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A B S T R A C T

This work presents a tensegrity design approach for a small-to-medium-sized sports stadium, equipped with
sun-tracking solar modules on its roof. A novel V-Expander unit is used to create a modular roof structure,
with members optimized using a minimal mass strategy. The stability of the entire stadium structure and the
deflections of the cantilever roof are analyzed under vertical, seismic, and wind loads through detailed finite
element analysis. Electrical power production is estimated over one year for the Salerno area. The results
demonstrate that the tensegrity solar roof exhibits limited deflections and remarkable solar energy harvesting
capabilities, utilizing sun-tracking strategies tailored to different sectors of the grandstands. This research paves
the way for the design of multi-scale sports stadiums featuring sustainable, adaptive lightweight tensegrity
structures. These systems employ sun-tracking photovoltaic modules that can be tilted by simply wrapping a
bus cable around a winch.
1. Introduction

Architects, engineers, and sports agencies have been working for
over 20 years to enhance the sustainability of sports stadiums and
reduce their energy consumption and carbon footprint, which are typi-
cally very high [1–3]. In most modern stadiums, a significant amount of
energy is needed during matches to power advertising boards, lighting,
air conditioning, ventilation in enclosed spaces, and other electrical ser-
vices. These substantial energy demands contribute to the considerable
carbon footprint of sports stadiums, which is further exacerbated by
the use of energy-intensive materials and construction systems [4]. The
Fédération Internationale de Football Association (FIFA) launched the
‘Green Goal’ initiative in 2006 to reduce the carbon footprint of World
Cup™ tournaments and other international soccer events. This program
includes several measures, such as optimizing energy consumption,
reducing waste, and using renewable energy sources [5].

A remarkable number of sports stadiums equipped with photo-
voltaic (PV) panels (solar-powered stadiums) have been designed and
built in recent years (see, e.g., the statistics presented in [2]). There are
large-scale projects, such as the Garrincha Stadium in Brasília, Brazil,
which is equipped with 9600 PV panels and produces a peak electrical
power of 2500 k Wp, as well as the Bentegodi Stadium in Verona, Italy
(13 300 PV panels, 1000 k Wp) and the National Stadium in Kaohsiung,
Taiwan (8844 PV panels, 1000 k Wp). Medium-sized projects include
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the Kyocera Stadium in The Hague, The Netherlands, with 2900 PV
panels generating 725 k Wp, while smaller-scale installations include
the Euroborg Stadium in Groningen, The Netherlands, with 1100 PV
panels producing 273 k Wp. Efficient, solar-powered stadiums can pro-
duce a significant energy surplus—ranging from 1500 to 5000 MW h per
year—beyond the energy required for their own operation [6].

The interesting study presented in [7] reports that a medium-sized
stadium can exhibit energy consumption during a sporting event on
the order of 10 000 MW h per year, corresponding to carbon dioxide
emissions of 3600 tonnes annually. The same reference highlights that
the energy consumption of the stadium used for the US Super Bowl is
comparable to that of an entire African country, reaching up to 10 MW h
during operation. It is worth noting that solar thermal panels provide
a valid alternative or complement to PV panels in hot and humid
climates with high peak temperatures [7]. The dragon’s tail shape of
the Kaohsiung Stadium allows for a smoothly variable orientation of
the PV panels along the length of the roof. This design is beneficial for
aesthetic reasons and also for optimizing solar energy gain by adjusting
the panels’ orientation [8]. Recently, a retractable solar roof equipped
with 10 414 PV panels (4200 k Wp) was installed at the Galatasaray
Stadium in Istanbul, Turkey [9]. However, it appears that no examples
of stadium roofs with sun-tracking PV panels have been realized to
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date.
Sustainable stadiums need to be lightweight and structurally stable

while also being energy-efficient [10]. Tensegrity structures, which
offer a unique lightweight structural typology, have been demonstrated
by Robert E. Skelton and several collaborators to provide minimal mass
solutions for a variety of loading conditions in recent years (see, for ex-
ample, [11–13]). Such structural systems resist external loads with pure
axial forces in their members, which consist of either compressed struts
or bars and stretched (most often prestressed) cables or strings [13]. It
is often believed that tensegrity structures possess low stiffness due to
the fact that the struts are not connected to each other and the presence
of infinitesimal mechanisms [14]. While this is true for classical class-
1 tensegrities (where only one bar is attached to each node), it has
been shown that high-stiffness properties can be achieved in tensegrity
systems through optimized geometries and topologies, the use of class-
𝑘 configurations (where the maximum number of bars attached to
nodes is 𝑘), and appropriate prestress strategies [13,15]. Tensegrity or
tensegrity-inspired architectures have been employed in the design of
bridge structures [12], the Georgia Dome stadium in Atlanta, Georgia,
USA (demolished in 2017), and the La Plata Stadium in Buenos Aires,
Argentina, to name a few examples of such structural systems used in
civil engineering [14,16,17].

The present study illustrates the tensegrity design of a novel solar
stadium structure with sun-tracking capabilities. A suitable variant of
one of the V-Expander modules proposed in [18] is used. The class-
4 tensegrity system employed for the stadium roof is described in
Section 2, which details the prestress modes of the structure and the
minimal mass design conducted using the strategy outlined in [11,12].
The overall architectural design of the examined tensegrity stadium is
presented in Section 3. A comprehensive finite element analysis of the
structural response of one sector of the stadium’s grandstands to grav-
ity, wind forces and seismic forces is provided in Section 4. The solar
energy harvesting capacity is explored in Section 5, which discusses the
sun-tracking abilities of the triangular PV modules forming the solar
roof and calculates the overall electrical energy produced in one year at
the site in Salerno, Italy. Concluding remarks and directions for future
work are presented in Section 6.

2. Tensegrity roof module

The stadium roof structure examined in this work tessellates the
novel V-Expander tensegrity unit, as illustrated in Fig. 1, to form the
roof elements of the grandstand structures described in the following
sections. The original V-Expander was introduced by René Motro in
his well-known textbook [19] as a V-shaped system composed of eight
bars arranged in two distinct sets of four bars each, with equal lengths.
The bars are connected by one vertical cable, along with eight hori-
zontal and eight diagonal cables (see also [18,20,21]). We examine a
modification of the fifth variant (‘Variant V’) of the V-Expander cell
proposed in [18] (see also [22]). This variant is a class-4 tensegrity
structure composed of eight bars and seven cables. However, the system
examined in this work and shown in Fig. 1 differs in the arrangement
of cables and bars compared to the Variant V studied in [18,22]. It
features a vertical quadrangular section with height ℎ and width 𝑑,
formed by nodes 1, 2, 3, and 5, as shown in Fig. 1. The system is
completed by one base triangle (1, 4, 6) lying in a horizontal plane
and a sloped triangle (2, 4, 6). The ‘arms’ 1–4 and 1–6 lie on a circle
with radius 𝑟, centered at node 1.

