from HPC is
derived. For the design, symmetry reduction methods lead to a grillage
structure for the concentrator. A rotationally symmetrical, modular
structure is thereby derived [31]. The design is constrained by accuracy
emands and stress limits of the used concrete. The action effects,
ainly dead and wind loads, are considered for both, operational

nd survival state. The manufacturing of a heliostat prototype and its
onstruction at the solar field in Jülich (Germany) is presented. The
ubstructure of the prototype, originally part of a former steel heliostat,

has been adapted for the concrete structure, including the extension of
the substructure for a central mounting. By means of photogrammetric
measurement of the mirror surface as well as of the concrete structure
itself, the optical quality of the mirroring and the geometrical stability
of the grillage is evaluated. The focus lies on the derivation of a
modular concrete concentrator as a technical feasibility study in small
scale. Further investigations, especially in terms of cost reduction and
economic comparability with other concentrator systems are subject of

further research.

2 
2. Design of modular concrete heliostats

2.1. Geometry of the mirror surface

The mirror surface of solar thermal collectors is of parabolic shape
or solar concentration. Vertically incident solar rays are reflected and

thereby focused in the focal point that is defined by the focal length
. Heliostat’s mirrors hence have to exhibit a rotationally symmetrical
arabolic shape for a pointwise concentration. The course of the height
is given by the parabolic function in Eq. (1).

𝑧(𝑟) = 1
4𝑓

𝑟2 (1)

Here, 𝑟 represents the radius of a paraboloid and 𝑓 corresponds to the
distance between reflector and receiver.

Although a paraboloid shape is not essential for heliostats, as they
re not aligned with the axis of irradiation for solar concentration, a
lassic spherical shape – which would have been easier to implement –

was deliberately avoided. Instead, the paraboloid shape was chosen to
showcase the versatility and free formability of concrete.

2.2. Conceptual design

The conceptual design of heliostats made from HPC aims to ful-
ill both, a lightweight structure and a high stiffness [32]. For PTC,

concrete shells with directly glued mirror foil, which do not possess
remarkable stiffness, provide a merged bearing structure and geometri-
cally stable, areal support for the mirroring surface [33]. In contrast
o PTC, the accuracy demands for heliostats are enhanced since the
ocal length increases from 2–3 m to several hundred meters. To
ain the stiffness, an increased cross-section height perpendicular to
he direction of loading of the concrete structure is required, as the
mpact of height on the moment of inertia is exponential. To reduce
aterial consumption while ensuring low deformations, the concrete

concentrator is conceptually designed as a grillage. However, now also
the mirror elements themselves need enough stiffness to overbridge the
aps of the grillage.

Generally, the concentrator is defined by a grillage structure with an
outer circular shape. Due to the circular shape, shadowing effects in the
olar field are minimized allowing a dense field layout. Also, the con-

centrator structure can be segmented into single modules represented
as ‘‘slices of cake’’. With respect to the number of heliostats used in a
CST system, the number of identical modules increases additionally due
to the segmentation. This make a serial production of precast concrete
parts more viable [34]. Ensuring proper quality management in the
roduction, the required accuracy can be directly controlled in pre-

fabrication. Fig. 1 shows the design at the example of the prototype
to be built that consists of four (almost) equal concrete modules for
the concentrator. It exhibits a central mount by means of an inner
steel ring where the concrete modules are attached. The main bearing
elements are radial beams that reduce the load path of the structure.
This design is similar to the Stellio heliostat [26]. An outer ring defines
he circular shape, secondary struts transfer the loads and serve as

additional support for the mirror elements. In addition, Fig. 1 shows the
ubstructure consisting of a steel pylon with a traverse and especially

designed C-shaped steel suspensions for the central mount.
The geometric dimensions of the prototype are defined by a diam-

ter of 3.2 m, whereby a focal length of 𝑓 = 92m is assumed. Thereby,
the curvature of the reflector is defined by a height of 7 mm at the
dge at 𝑟 = 1.6 according to Eq. (1). The height of the tilting axis from
he ground is 2.4 m so that a maximum total height with an assumed

deflection of 0◦ – morning position – results to 4 m. The reflecting area
s 𝐴𝑟 = 8.04m2, which characterizes the prototype as a small-scale

collector.
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Table 1
Material properties of the HPC based on the binder Nanodur compared to a NC (m - mean value).

Description HPC NC (C30/37) Unit

Young’s modulus 𝐸𝑐 𝑚 47,500 33,000 MPa
Poisson’s ratio 𝜈 0.20 0.20 –
Compressive strength 𝑓𝑐 𝑚 116 38 MPa
Flexural tensile strength 𝑓𝑐 𝑡𝑚,𝑓 𝑙 20 5.8 MPa
Axial tensile strength (design value) 𝑓𝑐 𝑡𝑑 6.6 1.1 MPa
Bulk density 𝜌𝑐 2500 2500 kg/m3

Global warming potential GWP 460 219 kg CO2𝑒∕m3
Fig. 1. Conceptual design of a strut-like, modular concrete heliostat.

2.3. High-performance concrete

Concrete usually has high compressive strength 𝑓𝑐 but quite low
tensile strength 𝑓𝑐 𝑡. If 𝑓𝑐 𝑡 is exceeded, brittle failure occurs. To avoid
this, concrete structures exhibit reinforcements in their tensile areas
that ensure ductile component behavior. However, until the tensile
strength is reached, concrete behaves linear-elastic according to Hook’s
law:

𝜎𝑐 (𝜀𝑐 ) = 𝐸𝑐𝜀𝑐 f or 0 ≤ 𝜎𝑐 ≤ 𝑓𝑐 𝑡 (2)

Herein, 𝜎𝑐 and 𝜀𝑐 correspond to the concrete’s stress and strain, respec-
tively, while 𝐸𝑐 assigns its Young’s modulus.

When the first crack occurs, the tensile stresses are transmitted to
the reinforcing steel and a softening, non-linear deformation behavior
occurs. In compression, normal-strength concrete (NC) exhibits an al-
most linear elastic behavior up to 40% of its compressive strength 𝑓𝑐 .
But for HPC or ultra-high-performance concrete (UHPC) this applies up
to 80%–90% of 𝑓𝑐 . To ensure the lowest possible deformations for solar
collectors, the aim of the design is to keep an uncracked structure. This
means that tensile stresses must be kept well below 𝑓𝑐 𝑡.

For the manufacturing of concrete heliostats, an HPC based on the
binder Nanodur Compound 5941 is proposed, which – in addition to its
high durability, its good workability, and its self-compacting behavior
– is characterized by high compressive and tensile strength as well
as Young’s modulus that is approximately 1.5 times greater than that
of NC. Hence, for a low-deformation structure, the tensile strength
and the Young’s modulus are of particular importance (cf. Eq. (2)),
as these mainly determine the deformations. The essential parameters
3 
for the design are summarized in Table 1 in comparison to a NC of
class C30/37. In addition, the carbon footprint, by means of the global
warming potential (GWP) defined by the equivalent CO2-emissions per
volume from production, is listed to support environmental analysis.
More detailed information as well as the concrete mix are given in [33].

The Young’s modulus used for the design – incorporating all analyti-
cal and numerical derivations – is set to 47,500MPa. The mean flexural
tensile strength is determined to 𝑓𝑐 𝑡𝑚,𝑓 𝑙 = 20MPa in 3-point bending
tests made at the structural testing laboratory of the University of
Kaiserslautern-Landau (RPTU) using prisms with dimensions of 𝑙∕ℎ∕𝑏 =
160∕40∕40 (mm) according to applicable standards [35,36]. To ensure
linear-elastic behavior, the first principle stress must be limited to
the design value of the axial tensile strength. Therefore, the mean
flexural tensile strength is first transferred to the mean axial tensile
strength and second, the characteristic 95%-quantile value is calculated
based on the scattering data of the tests. In addition, the characteristic
value is reduced by partial safety factors as described in [33] so that
the reduced axial tensile strength follows to 𝑓𝑐 𝑡𝑑 = 6.6MPa for the
design. Furthermore, the self weight of the (reinforced) concrete is
given by the averaged bulk density of 2500 kg/m3. Compared to NC,
the HPC possesses about twice as much GWP. However, since the
strength of the HPC is up to six times higher, a structure made from
NC would need much more material and thus yielding a higher GWP in
total. Also similar high-performance concretes exhibit a GWP of 767 kg
CO2e/m3 [37] which is even higher than the one used here. In contrast,
(reinforcing) steel has a carbon footprint of 4426 kg CO2e/m3.

It must be noted that the costs for HPC are generally higher than
for NC. But, to achieve such slender designs as derived here, NC is
inappropriate since it would require much thicker dimensions. These
again cause higher dead loads since the bulk densities of both materials
are equal, which affect the dimensions of the foundation, the drive
system and the concentrator structure itself.

2.4. Specific action effects

The specific effects on heliostats mainly comprise dead and wind
loads. Wind loads are affected by the deflection of the collector. Dead
loads cause varying internal forces in the structure during sun tracking.
Wind loads in particular strongly depend on the shape of the heliostat
and, consequently, the wind flow around it [38,39]. For design, distinc-
tion is made between two essential states, namely the operating and the
survival one:

• In the operating state, the collector tracks the sun under moderate
mean wind speeds at elevation axis height of up to 10 m/s in such
a way that the solar rays are focused on the receiver in the solar
tower. This corresponds to a peak wind speed of 20 m/s at 10 m
height.