The module depicted in Fig. 1 is used in this work to create a
cantilever roof structure by arranging an array of modules along the
𝑦-axis, which is perpendicular to the 𝑥-axis aligned with the bar 1–3.
Our tensegrity stadium concept assumes the 𝑦-axis is parallel to one
edge of the grandstands, which form a sports stadium structure with
a rectangular plan (see Section 3). It is easily demonstrated that the
module in Fig. 1 does not exhibit infinitesimal mechanisms. We align
the 𝑧-axis with the bar 1–2 and set the origin of the {𝑥, 𝑦, 𝑧} Cartesian
2 
Fig. 1. Examined V-Expander unit.

coordinate system at node 1. It is worth noting that the V-Expander
module designed for minimal mass is modeled as an independent struc-
ture with restraint conditions to simplify its interactions with adjacent
parts of the grandstand structures presented in the following section.
It is restrained by fixing node 3, constraining nodes 1, 2, and 5 in the
longitudinal (𝑦) direction, and additionally constraining node 1 in the
vertical (𝑧) direction. The prestress modes applicable to this system are
described below.

2.1. Prestress modes

Let 𝒙 denote the vector of the force densities in the bars and cables,
which are defined as the ratios between the axial forces 𝑡𝑏𝑖 and 𝑡𝑠𝑖
carried by these members and the corresponding lengths 𝑏𝑖 and 𝑠𝑖. We
assume that such quantities are positive when in tension for the cables
and positive when in compression for the bars. Additionally, we order
the elements of 𝒙 by first listing the seven force densities in the cables
3–4, 4–6, 6–3, 4–5, 5–6, 5–1, and 3–2, followed by the eight force
densities in the bars 1–2, 5–3, 1–4, 1–6, 2–4, 2–6, 2–5, and 1–3. We
let 𝑀 = 15 denote the total number of members and 𝑁 = 6 the number
of nodes of the V-Expander module. The equilibrium equations of the
structure can be cast into the following matrix form

𝑨𝒙 = 𝒘 (1)

where 𝑨 is the 3𝑁 ×𝑀 equilibrium matrix, 𝒙 ∈ R𝑀 if the force density
vector, and 𝒘 ∈ R3𝑁 is the nodal force vector of the system (R denotes
the set of real numbers). The 𝑞th member of the structure contributes to
the 𝑟th equilibrium equation of the 𝑝th node (𝑟 = 1, 2, 3 corresponding
to the equilibrium equations along the 𝑥, 𝑦 and 𝑧 axes, respectively)
with the opposite of the 𝑟th component of the vector defined by the
difference between the position vector of node 𝑝 and the position vector
of the other node connected by this member. We are assuming the
𝑞th member is connected to node 𝑝; otherwise, this member does not
contribute to the equilibrium equations of node 𝑝.
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Fig. 2. Prestress mode that is produced by stretching the cables in the base triangle 3-4-6 (mode #1). Force vectors colored blue indicate tensile prestress forces in the cables,
while force vectors colored brown indicate compressive prestress forces in the bars. The matrix shown on the right specifies the force density acting on the generic member with
end nodes 𝑖 and 𝑗.
The prestress (or self-stress) modes of the structure correspond to
the non-trivial solutions of Eq. (1) when 𝒘 = 𝟎, that is, in the absence
of external forces. Simple algebraic computations demonstrate that
the V-Expander module under examination exhibits prestress modes
generated by linear combinations of the three base modes illustrated in
Figs. 2, 3, and 4. The mode shown in Fig. 2 is modulated by the force
density 𝑥[1] in the cable 3–4 of the base triangle 3-4-6 (which coincides
with the force density in the cable 6–3). In contrast, the mode depicted
in Fig. 3 is modulated by the force density 𝑥[4] in the cable 4–5 of the
sloped triangle 5-4-6 (coinciding with the force density in the cable
5–6). Finally, the mode depicted in Fig. 4 is modulated by the force
densities acting in the cables 3–2 (𝑥[6]) and 5–1 of the vertical section
of the module.

2.2. Minimal mass design procedure

We carry out a minimal mass design of the V-Expander module, as
described in the previous section, utilizing the iterative linear program-
ming procedure outlined in [11]. For a single loading condition, this
procedure is formulated as the following minimization problem

minimize
𝒙

𝑚 = 𝒄𝑇 𝒙 (2)

subject to
{

𝑨𝒙 = 𝒘
𝒙 ≥ 𝟎

where

𝒄 =

(

𝜌𝑏𝑏21
𝜎𝑏1

…
𝜌𝑏𝑏2𝑛𝑏
𝜎𝑏𝑛𝑏

|

𝜌𝑠𝑠21
𝜎𝑠1

…
𝜌𝑠𝑠2𝑛𝑠
𝜎𝑠𝑛𝑠

)𝑇

. (3)

Here, 𝑚 denotes the overall mass of the system; 𝜌𝑏 and 𝜌𝑠 represent
the mass densities of the 𝑛𝑏 bars and 𝑛𝑠 cables, respectively; 𝑏2𝑖 and
𝑠2𝑖 indicate the squares of the lengths of such members. The design
stress of the 𝑖th bar is denoted as 𝜎𝑏𝑖 (𝑖 = 1,… ., 𝑛𝑏), and that of the
𝑖th cable as 𝜎𝑠𝑖 (𝑖 = 1,… ., 𝑛𝑠). Hereafter, we utilize the generalization
of the problem (2) to multiple loading conditions, as detailed in [11], to
which we direct the reader for further information. Initially, we assume
that all cables and bars exhibit circular cross-sections and are made
of steel with a mass density of 7862 k g m−3. For the bars, the material
3 
Table 1
Nodal forces generating the loading conditions analyzed in the minimal mass design
procedure. Nodes 3 and 5 are assumed to be at rest; node 1 is constrained in the 𝑥
direction.

combination node 𝐹𝑥 = 𝐹𝑦 𝐹𝑧
(k N) (k N)

1) dead loads 2 0 −69 328
5 0 −11 702
4, 6 0 −57 626

2) dead loads + wind downward 2 −37 647 −225 217
5 0 −39 812
4, 6 −37 647 −185 405

3) dead loads + wind upward 2 37 647 86 561
5 0 16 408
4, 6 37 647 70 153

properties include a Young’s modulus 𝐸𝑏 = 206 × 109 N m−2 and a yield
stress 𝜎𝑌 = 223 × 106 N m−2. For the cables, the material properties
include a Young’s modulus 𝐸𝑠 = 160 × 109 N m−2 and a yield stress
𝜎𝑌 = 1200 × 106 N m−2, as specified by the manufacturer of the spiral
strand steel wire ropes, Sirtef srl [23]. The examined roof module has
dimensions of 𝑟 = 12 m, ℎ = 5 m, and 𝑑 = 2 m.

Use is made of design stresses 𝜎𝑠𝑖 = 𝜎𝑌 in all the cables and design
stresses 𝜎𝑏𝑖 = min{𝜎𝑌 , 𝜎𝐵𝑖} in the bars. Here, 𝜎𝐵𝑖 indicates the buckling
stress obtained by dividing the Euler buckling load in the 𝑖th bar by the
cross section area of such a member [11]. The following 11 external
load conditions are taken into consideration: dead loads; dead loads
plus wind forces acting downward (i.e., in the negative 𝑧 direction);
dead loads plus wind forces acting upward (i.e. in the positive 𝑧
direction); seismic loads acting in both 𝑥 and 𝑦 directions for a total
of 8 seismic load cases. These loading conditions are generated by the
nodal forces listed in Table 1. The reader is referred to Sections 3–4 for
the derivation of the numerical values of the forces presented in Table 1
and seismic load cases.