• In the survival state, under hurricane-like mean wind speeds of up
to 33 m/s at elevation axis height, the collector is fixed in stow
position at a deflection of 90◦ – mirror facets directed upwards
– and no operation takes place. This corresponds to a peak wind
speed of 65 m/s at 10 m height.
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Table 2
Wind load coefficients for parabolic dish collectors according to [41] with adjusted
denotations according to Fig. 2.

Operation Stow

𝛼 [◦] 0 60 30 90
𝛽 [◦] 0 0 180 0
𝐶𝐹 𝑥 3.5 1.9 −1.8 0.33
𝐶𝐹 𝑧 0.31 3.1 0.8 0.98
𝐶𝑀 𝐻 𝑦 0.31 0.25 0.35 0.22

Dead loads arise from the reinforced concrete structure itself as well
as the mirror facets and their fasteners. The concrete used including
reinforcement is taken into account by the averaged bulk density (cf.
Table 1). The weight of the mirror elements depend on the type used.
Here, the ALMECO vegaPrime type with a total thickness of 2 mm is
considered. It is built up as a composite consisting of two outer layers
made from aluminum with a thickness of 0.5 mm and a plastic core.
This results in a weight of 2.9 kg/m2 [32].

The wind loads on the heliostat can be determined by means of
wind load coefficients 𝑐𝑝𝑒. These coefficients describe the wind pressure
distribution over the mirror surface of the heliostat’s concentrator. Mul-
tiplied with the reference pressure 𝑞𝑟𝑒𝑓 – depending on the reference
wind speed 𝑣𝑟𝑒𝑓 and the air density 𝜌 = 1.25 kg/m3 – the wind load 𝑞𝑤
results:

𝑞𝑤 = 𝑐𝑝𝑒 𝑞𝑟𝑒𝑓 (3)

with:

𝑞𝑟𝑒𝑓 = 1
2
𝜌𝑣2𝑟𝑒𝑓 (4)

Thereby, 𝑞𝑟𝑒𝑓 results to 0.06 kN/m2 for the operation state with maxi-
mum mean wind speed at elevation axis height of 𝑣𝑟𝑒𝑓 = 10m/s, and to
0.68 kN/m2 for the survival state with a maximum mean wind speeds
at elevation axis height of 𝑣𝑟𝑒𝑓 = 33m/s, respectively.

For the design of the concrete concentrator, deflection-related wind
load coefficients 𝑐𝑝𝑒 were adapted from wind tunnel tests in [40]. Here,
the distributions of 𝑐𝑝𝑒 are derived for different positions of the concen-
trator with respect to the pitch angle 𝛼 (tilting axis) and yaw angle 𝛽
(direction of wind or rotation axis, respectively). It must be noted that
the 𝑐𝑝𝑒 coefficients are valid for rectangular-shaped concentrators only,
but are simplified to the circular shape here.

For the design of the substructure consisting of the pylon, traverse,
and suspensions for the central mount, force and moment coefficients
𝐶𝑖 were adapted from the wind tunnel tests at parabolic dishes in [41].
By means of the aforementioned reference wind pressure 𝑞𝑟𝑒𝑓 as well
as the geometric dimensions of the concrete heliostat, the characteristic
attacking forces and moments can be calculated to:

𝐹𝑥 = 𝐶𝐹 𝑥 ⋅ 𝑞𝑟𝑒𝑓 ⋅ 𝐴𝑟 (hor izont al f or ce) (5)

𝐹𝑧 = 𝐶𝐹 𝑧 ⋅ 𝑞𝑟𝑒𝑓 ⋅ 𝐴𝑟 (ver t ical f or ce) (6)

𝑀𝐻 𝑦 = 𝐶𝑀 𝐻 𝑦 ⋅ 𝑞𝑟𝑒𝑓 ⋅ 𝐴𝑟 ⋅ 𝑑 (hinge moment ) (7)

Here, 𝐶𝐹 𝑥, 𝐶𝐹 𝑧, and 𝐶𝑀 𝐻 𝑦 are the respective force and moment coeffi-
cients, 𝐹𝑥, 𝐹𝑧, and 𝑀𝐻 𝑦 the corresponding forces and moment (Fig. 2),
𝐴𝑟 is the reflecting surface, and 𝑑 is the diameter of the parabolic dish
or heliostat, respectively. The assumed wind load coefficients according
to [41] for the decisive deflection in the operational state and stow
position are summarized in Table 2.

It must be noted that the values are derived for parabolic dishes
with a depth-to-diameter ratio of 0.1. In contrast, the planned prototype
possesses a ratio of 0.002, which is comparatively high for heliostat
concentrators. Due to this geometrcial simplification, an enhanced
partial safety factor of 2 is assumed increasing 𝑞𝑤 for the design and
detailing of the substructure and also for the concentrator.
4 
Fig. 2. Coordinate system for solar collector with wind coefficients following.

However, for concrete collectors, it has been shown that a horizon-
tal collector position (90◦) becomes decisive for both states, operational
as well as survival state, since the dead load dominates here [32,33].
It must be noted that in the operational state a horizontal position is
not reached, since it is not necessary for focussing the solar radiation
on the receiver. For the design, the 90◦ position is used in survival but
also operational state for the sake of simplicity.

2.5. Accuracy demands

The (optical) efficiency mainly depends on maintaining an undis-
turbed mirror surface. However, due to manufacturing and the afore-
mentioned action effects deformation occurs that leads to slope devia-
tions (𝑆 𝐷). These deviations represent the difference in the gradient
between an ideal undisturbed paraboloid and the actual deformed
shape. To assess the accuracy of solar thermal reflectors, the root
mean square (RMS) has become established. For the Stellio helio-
stat, this value is assessed to 𝑆 𝐷 𝑟𝑚𝑠 = 1.25mrad [26], which serves
here as a limit value for the design. Since this limit value applies to
an already fully assembled collector, i.e. inaccuracies of the support
structure and the mirrors are considered superimposed. A reduced
limit value is determined for the grillage only. This is based on the
approach of a quadratic mean value from the slope deviation due to
the concrete structure 𝑆 𝐷 𝑟𝑚𝑠𝑐 𝑠 and the mirror facets 𝑆 𝐷 𝑟𝑚𝑠𝑚. For an
equally weighted approach, the limiting value is derived to 𝑆 𝐷 𝑟𝑚𝑠𝑐 𝑠 =
0.88mrad. The limitation of the tensile stresses ensuring an uncracked
state serves as an additional constraint.

𝑆 𝐷 𝑟𝑚𝑠 =
√

𝑆 𝐷 𝑟𝑚𝑠2𝑐 𝑠 + 𝑆 𝐷 𝑟𝑚𝑠2𝑚 ≤ 1.25mrad (8)

2.6. Structural design using symmetry reduction methods

Due to the circular basic shape of the concrete heliostat, symmetry
reduction techniques [42] can be used for pre-design. This allows
rotationally symmetric sections of equal modules to be derived. Due to
the large focal length – in comparison to PTC – of heliostats, negligible
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Fig. 3. Rotationally symmetrical plate with hyperbolical thickness, loads and partial
structure defined by the angle 𝜑.

curvature results. Additionally, due to the dominant self-weight of
concrete structures, the decisive load situation occurs in a horizontal
stow position. In consequence, the heliostat can be idealized as a
circularly symmetric plate with point-like support at center (Fig. 3).
This plate is then designed as an equivalent cantilever arm according
to [43] with a length corresponding to the radius 𝑅. The plate or
cantilever arm, respectively, exhibits a hyperbolic height depending on
the unit length 𝜌 = 𝑟∕𝑅 and the edge height ℎ1:

ℎ(𝜌) = ℎ1𝜌
−𝑛∕3 (9)

Herein, 𝑛 is a shape coefficient that determines the curvature of the
hyperbolic course and is set to 1.5. Depending on the course of the
height and the size of a modular segment – defined by the angle 𝜑 –
the course of the stiffness as the moment of inertia 𝐼𝑟 of a rotationally
symmetric plate section can be determined to:

𝐼𝑟 =
1
12

𝑅ℎ31𝜌
(1−𝑛)𝜑 (10)

With respect to 𝜑, the course of the height ℎ can be calculated by
means of ℎ1 in a way that the accuracy demands are fulfilled. Therefore,
the loads are simplified according to Fig. 3 to a uniform area load 𝑝
of 0.5 kN/m2, representing wind loads and mirror elements, the self-
weight of the plate 𝑔, defined by the plate’s thickness ℎ and its bulk
density 𝜌𝑐 , and a circular line-like load 𝑃𝑟 of 0.25 kN/m representing the
outer ring. Based on the stiffness 𝐼𝑟, the deformations 𝑣 can be deter-
mined and transferred into slope deviations 𝑆 𝐷 that are the gradients
here (Fig. 4a). Then, the height ℎ1 is searched for so that the resulting
𝑆 𝐷 𝑟𝑚𝑠 corresponds to the limit value of 𝑆 𝐷 𝑟𝑚𝑠𝑐 𝑠 = 0.88mrad (without
inaccuracies of mirrors). The resulting height ℎ is shown in Fig. 4b
(black line). Based on Eq. (10) the equivalent stiffness is determined
for 𝜑 = 90◦ (red line). Thereby, the concentrator consists of 4 modules.
To derive the grillage, a beam with a constant width of 10 cm is derived
that possesses the same stiffness as a quarter plate. Its resulting height
ℎ𝑏𝑒𝑎𝑚 is also shown (green line). The region, where the inner steel ring
of the central bearing is located, is greyed out.