The minimal mass design procedure returns the theoretical cross-
sectional areas and radii of cables and bars, which are denoted by 𝐴𝑖𝑗 ,𝑡ℎ
and in Tables 2 and 3, respectively. Such a design aims to achieve
𝑖𝑗 ,𝑡ℎ
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Fig. 3. Prestress mode generated by stretching the cables of the sloped triangle 5-4-6 (mode # 2).
Fig. 4. Prestress mode generate by stretching the cables of the vertical section of the module (mode # 3).
an initial gross sizing of the members forming the V-Expander module.
To standardize the scattered outputs and align them with the finite
element analysis presented in Section 4 (considering various levels of
prestress), we utilized spiral strand steel wire ropes supplied by Sirtef
srl [23]. These ropes, manufactured from harmonic high-strength steel
wires, have a diameter of 57 mm and a minimum breaking force (MBF)
of 2610 k N for all cables. Similarly, steel profiles with cold-formed
square hollow sections (HS) [24], characterized by a 400 mm edge and
16 mm thickness, were used for all bars.

3. Tensegrity stadium concept

We examine a stadium structure composed of four independent
grandstands: two ‘long’ grandstands with a longitudinal span of
101.82 m, and two ‘short’ grandstands with a span of 67.88 m (Figs. 5–6).

The four grandstands are assumed to be positioned along the edges
of the stadium, with each aligned to a different cardinal direction. The
two long grandstands are situated along the north and south edges,
4 
Table 2
Theoretical and regularized dimensions of the cables obtained through the minimal
mass design procedure. Here, 𝑖 and 𝑗 denote the endpoint nodes of the generic cable,
𝐴𝑖𝑗 ,𝑡ℎ and 𝑖𝑗 ,𝑡ℎ represent its theoretical cross-sectional area and theoretical radius,
respectively.
𝑖 𝑗 𝐴𝑖𝑗 ,𝑡ℎ (m2) 𝑖𝑗 ,𝑡ℎ (mm)

3 4 3.29 × 10−4 10.24
4 6 1.12 × 10−4 5.98
6 3 3.29 × 10−4 10.24
4 5 4.88 × 10−4 12.46
5 6 4.88 × 10−4 12.46
5 1 4.31 × 10−4 11.72
3 2 1.80 × 10−3 23.91

while the two short grandstands are located along the east and west
edges (Fig. 5). The grandstands reach a total height of 20 m up to the
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Fig. 5. Axonometric (top), aerial (bottom-left), and close-up roof (bottom-right) views of the solar stadium structure analyzed in this study, highlighting the roof covered with strips
of lightweight, flexible, thin-film PV cells. The stadium comprises two ‘long’ grandstand sections along the south and north sides, parallel to the longer edges of the rectangular
field, and two ‘short’ grandstand sections along the east and west sides, parallel to the shorter edges of the field.
Table 3
Theoretical and regularized dimensions of bars obtained through the minimal mass
design procedure. In this table, 𝑖 and 𝑗 denote the endpoint nodes of the generic bar.
The quantity 𝐴𝑖𝑗 ,𝑡ℎ represents the theoretical cross-sectional area of the bar, while 𝑖𝑗 ,𝑡ℎ
denotes the theoretical radius of the circular cross-section.

i j 𝐴𝑖𝑗 ,𝑡ℎ (m2) 𝑖𝑗 ,𝑡ℎ (mm)

1 2 1.94 × 10−2 78.64
5 3 8.50 × 10−3 52.00
1 4 2.55 × 10−2 90.10
1 6 2.55 × 10−2 90.10
2 4 1.19 × 10−2 61.47
2 6 1.19 × 10−2 61.47
2 5 4.79 × 10−3 39.04
1 3 5.05 × 10−3 40.11

axis of the top structural members and are composed of adjacent V-
Expander roof modules (Section 2). These modules are mounted on
vertical posts connected by two grids of bars and cables lying on
parallel vertical planes (Fig. 6).

The short grandstands consist of four bays, each measuring 16.97 m,
while the long grandstands consist of six bays of the same length
(Fig. 6). The total seating capacity is estimated at nearly 10 000 seats
(specifically 9800). This estimate considers a step tread of 0.60 m, a riser
height of 0.60 m, a seat pitch of 0.45 m, 14 tiers, six stairways with a
width of 1.20 m in the long grandstand sections, and four stairways
in the short grandstand sections [25,26]. As a follow-up to the study
presented in Section 2.2, we use the same elements, with material
properties derived from Sirtef srl [23] and a diameter of 57 mm, for all
cables in the overall stadium structure. For all the bars shown in Fig. 6,
we use cold-formed steel HS sections with a 400 mm edge and a 16 mm
thickness [24].

The pitched roof modules are constructed from standing seam metal
roofing panels, with an overall height of 220 mm, a thickness of 4 mm,
5 
and a self-weight of 486 N m−2 (corresponding to a specific weight of
77.126 k N m−3). The triangular metal roofing modules are covered with
strips of lightweight, thin, and flexible solar panels. These strips are
attached to the upper sections of the corrugated roof modules, running
along the roof’s transverse direction (see Fig. 7). The solar panels have a
self-weight of 44 N m−2, including the self-weight of the scissor structure
described later and a lightweight wire mesh backing. Their power
conversion efficiency (PCE) ranges from 6% for amorphous thin-film
cells [27] to 18% for organic PV panels [28], and up to 24% for flexible
PV panels SunBender by Solbian, which encapsulate high-efficiency
monocrystalline cells [29].

It is worth noting that roof panels have a nearly 30◦ slope in the
reference configuration of the solar roof, measured with respect to the
horizontal plane passing through the frontal longitudinal axis of the
roof (‘frontal’ tilting angle: 𝜗0 = ar ct an (ℎ∕ (𝑟 cos(𝛼∕2))) = 0.532 r ad =
30.509◦, cf. Section 2). Such initial slope can be varied by tilting the roof
panels by a ‘secondary’ tilting angle 𝜗̂ about the posterior longitudinal
axis (one-axis tracking strategy), using a scissor-type tensegrity struc-
ture [30]. This structure consists of two struts with 300 mm HS sections
(web thickness of 3 mm) that run beneath the roof panels. The struts are
connected at their lower extremities to a looped bus cable, and at their
upper extremities to hinges attached at the midpoints of two edges of
the roof panel. The bus cable is also a spiral strand steel wire rope,
similar to the other cables that form the stadium structure, but with
a diameter of 30 mm. We refer the reader to Section 5 of [30] for a
detailed description of the kinematics of the scissor tensegrity structure,
which is graphically illustrated in Fig. 8. By wrapping the bus cable
around an external winch, the struts rise from their initial position,
tilting the roof panels and PV cells up to a (theoretical) maximum angle
of 𝜗̂𝑚𝑎𝑥 ≈ 119◦. The study presented in Section 5 adopts a sun-tracking
strategy in which all roof panels within an individual grandstand are
uniformly tilted by a single secondary tilting angle 𝜗̂ to prevent mutual
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Fig. 6. Illustration of the grandstand sections of the stadium without roof plates and PV panels installed: (a) Detail of a post element; (b) Axonometric view of the structure of a
short grandstand; (c) Axonometric view of the structure of a long grandstand section (dimensions in m).
Fig. 7. Exploded view of a corrugated steel roof panel covered with thin-film PV strips.
The supporting structure is shown in a schematic diagram for clarity of illustration.
6 
shading, while allowing for varying angles 𝜗̂ between the solar roofs
of different grandstands (Fig. 9). The decision to implement additional
tilting about the posterior axis, rather than rotation about the frontal
axis, is guided by the aim of shifting the centers of mass of the tilted
PV panels closer to the vertical supporting structure at the back of the
V-Expander modules (Fig. 8), thereby improving the stability of the
overall grandstand structure. This approach, however, constrains the
PV panels to exhibit a constant value for the frontal tilting angle, as
will be observed in the analysis presented in Section 5.