For manufacturing, the cross-section height of the radial beams is
linearized, tapering from 23 cm at the inner ring to 5 cm at the outer
edge. Due to the segmentation into modules, which takes place along
the radial struts, the modules have two radial beams with a width
of 5 cm each (cf. Fig. 1). Based on Finite-Element (FE) analyses, the
secondary struts as well as the outer and inner rings are dimensioned
in addition to the radial struts. Thereby, the secondary struts serve as
additional support for the mirror elements, which are also considered
5 
Table 3
Dimensions of the struts.

Description Width [cm] Height [cm]

Radial beam 10 (2 ⋅ 5) 23–5
Inner ring 5 23
Outer ring 5 5
Secondary struts 4 4

here as structural parts. The pattern of these struts is derived in a way
to minimize mirror deformations using structural optimization [44–
46]. The FE analysis uses linear-elastic material behavior since the
stresses are limited to the concrete’s tensile strength. Moreover, the
loads are considered as described in Section 2.4. Hereby, operational
and survival states are considered. However, in operational state, both
the limiting axial tensile strength 𝑓𝑐 𝑡 and the accuracy demands must
be fulfilled. Hereby, the accuracy is limited to 𝑆 𝐷 𝑟𝑚𝑠 = 1.25mrad
since now also deformations of the mirror elements are taken into
account. In survival state, the design is restricted by the tensile stresses
only. The resulting dimensions of the struts are summarized in Table 3
for which the restrictions are complied with. The individual modules
exhibit a weight of approx. 85 kg, so that the concrete grillage alone
weighs only about 340 kg. This corresponds to an averaged weight of
42 kg/m2 for a mirror surface of 8.04 m2 implying a mean thickness
of the concrete structure of 1.8 cm. In comparison, a heliostat with
sandwich facets, as described in [47], has a concentrator weight of
approximately 12.5 kg/m2 for a similar mirror surface of around 8 m2.
The Stellio with a mirror area of about 50 m2 possesses a concentrator
weight of about 18 kg/m2. Despite the slender design of the concrete
structure, it still results in higher weight compared to established
systems. Generally, the weight of the structure indicates primarily
the material used and is therefore a measure of cost, particularly for
high production rates. The dimensioning of the drive system is also
influenced by the self-weight of the structure, as additional moments
from unintended eccentricities of the concentrator must be absorbed by
the drive. However, the foundation could even benefit from a heavier
concentrator. If vertical loads from the structure outweigh horizontal
wind loads, simpler spread foundations rather than more expensive pile
foundations might be sufficient.

For robustness and ductile behavior of the concrete structure, addi-
tional reinforcement is needed. Therefore, steel rebars with a diameter
of 8 mm are chosen. The design of the reinforcement complies to the
verification concept of bearing capacity (so-called ultimate limit state,
ULS) for concrete structures according to European standards [48].

In total, a concrete volume of around 0.14 m3 is needed for the con-
centrator. Thus, the material costs can be roughly estimated to about
600e/m3. With respect to the mirror area, this results in 10.44e/m2.
In comparison, the costs for the mirror supporting structure of the
Stellio heliostat system are 6.79 $/m2 while for the SunRing heliostat
system they are 8.11 $/m2 [49]. It must be noted that the cost assump-
tion is cursory, since additional costs, e.g. from the formwork, mirrors,
drives and assembly, are not yet included. However, the costs of the
concrete collector are close to those of already established heliostat
systems.

Based on the amount of material used, the carbon footprint can be
derived. For the concrete structure a GWP of 64.4 k g CO2𝑒 results ac-
cording to Table 1. When considering the reinforcement, it is still only
74.6 k g CO2𝑒. In addition, one of the main advantages of the modular
design presented here is that individual modules can be replaced rather
than dismantling the entire collector when damage occurs or to extend
the service life. Thereby, less concrete waste makes it a sustainable
design. At the end of the service life, reinforced concrete is typically
crushed. The aggregates are then used for recycle concrete or serve as
filling material in road construction, which can be categorized as down-
cycling of material. In contrast, the reinforcing steel can be reused
structurally after it has been melted and reshaped.
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Fig. 4. (a) Deformations 𝑣 and resulting slope deviations 𝑆 𝐷 for a plate; (b) Thickness of the plate (black) with corresponding moment of inertia (red) and resulting cross-section
height of a stiffness-equivalent beam (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Detail of the additional support in side-view.