4. Finite element analysis

This section presents finite element (FE) simulations of a long grand-
stand section of the analyzed stadium, performed using the commercial
software SAP2000® [31]. The analyzed model consists of 160 bars, 163
cables, and 78 joints. Specifically, the FE models used in Sections 4.1–
4.2 employ frame elements with rotational releases at both ends for
both bars and cables (see Fig. 10). The FEM models in Sections 4.3–
4.4 instead use nonlinear link elements that carry only axial forces for
the bars and cables. All the models introduce pinned joints at the base
nodes.

We analyzed load cases corresponding to the effects of dead loads,
wind loads, and seismic loads. An equivalent static lateral force ap-
proach was employed to model the effects of both wind and seismic
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Fig. 8. A cartoon illustrates the sun-tracking motion of a pair of roof panels at various secondary tilt angles 𝜗̂ about the posterior longitudinal axis. Images (a)–(d) depict the
roof panels in tilted configurations, with the reference configuration for 𝜗̂ = 0 represented as a hatched outline in images (b)–(d) for comparison. Images (e)–(f) show the external
winch mechanism that drives the scissor structure to tilt a triangular roof panel.
Fig. 9. Illustration of the sun-tracking strategy employed in the current stadium: the roof panels of the various grandstand sections are designed to tilt at distinct angles, maintaining
uniform tilting within each section. The blue vectors indicate the normals to the tilted roof panels across the four grandstand sections.
forces, with design values specified according to the Italian structural
code [32], which is inspired by Eurocodes 3 and 8 [33,34]. The site
coordinates of the city of Salerno were used: Latitude: 40◦40′31.62′′

𝑁 and Longitude: 14◦47′35.81′′ E. The seismic forces were computed
assuming a Peak Ground Acceleration (PGA) at the ultimate limit state
(ULS) of 0.45 g, acting on a total mass of the structure of 13 500 k g
plus the mass of the roof. The computed total seismic force was then
distributed between all the structural nodes proportionally to their
height and mass. Wind forces were assumed to act in the transverse
7 
direction relative to the grandstand. We assume that the analyzed
wind forces correspond to high or moderately high winds and that,
as a result, the roof panels remain in the fixed-slope configuration
(i.e., 𝜗̂ = 0) under the analyzed load combinations. This can be ensured
by employing wind sensor anemometers to protect the roof from high
or moderately high winds. The effects of wind and seismic forces on
the roof configuration with tilted panels are left for future work. We
considered two prestress cases generated by the pretension of cables
3–4 (prestress variable 𝑥[1], see Section 2.1), 4–5 (prestress variable
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Fig. 10. FE model of a long grandstand section of the stadium. The green symbols indicate pinned joint restraints at the base.
Table 4
Load factors for the analyzed load combinations: 𝐺 denotes the dead loads, 𝑃 the
prestress forces, 𝑊 the wind forces, and 𝐸𝑥 and 𝐸𝑦 the seismic forces in the 𝑥−
(transverse) and 𝑦− (longitudinal) directions. The coefficients 𝑐𝑥 and 𝑐𝑦 can take the
values 1,−1, 0.3,−0.3.

ultimate limit state load combinations

‘dead loads’ ultimate limit state (DULS) 1.3𝐺
1.3𝐺 + 𝑃

‘wind’ ultimate limit state (WULS) 1.3𝐺 + 1.5𝑊
1.3𝐺 + 1.5 𝑊 + 𝑃

‘seismic’ ultimate limit state (SULS) 𝐺 + 𝑐𝑥𝐸𝑥 + 𝑐𝑦𝐸𝑦
𝐺 + 𝑐𝑥𝐸𝑥 + 𝑐𝑦𝐸𝑦 + 𝑃

𝑥[4]), and 3–2 (prestress variable 𝑥[6]): zero pretension and pretension
forces equal to 25% of the minimum breaking force of the cables, as
specified by the manufacturer (MBF = 2610 k N) [23].

Fig. 11 illustrates the loads combinations considered in the fi-
nite element analysis. The loading conditions for dead loads, wind
loads and seismic loads were modeled with external forces applied to
the nodes of the structure, while the prestrain was modeled with an
equivalent uniform distributed temperature assigned to the prestrained
cables. We conducted a conventional ULS analysis, as required by the
Italian code [32] (Section 4.1), along with two nonlinear push-over
analyses [34] (Sections 4.3–4.4). The material properties described in
Section 2.2 were used. For the pushover analyses, a yielding strain of
1% and an ultimate strain of 3.5% were applied to the cables. For the
bars, we applied a compressive strength of 5260 k N, a yielding strain of
0.1%, and an ultimate strain of 3.5%.

4.1. Ultimate limit state analysis

The present analysis was conducted using the Nonlinear Static
Analysis option in SAP2000®, accounting for material nonlinearities
due to the tension-only response of the cables [31]. Load combinations
defined by the Italian standard [32] were applied, as shown in Table 4,
which introduces the symbols 𝐺, 𝑃 , 𝑊 , 𝐸𝑥, and 𝐸𝑦, representing the
load conditions for dead load (self-weight of the structure plus the
weight of the roof panels and PV strips), prestress forces, wind forces,
seismic forces along the transverse 𝑥-axis, and seismic forces along the
longitudinal 𝑦-axis, respectively. Two load combinations were used for
the ULS analysis under dead loads (DULS), two for the ULS analysis
with wind forces (WULS), and eight for the ULS analysis with seismic
forces (SULS). The latter were obtained by allowing the coefficients 𝑐𝑥
and 𝑐𝑦 to take the values 1,−1, 0.3,−0.3 as listed in Table 4.

The results presented in Figs. 12–13 show that the maximum tensile
and compressive axial forces in the analyzed ULS combinations are
lower than the compressive strength of the bars and the MBF of the
cables, respectively. The compressive loads in the bars are also much
lower than the corresponding Eulerian buckling loads. The minimum
difference in absolute value between the current axial load and the
buckling load in the bars was found to be equal to 43 629 k N (axial force
equal to 1819 k N; buckling load equal to 45 448 k N; load combination:
WULS with prestress).
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Table 5
Maximum vertical deflections of the terminal nodes in the cantilevered section of the
V-Expander modules for the DULS and WULS load combinations.