2.7. Design of the bearing

The concrete concentrator is to be erected on an existing pylon
from the solar tower at the German Aerospace Center (DLR) in Jülich.
For this purpose, two additional C-shaped suspensions made from steel
profiles of type S235 were designed on top of the pylon’s existing
traverse. Thereby, a deflection of up to 30◦ is enabled without any
collision. The construction sketch with measures is shown in Fig. 5.

3. Manufacturing and construction of a prototype

3.1. Manufacturing of the concentrator

The concrete concentrator was manufactured in full-scale in the
laboratory of structural engineering at the University of Kaiserslautern-
Landau (RPTU). Afterwards, the heliostat was assembled on the He-
liTep (Heliostat Testing Platform) at the solar tower Jülich for quality
control.

The four concrete modules were produced using a polystyrene
formwork multiple times. To secure a safe stripping of the filigree
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concrete elements, the formwork consisted of five modular parts. These
are one main element to ensure the basic grillage structure, one curved
part for the outer ring, two side parts for the radial beams, and one
inner part for the inner concrete ring. To reduce the adhesion between
the polystyrene and the HPC, the surface was covered with epoxy
resin layers. For concreting, the assembled formwork parts were fixed
with magnets on a production table originating from the production of
precast concrete components. To secure the positions of the concrete
modules to each other while assembling, three holes were added for
the connection of the adjacent radial beams. For the holes, plastic
tubes with a diameter of 20 mm were integrated into the formwork.
Additionally, a tongue-and-groove joint was milled into the formwork
for interlocking the neighboring radial beam’s positions (cf. Fig. 6, left).

To avoid collapse in case of unintended, local cracking, reinforce-
ment was considered due to the design in ULS. Therefore, reinforcing
steel (type B500 with a characteristic yield strength of 𝑓𝑦𝑘 = 500MPa)
and a diameter of 8 mm was used. In the outer ring as well as in the
secondary struts one rebar was centrally placed. In the radial beams
and inner ring two bars are positioned at the upper and lower edges
with a continuous concrete cover of 1 cm, which is sufficient as a
protective layer against corrosion for the used HPC. Therefore, a three-
dimensional frame for each module was welded together. Additionally
to the rebars, micro reinforcement with a diameter of 1 mm and
spacings of 1.25 cm was applied between the two reinforcement bars of
the radial beam and close to the surfaces in every strut. This stops the
propagation of unintended cracks almost directly at the surface. Two
of the four modules were constructed with an additional notch in the
inner ring to allow the steel tube for the tilting axis to pass through.
For the assembly of the concrete concentrator and the installation of
the mirror facets, transport anchors were placed at each crossing point
of the struts (cf. Fig. 6, right).

Since all modules were produced by only one formwork, the four
modules were poured after another. After a hardening time of at least
2 days, the concrete modules were stripped off and the formwork was
prepared for the next module. During the manufacturing of the mod-
ules, damage to the formwork occurred due to the high adhesion forces
of the HPC. For industrial production, a true-to-form steel formwork is
hence highly recommended which can be additionally heat treated for
reduced stripping times of a few hours only [50,51].

3.2. Substructure and tracking concept

The substructure of the heliostat was realized using a steel pylon
from a former steel heliostat of the solar tower Jülich. On top of
this pylon a traverse with a rotatable bearing between both, pylon
and traverse, was installed. Attached to the traverse two specially
manufactured C-shaped suspensions were mounted. At the top end of
the suspensions two opposing holes for the horizontal tilting axis of the
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Fig. 6. Detail of the modular formwork with tubes for position securing and tongue and groove system (left), detail of the inner ring with transport anchors and notch for the
tilting axis (right).
heliostat were provided (cf. Fig. 7). The tilting axis that connects the
bearing with the concrete heliostat consists of a steel tube.

The four concrete modules are connected to a centered steel ring
with a diameter of 30 cm, a height of 23 cm, and a thickness of 1 cm (cf.
Fig. 7). In addition, this central steel ring has additional stiffeners and
a tube that passes horizontally through the steel ring. This horizontal
tube is designed in a way that the steel tube of the tilting axis fits
exactly to enable tilting. The concentrator can be assembled on the
ground and then lifted as a whole. Afterwards, the concentrator and
the substructure can be connected by passing through the tilting axis.

For the tracking concept, two linear actuators adapted from the
former steel heliostat are used. One is installed horizontally on the
pylon and the traverse for rotating the heliostat. For the intended
research on the concrete heliostat no specific rotation is needed and
this linear actuator was mainly used as fixation. For tilting, the second
linear actuator is fixed on the traverse and one of the lower radial
beams. Fig. 7 shows both, the horizontal actuator for rotation (colored
red) and the vertical actuator for tilting (colored yellow).

3.3. Assembly of the prototype

The full-scale prototype was assembled on the HeliTep at the solar
tower Jülich for quality control. First, the four concrete modules were
placed around the central steel ring for alignment. Thereby, the cir-
cular structure of the concrete heliostat was formed. Afterwards, each
module was screwed with the centered steel ring. Additionally, the ad-
jacent radial beams were connected using threaded rods for positioning.
To circumvent local stress peaks due to unintended inaccuracies on
the radial beam surfaces, an additional layer of elastomer was fixed
between the concrete surfaces. After mounting the concrete modules,
their upper surfaces were prepared for the mirror facets. Therefore, the
contact surfaces of the concrete modules as well as mirror facets were
glued using elastomer strips to increase the surface adhesion. On each
concrete module, two mirror facets were assembled. Each mirror facet
was clamped on the concrete modules simply by stainless steel sheets
that were screwed using the provided transport anchors in the grillage
(cf. Fig. 6, right).

During assembly of the concentrator, the substructure was erected.
Therefore, the pylon was screwed on the existing foundation, and the
two C-shaped suspensions on the traverse. Subsequently, the traverse
with the C-shaped suspensions and the rotatable bearing were attached
on top of the pylon. Afterwards, the concrete concentrator was lifted
onto the substructure. Therefore, the holes for the tilting axis of the
C-shaped suspensions and the central steel ring were aligned. The
connection of the heliostat and the lower construction was realized
using a steel tube defining the tilting axis and secured using splints.
Then, the vertical linear actuator was screwed to the traverse and fixed
using a specially manufactured steel sheet to a threaded rod of the
7 
Fig. 7. Back view of the concrete heliostat with detail of the bearing and tracking
concept. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

lower radial beam. Finally, the horizontal linear actuator was installed
on the pylon and screwed to the traverse. Fig. 8 shows the assembled
heliostat with already installed target points on the mirror facets for
the photogrammetric quality control.

4. Qualification

4.1. Photogrammetric measurement of the mirror surface

For the evaluation of the optical accuracy, the concrete collector is
qualified by means of close-range photogrammetric measurement [52,
53] conducted by the German Aerospace Center. Therefore, up to
480 retroreflective targets, around 60 targets per mirror facet, were
attached to the mirror surface (cf. Fig. 8). Measurements were taken in
different positions with respect to the daily course of the sun. These are
the 90◦- (stow position), 75◦-, 45◦-, and 30◦ position (close to horizon).
However, for the stow position maximum deflection occurred as shown
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Fig. 8. Front view of the assembled concrete heliostat on the HeliTep at the solar
tower Jülich (Germany).

in Fig. 9 (left). The deformations vary between ±10mm from the ideal
shape with respect to the focal length. Based on these deformations,
the resulting slope deviations in x- (𝑆 𝐷 𝑥, center) and 𝑦-direction (𝑆 𝐷 𝑦,
right) are calculated, which mainly vary in the range of ±15mrad.
In addition, the RMS-value for each facet is also given. As a result,
the total accuracy of 𝑆 𝐷 𝑟𝑚𝑠 = 7.8mrad could be evaluated. So, the
desired accuracy of ≤ 1.25mrad is not achieved. The individual mirror
facets show high differences, which indicate initial rigid body motions
meaning inaccuracies in the fastening concept of the mirror facets.

The dimensional stability characterized by the differences in defor-
mation between the individual positions, was further assessed. Defor-
mations observed for the 90◦ position were used as a reference and
deviations from this reference were calculated for the other positions.
This means, the deviations for the 90◦ position vanish. Fig. 10 illus-
trates the differences in their local 𝑧-directions. They increase with
decreasing deflection of the concentrator to an almost vertical position
of 30◦. These deformations are a superposition of structural and mirror
deformations with a variation range of approx. ±2mm. The largest
deviations of around −2mm occur for the 30◦ deflection, specifically
at the edges of two mirror facets each. Hence, these deviations are
attributed to local inaccuracies of the mirrors. Thus, it can be inferred
that the actual concrete grillage already has high dimensional stability,
which is sufficient to maintain the optical effectiveness of the collector
during operation.
8 
4.2. Photogrammetric measurement of the concrete structure

For a more detailed evaluation of the concrete modules’ geometry,
the modules are also photogrammetrically measured in the lab of
the Ruhr University Bochum after dismantling the collector on the
solar field. In contrast to the mirror qualification, measurement and
evaluation were performed using a different, but comparable hardware
system and evaluation method. The modules, without mirror facets,
were attached to the inner ring in stow position. After removing the
glued elastomer strips, measuring targets are placed along the struts
on the upper surface at intervals of approximately 10 cm, resulting in
about 80 target marks per module.