Nodes without prestress with prestress
DULS WULS DULS WULS
(mm) (mm) (mm) (mm)

4, 6 63.15 101.36 61.91 85.45

4.1.1. Maximum deflections
We analyzed the maximum deflections of the terminal nodes in the

cantilevered section of the V-Expander modules (specifically, nodes 4
and 6 in the most deformed module, as noted in Section 2), under
the DULS and WULS load combinations. It was found that the SULS
combinations produced lower deflection values compared to the WULS
combinations. Fig. 14 illustrates the deformed shapes of the grand-
stand structure under WULS combinations (with and without prestress),
while Table 5 presents the numerical values of the maximum observed
deflections. To enhance the visualization of the deformed shapes, the
actual displacements were multiplied by a magnification factor of 60
for both WULS combinations (with and without prestress). It can be
observed that the maximum deflection of 101.36 mm for the WULS
combination without prestress reduces to 85.45 mm when prestress is
applied to the WULS combination, giving a 16% reduction due to a
geometric stiffness effect [13]. It is worth comparing these deflection
values with those reported in [10] for the following noticeable sta-
diums under similar DULS and WULS load combinations: CommBank
Stadium (Sydney, Australia, 45 m span); Optus Stadium (Perth, Western
Australia, 35 m span); and Lakhwiya Stadium (Doha, Qatar, 16 m span).
These maximum vertical deflections were obtained in [10] through FE
simulations: 194 mm for CommBank Stadium, 18 mm for Optus Stadium,
and 142 mm for Lakhwiya Stadium. We observe that the present stadium
exhibits significantly lower deflections compared to CommBank and
Lakhwiya stadiums, especially in the presence of prestress loads. The
case of Optus Stadium is special, as it features an optimized circular
bowl layout, making it non-comparable to the present stadium, which
is instead equipped with disconnected grandstand sectors. The stadium
studied in this work has a layout and size very similar to Lakhwiya
Stadium, which has a capacity of 10 000 seats and features a steel
supporting structure weighing 800 tons [35], that is 8.00 × 105 k g in
SI units. The current stadium’s supporting structures have a total mass
of 3.13 × 105 k g for a single long grandstand section, with an estimated
total mass of approximately 10.56 × 105 k g for the structures forming
all four grandstand sections. This represents a 24% increase in weight
compared to the supporting structures of the lightweight Lakhwiya
Stadium [10]. It is worth noting, however, that the Lakhwiya Stadium
features a polyvinyl chloride (PVC)/polyester fabric roof [36], whereas
the current stadium employs a steel roof. Moreover, the roof of the
current stadium is designed to accommodate PV panels, unlike that of
the Lakhwiya Stadium.

4.2. Global buckling analysis

We supplemented the study presented in Section 4.1 with a global
buckling analysis conducted at the endpoints of the static analyses
for the DULS, WULS, and SULS load combinations. For this task, we
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Fig. 11. Illustration of the nodal forces applied under various load combinations in the finite element analysis. The boundary conditions employed include pinned joints at the
base of the structure and rotational releases at both ends of all members.
utilized the Linear Buckling Analysis feature in SAP2000®, solving the
following eigenvalue problem
(

𝐊 − 𝜆 𝐊𝐺 (𝒘)
)

𝐮𝜆 = 𝟎 . (4)

Here, 𝐊 is the global stiffness matrix, while 𝐊𝐺 represents the geometric
stiffness matrix, which depends on the current load vector 𝒘 (see [31],
Chap XVIII). The load multiplier 𝜆 is referred to as the Buckling Load
Factor (BLF) in the remainder (i.e., an eigenvalue of problem (4)),
while the corresponding eigenvector 𝐮𝜆 is referred to as the associated
buckling mode. The BLF can be regarded as the scale factor of the load
vector 𝒘 that causes buckling in the given mode (i.e., a safety factor
for global buckling).

Fig. 15 and Table 6 show the BLF and selected modes for the DULS,
WULS, and SULS load combinations in the presence of prestress. The
examined SULS load combination corresponds to 𝑐𝑥 = −1 and 𝑐𝑦 = −0.3
in Table 4, which was found to produce the minimum BLF values
among the SULS combinations. We obtained BLFs for the first buckling
mode ranging from 6.571 (WULS) to 24.289 (SULS). Notably, the BLFs
are significantly greater than one, indicating that the ULS combinations
9 
Table 6
Buckling Load Factors (BLF) for the considered load combinations under
dead loads (DULS), wind loads (WULS), and seismic loads (SULS with
𝑐𝑥 = −1 and 𝑐𝑦 = −0.3) in the presence of prestress.

mode DULS WULS SULS

1 8.216 6.571 24.289
2 25.128 20.667 40.515
3 36.274 23.692 62.195

analyzed in Section 4.1 are safe with respect to global buckling phe-
nomena. However, a comparison of this safety assessment with those
presented in Section 4.1 suggests that global buckling analysis must be
carefully considered in the design of the current structures.

4.3. Pushover analysis for increasing wind loads

We conducted a nonlinear pushover analysis for increasing seismic
loads, considering the load condition 1.3𝐺 + 1.5 𝜆𝑊 , for both the case
without prestress in the cables and the case with prestress forces in the
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Fig. 12. Distributions of axial forces for DULS and WULS combinations. The maximum compressive axial force is 1819 k N in absolute value (reached in the bar 3–1 of the mid
V-Expander module for the WULS load combination with prestress), while the maximum tensile force is 1581 k N (reached in the cable 3–2 of the same module for the same load
combination).
pivot cables equal to 25% of the MB. Here, 𝜆 is a load multiplier that is
increased until the structure fails due to the achievement of the ultimate
strain in the plastic regime of the bars and/or cables. As anticipated,
the study presented in this section employs a FE model equipped with
nonlinear link elements that carry only axial forces for the bars and
cables. These elements exhibit a nonlinear, elastic-perfectly-plastic rela-
tionship between axial force and axial displacement. For the cables, we
assume a maximum compressive force of zero (tension-only response),
while for the bars, we assume that the maximum allowable compressive
force is the lesser of the yielding and buckling loads. In the presence
of prestress, a slightly different model is analyzed, replacing the link
members of the cables with the prestrained cable elements available in
SAP2000® [31], which exhibit the same constitutive response defined
above. The pushover analysis accounts for large displacement effects
through the formulation of the equilibrium equations for the structure
in its deformed configuration.

Fig. 16 shows the pushover curves relating the total vertical force
at the base of the examined grandstand structure (summation of the
vertical forces acting at the base of all the columns) with the vertical
deflection of the most deformed module (‘displacement of control
node’). It can be observed that the application of prestress produces a
47% increase in the initial slope of the pushover curve, which rises from
32.4 k N mm−1 to 47.6 k N mm−1, and a 39% increase in the maximum
base force, which rises from 10 573 k N to 14 743 k N. It is also observed
that the WULS load combination corresponds to points on the linear
branches of the pushover curves. These points occur at total base forces
significantly lower than those associated with the first bending point
of the pushover curve, indicating that the structure responds in the
linear-elastic regime under such a load combination.

4.4. Pushover analysis for increasing seismic loads

A pushover analysis was conducted also in presence of increasing
seismic forces, using the FE model that has been illustrated in the
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previous section. The load conditions 𝐺 + 𝑃 + 𝜆𝑥𝐸𝑥 (transverse seismic
forces) and 𝐺 + 𝑃 + 𝜆𝑦𝐸𝑦 (longitudinal seismic forces) were analyzed,
accounting for large displacement effects. Here, 𝜆𝑥 and 𝜆𝑦 are two
load multipliers associated with the transverse and longitudinal seismic
loading conditions, respectively. Figs. 17 and 18 show the pushover
curves relating the total base shear forces (the sum of the 𝑥− or 𝑦−shear
forces acting at the base of all the columns) to the horizontal displace-
ments of the most deformed modules (‘displacements of control nodes’).
In this case, the most deformed modules were found to coincide with
the mid-span V-Expander units. From the results shown in Fig. 17, it
can be observed that the application of prestress significantly increases
the effective ductility ratio of the structure under longitudinal seismic
forces. This ductility parameter is defined as the ratio between the
control displacement at failure and the control displacement at the first
bending point. An 83% increase in the ductility ratio (from 1.8 to 3.3)
is observed when comparing the pushover curve with prestress to the
pushover curve without prestress in Fig. 17.

An even more pronounced increase in the effective ductility ratio is
observed in the pushover curves shown in Fig. 18. Here, the ductility
ratio is 1.3 without prestress and increases to 6.2 with prestress,
representing a 377% increase. It is worth noting that the points cor-
responding to the load conditions 𝐺 + 𝐸𝑦 (𝜆𝑦 = 1) and 𝐺 + 𝐸𝑥 (𝜆𝑥 = 1)
lie on the linear branches of the pushover curves, positioned very close
to the origin and far from the first bending point. This is also true for
the SULS combinations, replicating what we observed under the WULS
combination.

5. Solar energy harvesting capacity

We now proceed to estimate the solar energy harvesting capacity
of the stadium roof examined in this study (Section 3), using the
geographical coordinates of Salerno, which were previously employed
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Fig. 13. Distributions of axial forces for selected SULS combinations. Under such combinations, the maximum compressive axial force is 1709 k N in absolute value (reached in the
bars 3–1 of the terminal V-Expander modules for the load combination with longitudinal seismic forces and prestress), while the maximum tensile force is 1168 k N (reached in the
cables 3–2 of the penultimate V-Expander modules for the same load combination).

Fig. 14. Deformed shapes under WULS load combinations. Displacement magnification factor equal to 60 applied.
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Fig. 15. First buckling modes and corresponding buckling load factors (BLF) for the considered load cases under dead loads (DULS), wind loads (WULS) and seismic loads (SULS
with 𝑐𝑥 = −1 and 𝑐𝑦 = −0.3), in the presence of prestress.
Fig. 16. Pushover curves for increasing wind loads.
for the structural analysis presented in Section 4. We analyze sun path
and solar irradiance data for twelve days, one per month in 2023. These
days include the vernal (spring) and autumnal equinoxes (March 20
and September 23, respectively) and the summer and winter solstices
(June 21 and December 21). The remaining eight days correspond to
the 15th of each of the other months. The sun path and solar irradiance
data for the examined days were obtained using PVLib v0.10.3, a
Python toolbox designed to simulate the performance of photovoltaic
(PV) systems [37]. Our computations utilize the two reference systems
illustrated in Fig. 19(a). The first is a celestial coordinate system
(𝜑𝑠, 𝜓𝑠), referred to as the ‘horizontal coordinate system’, which uses
the elevation (or altitude) angle 𝜑𝑠, measured from the observer’s local
horizon plane, and the azimuth angle 𝜓𝑠. The second is a Cartesian
coordinate system (𝑥, 𝑦, 𝑧), where 𝑥 points south, 𝑦 points east and the
𝑥–𝑦 plane coincides with the local horizon plane.
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Since our goal is to optimize the tilting angles of the roof panels
to maximize the harvested solar energy, it would be desirable to align
the unit vector normal to the roof panels, 𝐧𝑝, with the unit vector in
the direction of the sun rays, 𝐧𝑠 (see Fig. 19(a)). Using the relationship
between spherical and Cartesian coordinates [38], we can express 𝐧𝑠 in
the following form

𝒏𝑠 =
⎛

⎜

⎜

⎝

− cos𝜑𝑠 cos𝜓𝑠
cos𝜑𝑠 sin𝜓𝑠
sin𝜑𝑠

⎞

⎟

⎟

⎠

. (5)

It is well known that direct normal irradiance (DNI) constitutes
the majority of global irradiance (more than 90% of global irradiance,
which also includes diffuse horizontal irradiance and ground-reflected
irradiance [39]). For simplicity, this study focuses exclusively on solar
energy harvesting related to DNI, aiming to provide a conservative
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Fig. 17. Pushover curves for increasing seismic forces acting in the longitudinal direction.
Fig. 18. Pushover curves for increasing seismic forces acting in the transverse direction.
estimate of the solar energy harvesting capacity of the stadium’s solar
roof. It is worth noting that this optimistic evaluation does not account
for the effects of shadowing due to clouds or irradiance attenuation
caused by dirt and other materials settling on the structure’s surface.
Conversely, incorporating other components of global irradiance would
allow for the computation of energy production if bifacial photovoltaic
cells were integrated into the structure instead of monofacial ones.
While the self-weight of bifacial modules would remain unchanged,
their power production would likely increase, especially as the tilt angle
𝜗̂ shown in Fig. 8 is increased.

DNI data for the site of Salerno were obtained using the clear sky
model [40,41] available in PVLib Python [37], for each of the twelve
reference days. For clarity, the hourly variation of DNI, measured in
W m−2, is shown in Fig. 20(a) for the equinox and solstice days only.

The input power 𝑃 𝑝𝑏,𝑖𝑛 on the solar roof covering the 𝑝th grandstand
section (𝑝 = 1,… , 4) can be estimated as

𝑃 𝑝𝑏,𝑖𝑛(𝜗̂
𝑝) = 𝐼𝑏,𝑛 𝐴

𝑝
𝑏 𝐧𝑠 ⋅ 𝐧𝑝(𝜗̂

𝑝) (6)

where 𝐼𝑏,𝑛 denotes the DNI, 𝜗̂𝑝 is the secondary tilting angle of the solar
roof, 𝐴𝑝𝑏 is the direct-beam-illuminated area of the PV strips, 𝒏𝑝 is the
normal vector to the roof panels forming that grandstand section, and
𝐧𝑠 is the above defined unit vector in the direction of the sun rays.