Fig. 11 displays the vertical downward deformations 𝛥𝑧 of the four
modules represented as point-wise deformations of the targets and bar
plots with corresponding RMS-values for each module. These deforma-
tions are attributed to bending of the grillage under dead loads and
initial inaccuracies of the concrete elements. The bending deformations
increase from the inner fixing (≈ 0) to the outer ring to a maximum of
0.6 mm.

To assess the concreting accuracy, the variations of the measured
deformations were evaluated. Maximum deviations result in ±4mm
that, however, only occur for module 2, most likely due to the repeated
use and damage of the polystyrene formwork, as previously noted.
Nevertheless, the deformations of the other modules mostly vary in the
range of ±1mm. Module 4 possesses slightly higher deviations of up
to ±2mm. The RMS-value – neglecting module 2 – lies in the range
of 0.48 (module 3) to 0.91 mm (module 4). These deviations can be
explained by the production process as well as by adhesive residues of
the elastomer stripes on the surface. Additional grinding could further
enhance the accuracy.

5. Conclusions

The conceptual and analytical derivation as well as the construction
and optical qualification of a modular concrete heliostat is presented.
The main findings are:

• A prototype was developed with an aperture area of 8.04 m2.
The concrete concentrator exhibits an average weight of 42 kg/m2

with respect to the mirror area which corresponds to only 1.8 cm
of concrete if built as a flat disc. Due to its optimized, slen-
der design, a central bearing in the center of gravity without a
counterweight – as it was necessary for an already built concrete
heliostat – is possible. However, in future research also an indi-
vidual bearing and tracking concept must be developed for this
specific application.

• Due to the modularization, the concentrator structure is seg-
mented into equal modules. These modules are manufactured us-
ing a single, modular formwork made from polystyrene. For serial
production that becomes necessary for CST plants, reusable and
dimensionally stable formworks made from steel, along with in-
corporated quality management, is sought to ensure the accuracy
demands for solar concentration. Initial costs for the formworks
would amortize through multiple use. It must be noted that these
costs must be analyzed in detail in future investigations with
industrial partners.

• The optical qualification is done by photogrammetric measure-
ment. The concrete structure reveals main deformations in the
range of ±1mm including deformations under dead load which
indicate remarkable stiffness. In contrast, the qualification of the
mirror facets reveals a relatively high slope deviation of 𝑆 𝐷 𝑟𝑚𝑠 =
7.8mrad, which can be tracked back to the simple and non-
adjustable fastening of the mirrors. In future developments, the
fastening concept must therefore be improved, but was not the
focus here. The measurements presented serve as a benchmark
and can be used to validate future work.
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Fig. 9. Measured deformations of the mirror surface in 90◦ position (left) with corresponding slope deviations SDx (center) and SDy (right) compared to an ideal parabolic shape.
Fig. 10. Differences of the deformations for the 90◦, 75◦, 45◦, and 30◦ position with respect to 90◦ position.
• The form stability analysis based on different collector deflections
however underlines the stiffness of the concrete structure due to
deviations of max. ±2mm which only occur for local mirror de-
formations. A concrete concentrator structure has been therefore
developed that possesses both high stiffness and low weight. It
must now be adapted for larger structures, when integrating cost
analysis in the design process.

• The modular design has the additional advantage that single
modules can be replaced if damage occurs. This enhances the
overall service life without requiring demolition of the whole
heliostat, making it a more sustainable design. However, at the
end of its service life, the HPC can be recycled like NC and used
as aggregates for new (recycling) concrete or in other construc-
tion fields as filling. The proposed reinforced concrete structure
exhibits a GWP of about 74.6 kg CO .
2e

9 
• A cursory cost calculation of the concrete structure mainly con-
sidering the materials results in about 10.44e/m2, which is in
the range of other collector types proposed so far. However, in
future investigations detailed cost analysis must be performed
corresponding to future developments of the structure to make
a valid statement regarding cost efficiency.

A concrete heliostat is structurally feasible, but significant advance-
ments are still needed to address existing research gaps and make it a
competitive alternative to current steel-based CST collectors in terms
of efficiency and costs. Key areas for development include adapting
the design for larger apertures, devising a bearing and tracking system
that accommodates the higher dead load of the concrete structure, and
conducting a comprehensive cost and efficiency analysis incorporating
production and assembly. So far, the developments were focused on
technical feasibility of the concentrator structure made from concrete.
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Fig. 11. Deformations 𝛥𝑧 of the grillage in the 90◦ position.
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