Based on the design presented in Section 3, we can approximately
assume that 𝐴𝑝𝑏 is 90% of the total area of the roof panels covering the
current grandstand section. The total surface area of the roof panels
covering the four grandstands of the stadium is approximately 3700 m2
13 
(3677.09 m2).
As anticipated, we aim to maximize the scalar product 𝐧𝑝⋅𝐧𝑠, i.e., the

cosine of the angle between 𝐧𝑝 and 𝐧𝑠. Due to the adopted sun-tracking
strategy, which requires all roof panels of each grandstand section to
be tilted at the same secondary tilting angle (see Fig. 9), it is obviously
not possible for this quantity to be equal to one at all times. Therefore,
we address the maximization problem of the total input energy given
by

𝑃𝑖𝑛(𝜗̂1,… , 𝜗̂4) =
4
∑

𝑝=1
𝑃 𝑝𝑏,𝑖𝑛(𝜗̂

𝑝) (7)

under the constraints 0 ≤ 𝜗̂𝑝 ≤ 𝜗̄𝑚𝑎𝑥 (𝑝 = 1,… , 4). It is worth
remarking that 𝜗̂𝑝 represents the secondary tilting angle relative to the
reference configuration of the solar roof, measured about the posterior
longitudinal axis. In the reference configuration, the solar roof is tilted
at 𝜗0 ≈ 30◦ about the frontal longitudinal axis (cf. Fig. 8). We safely
assume 𝜗̄𝑚𝑎𝑥 = 115◦, in place of the theoretical value 𝜗̂𝑚𝑎𝑥 ≈ 119◦,
reported in Section 3. We maximize 𝑃𝑖𝑛, as defined by Eq. (7), at
discrete times using the NMaximize function in Mathematica®13.2,
with MaxIterations set to 200, thereby obtaining an optimally-
tilted configuration of the stadium roof. Next, we compute the output
electrical power as

𝑃𝑜𝑢𝑡 = 𝜂 𝑃𝑖𝑛 (8)

where 𝜂 is the PCE of the adopted PV cells. The configurations of the
roof panels for the different grandstands are adjusted 12 times per hour
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Fig. 19. Predictions of sun paths in Salerno during the equinoxes and solstices of 2023: (a) A graphical representation of the adopted coordinate systems. Here, the angle 𝜁𝑠 is
complementary to 𝜑𝑠, and 𝜗𝑠 is supplementary to 𝜓𝑠. The vectors 𝐧𝑠 and 𝐧𝑝 represent unit vectors along the sun ray and the normal to the tilted roof configuration, respectively;
(b) Solar elevation versus time on equinoxes and solstices; (c) Sun paths and solar analemma plots illustrating hourly variations of zenith and azimuth angles in polar coordinates;
(d) Sun paths and solar analemma plots displayed in Cartesian coordinates. Hours are given in local time (UTC+01:00).
Fig. 20. (a) Hourly variation of direct normal irradiance on the reference days at the site of Salerno. Hours are given in local time (UTC+01:00). (b) Bar chart comparing the
monthly input energy per unit area for the fixed slope configuration with 𝜗̂ = 0 (red bars), and the optimally tilted configuration (blue bars) of the solar roof panels.
(an adjustment every five minutes) during daylight hours on the twelve
examined days at the Salerno site. It is worth calculating the input
power per unit area for the entire stadium roof at a given time using
the equation

𝑝𝑖𝑛,𝑑 𝑎𝑦 =
∑

𝑝 𝑃
𝑝
𝑖𝑛𝐴

𝑝
𝑏

∑

𝑝 𝐴
𝑝
𝑏

(9)

and the input solar energy per unit area for a given day through

𝑒𝑖𝑛,𝑑 𝑎𝑦 = ∫

𝑡𝑠𝑠

𝑡𝑠𝑟
𝑝𝑖𝑛,𝑑 𝑎𝑦 d𝑡 (10)

where 𝑡𝑠𝑟 and 𝑡𝑠𝑠 represent the sunrise and sunset times, respectively.
The input solar energy that can be harvested per unit area in a given
14 
month (𝑒𝑖𝑛,𝑚𝑜𝑛𝑡ℎ) can be roughly estimated by multiplying the 𝑒𝑖𝑛,𝑑 𝑎𝑦 of
the reference day for that month by the number of days in the month.
Fig. 20(b) compares the monthly estimates of input solar energy for
the twelve months of 2023, computed using this approach. The plots
in Fig. 21 instead show the variation of input power per unit area
during the daylight hours of the solstices and equinoxes, as well as the
variation of the DNI during the same hours.

Let us now compare the total output power of the entire stadium in
the fixed-slope configuration with that in the optimally tilted configu-
ration. The peak values, 𝑃𝑜𝑢𝑡, of 𝑃𝑜𝑢𝑡 estimated for the twelve reference
days are shown in Fig. 22, which highlights that the maximum 𝑃𝑜𝑢𝑡
occurs on the summer solstice. For 𝜂 = 6%, we predict that on this
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Fig. 21. Plots showing the input power per unit area for the fixed-slope configuration, the input power per unit area for the optimally tilted configuration, and the DNI at different
times during the equinoxes and solstices. The gray-shaded areas represent the input solar energy per unit area on the selected days.
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Fig. 22. Peak values of 𝑃𝑜𝑢𝑡 in the reference days for the fixed-slope and the optimally-
tilted roofs and 𝜂 = 6%.

day, 𝑃𝑜𝑢𝑡 ≈ 170 k W with the optimally tilted configuration, compared
to 142 k W with the fixed-slope configuration. For 𝜂 = 18%, we predict
𝑃𝑜𝑢𝑡 ≈ 510 k W with the optimally tilted configuration, compared to
426 k W with the fixed-slope configuration. Finally, for 𝜂 = 24%, we
predict 𝑃𝑜𝑢𝑡 ≈ 680 k W with the optimally tilted configuration, compared
to 568 k W with the fixed-slope configuration.

Regarding the other selected days, the lowest values of 𝑃𝑜𝑢𝑡 were
bserved in January for the optimally tilted configuration (121 k W,
63 k W and 484 k W for 𝜂 = 6%, 18% and 24%, respectively) and in

December for the fixed-slope configuration (68 k W, 204 k W and 272 k W
or 𝜂 = 6%, 18% and 24%, respectively). Table 7 presents the secondary

tilting angles 𝜗̂ of the roof panels covering the north (N), south (S),
 w

15 
east (E), and west (W) sections of the grandstands, corresponding to the
imes when 𝑃𝑜𝑢𝑡 is recorded on the selected days of the year. The results
n this table show that the proposed sun-tracking strategy produces
ifferent secondary tilting angles in different grandstand sections, with
ignificant differences between the angles of individual sections. The
 panels exhibit large 𝜗̂ angles, while the E and S panels maintain

early constant secondary tilting angles of 𝜗̂ ≈ 30◦, at the times of
̂𝑜𝑢𝑡, throughout the year. In contrast, the N panels display nonzero
̂ values at the peak power time only during the May–July period.
hese results can be attributed to the W panels having the least fa-
orable initial exposure during peak power times, while the N panels
initially facing south) benefit from the most favorable initial exposure.
eanwhile, the E and S panels achieve their optimal exposure in an

pproximately horizontal configuration at peak power time (𝜗̂ ≈ 30◦;
ee Fig. 8). The adopted sun-tracking strategy does not permit the N
anels to undergo additional frontal tilting, as previously noted. This
imitation explains why these panels, especially during the times of
̂𝑜𝑢𝑡, consistently maintain low values of 𝜗̂ throughout the year. It is
nown, indeed, that for an optimized installation of PV panels in the
egione Campania of Italy (which includes the city of Salerno), the

rontal tilting angles should range from 25.8◦ in summer to 55.8◦ in
inter [42]. It is also worth noting that all panels exhibit nonzero

secondary tilting angles at different times of the day (see, for example,
he movie provided as Supplementary Material). Both Fig. 21 and

Fig. 22 provide a clear graphical illustration of how much the sun-
tracking strategy outperforms the fixed-slope strategy during different
periods of the year.

In the discussion that follows, we use the following formula to com-
ute the percentage increase of a generic quantity 𝑄 when transitioning
rom the fixed-slope to the optimally tilted configuration

𝜄 = 100 𝑄
𝑜𝑝𝑡 −𝑄𝑓 𝑖𝑥
𝑄𝑓 𝑖𝑥 . (11)

Here, 𝑄𝑜𝑝𝑡 represents the value in the optimally tilted configuration,
hile 𝑄𝑓 𝑖𝑥 represents the value in the fixed-slope configuration. We
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Fig. 23. Optimally-tilted configurations of the solar roof at four different hours during the summer solstice. The sun path and sun position are illustrated, along with the normal
vectors to the roofs (blue arrows). The fixed-slope configuration at 5:31 (UTC+1) is taken as the reference.
Table 7
Secondary tilting angles 𝜗̂ of the roof panels covering the north, south,
east, and west sections of the grandstands, corresponding to the times
when the peak power 𝑃𝑜𝑢𝑡 is achieved during different months of the
year.

N E S W

January 0◦ 32◦ 29◦ 92◦

February 0◦ 30◦ 30◦ 84◦

March 0◦ 30◦ 31◦ 71◦

April 0◦ 30◦ 31◦ 61◦

May 9◦ 31◦ 30◦ 52◦

June 13◦ 31◦ 30◦ 48◦

July 11◦ 30◦ 31◦ 50◦

August 1◦ 30◦ 31◦ 60◦

September 0◦ 30◦ 31◦ 71◦

October 0◦ 30◦ 31◦ 80◦

November 0◦ 30◦ 31◦ 90◦

December 0◦ 31◦ 29◦ 95◦

observe that the largest increases in the values of 𝑃𝑜𝑢𝑡, due to the
adoption of the sun-tracking strategy, occur in the months of January
and December (𝜄 = 77% and 80%, respectively), while during the
summer solstice, such an increase is nearly 20%. This can be explained
by the fact that, during summer, the sun is high in the sky, and there-
fore a fixed-slope strategy with an appropriate tilting angle performs
reasonably well. In contrast, during winter, the sun is lower in the
sky, making a fixed-slope strategy less efficient. Fig. 23 shows four
optimally tilted configurations of the solar roof at different times on the
summer solstice. This figure graphically demonstrates that the adopted
16 
Table 8
Secondary tilting angles of the roof panels for the different grandstand
sections corresponding to the snapshots illustrated in Fig. 23.
UTC+1 N E S W

5:31 0◦ 0◦ 0◦ 0◦

7:36 61◦ 99◦ 0◦ 0◦

13:51 14◦ 19◦ 42◦ 47◦

16:36 26◦ 0◦ 78◦ 35◦

sun-tracking strategy produces distinct tilting angles for the various
grandstand sections of the stadium, as previously noted. The tilting
angles of the different roof panels corresponding to the snapshots in
Fig. 23 are listed in Table 8.

By summing the monthly values of 𝑒𝑖𝑛,𝑚𝑜𝑛𝑡ℎ, we can estimate the
overall input energy per unit area for the examined year, 𝑒𝑖𝑛. We
obtained an 𝑒𝑖𝑛 value of 1450 k W h m−2 for the fixed-slope configuration
and 2230 k W h m−2 for the optimally tilted configuration. Assuming the
conservative estimate of 𝜂 = 6%, we predict that the overall solar roof of
the current stadium can produce approximately 443 MW h of electrical
energy (𝐸𝑜𝑢𝑡) in one year if sun-tracking is employed, compared to
about 288 MW h with a fixed-slope roof. When instead it results 𝜂 =
18% (𝜂 = 24%) we predict 𝐸𝑜𝑢𝑡 ≈ 1328 MW h (1771 MW h) for the
optimally tilted configuration and 𝐸𝑜𝑢𝑡 ≈ 864 MW h (1152 MW h) for the
fixed-slope configuration. This indicates that adopting the sun-tracking
strategy results in a significant overall increase in electrical energy
production over an entire year of approximately 54%.
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6. Concluding remarks

We have presented the design of a tensegrity solar stadium roof
ith sun-tracking capabilities, along with the structural analysis and
 study of its solar energy harvesting capacity. The structural analysis
hows that the designed structure is stable in the linear-elastic regime
nder dead loads, wind, and seismic forces computed for the Salerno
ite according to Italian structural standards [32]. This is achieved with
 lightweight structure for a solar stadium that exhibits remarkable
tiffness properties, especially when compared to similar-sized sports

stadiums not equipped with PV panels [10].
Regarding solar energy harvesting capacity, we have shown that the

solar roof of the present small-to-medium-scale tensegrity stadium, with
 capacity of nearly 10 000 seats, offers a remarkable peak electrical

power output, reaching up to 510 k W when using thin-film solar panels
with 18% power conversion efficiency (PCE) [28]. This value is approx-
mately half of the peak power output offered by the Bentegodi Stadium

in Verona, which has nearly four times the seating capacity of the
current stadium (39 211 seats), and the National Stadium in Kaohsiung,
Taiwan, which has more than five times the seating capacity of the
tensegrity stadium (55 000 seats) [2]. This notable result is attributed
o the implementation of an effective one-axis tracking strategy, which

varies across the roof panels covering the different sections of the
grandstands. Such an approach results in an overall 54% increase in
electrical energy production over the course of a year compared to
a fixed-slope configuration. The sun-tracking strategy is particularly
efficient during the winter months, achieving peak power increases
of up to 80%. The findings also reveal that the optimal orientations
of the roof panels across the various grandstands differ significantly.
This suggests that a fixed-slope design approach is not ideal for energy
harvesting. Conversely, a sun-tracking strategy — an approach that, to
the best of our knowledge, is uncommon in sports stadiums — offers
greater flexibility in optimizing the stadium’s layout and the initial
slope of the PV panels.

Overall, we conclude that the tensegrity concept presented in this
work for a solar stadium is highly promising, both in terms of structural
response and electrical energy production. The sun-tracking strategy
presented can be further optimized by allowing the individual modules
forming the roofs of the grandstand sections to exhibit different tilting
ngles and, potentially, incorporate two-axis tracking. These topics are

subjects we plan to explore in future work. Additional improvements to
the solar stadium design strategy could include the adoption of high-
efficiency silicon solar cells, which offer PCEs of up to 27%–28% [43],
as well as the use of bifacial cells. These cells would enable the stadium
to capture both diffuse and reflected irradiance components without
adding extra weight. Furthermore, the tensegrity-stadium concept can
be scaled up for large-scale stadiums. An advanced structural study of
the supporting structures could encompass dynamic responses to wind
and seismic loads [44,45], the potential tilting of roof panels under
such conditions, and a nonlinear buckling analysis [10], incorporating
prestress effects.
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