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Highlights

What are the main findings?

e  This work shows geometrically complex adaptive photovoltaic shading systems to
achieve significantly high energy production and glare control, while maintaining
daylight availability, compared to simple configurations.

e Advanced kinetic shading configurations demonstrate optimal overall performance
with enhanced thermal control, superior daylight uniformity, and economic viability
with a payback time of 2.9-7.4 years, considering different building typologies and
climate conditions.

What are the implications of the main findings?

o  This research establishes that sophisticated adaptive shading systems can simultane-
ously optimize energy generation, occupant comfort, and visual performance through
multi-objective control algorithms that balance solar tracking with daylight factor
maintenance, providing architects with evidence-based design guidance for smart
building envelope technologies.

e  The comprehensive framework enables scalable implementation of Dynamic and
Adaptive Photovoltaic Shading Systems across diverse climates and building types,
advancing the integration of renewable energy production with smart building enve-
lope design in urban sustainability initiatives.

Abstract

Dynamic and Adaptive solar systems demonstrate a greater potential to enhance the
satisfaction of occupants, in terms of indoor environment quality and the energy efficiency
of the buildings, than conventional shading solutions. This study has evaluated Dynamic
and Adaptive Photovoltaic Shading Systems (DAPVSSs) through a comprehensive analysis
of six shading designs in which their energy production and the comfort of occupants
were considered. Energy generation, thermal comfort, daylight, and glare control have
been assessed in this study, considering multiple orientations throughout the seasons,
and a variety of tools, such as Rhino 6.0, Grasshopper, ClimateStudio 2.1, and Ladybug,
have been exploited for these purposes. The results showed that the prototypes that were
geometrically more complex, designs 5 and 6 in particular, had approximately 485 kWh
higher energy production and energy savings for cooling and 48% better glare control
than the other simplified configurations while maintaining the minimum daylight as the
threshold (min DF: 2%) due to adaptive and control methodologies. Design 6 demonstrated
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optimal balanced performance for all the aforementioned criteria, achieving 587 kWh/year
energy production while maintaining the daylight factor within the 2.1-2.9% optimal range
and ensuring visual comfort compliance during 94% of occupied hours. This research
has established a framework that can be used to make well-informed design decisions
that could balance energy production, occupants” wellbeing, and architectural integration,
while advancing sustainable building envelope technologies.

Keywords: adaptive shading systems; energy efficiency; indoor comfort; photovoltaic;
smart facades; sustainable architecture

1. Introduction

The building sector accounts for approximately one-quarter of global energy consump-
tion, and it exceeds the combined energy consumption of the industrial and transportation
sectors [1]. A significant portion of this consumption has been attributed to the heating and
cooling systems that are used to counteract the thermal inefficiency of building envelopes.
Since more than 40% of the heat loss experienced in winter and the excessive heat gain
experienced in summer take place through building fagades, there is a tendency to rely
on energy-intensive air conditioning systems [2,3]. Moreover, despite the urgent need to
mitigate climate change and the intensification of the commitment to carbon neutrality
targets, the focus on developing intelligent building systems that can significantly reduce
energy consumption and maintain optimal indoor environments has also grown.

In order to address these inefficiencies, researchers have developed adaptive building
envelope technologies as sustainable alternatives to conventional systems. Among these,
innovative shading systems have emerged because of their ability to dynamically respond
to environmental conditions, and, in particular, to the movement of the sun, while simul-
taneously enhancing the comfort of the occupants and reducing energy consumption [4].
Many researchers have examined various aspects of adaptive fagades separately, but this
research attempts to investigate Dynamic and Adaptive PV Shading Systems (DAPVSSs),
which integrate photovoltaic technology with responsive shading mechanisms. These
systems are used as a dual-purpose strategy: to generate renewable energy on-site and, at
the same time, to optimize the interior environmental conditions.

DAPVSSs are able to adjust to real-time parameters, such as sunlight intensity and
air temperature (only the sun orientation parameter has been considered in this study).
DAPVSSs can significantly reduce the dependency on heating, cooling, and lighting sys-
tems [5]. The effectiveness of shading systems varies considerably because of multiple
factors, including the envelope configuration, the architectural context, the energy perfor-
mance requirements, the users’ needs, and the technological specifications [6]. Our study
addresses three critical gaps in the current research on DAPVSSs:

e  Performance: The existing work has not yet considered the trade-offs between energy
consumption, energy generation, thermal comfort, and daylight penetration.

e  Scalable: The majority of prototypes are site- and climate-specific, or they are limited
to a specific building typology.

e  Feasibility: New PV technologies consent to efficient use of PV modules with good
independence of each element and without too high costs. In this work, technical and
economic feasibility were analyzed.

A particularly promising development in this field is the Adaptive Solar Fagade (ASF),

which was conceptualized as a modular, dynamic, and flexible architectural element [7].

ASFs have gained the attention of the research community, due to their ability to compre-
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hensively deal with environmental modulations and to improve heating, cooling, natural
ventilation, acoustic insulation, and glare-free daylighting [8]. Although such systems offer
certain benefits, there are several obstacles to their implementation, including the costs
of the initial setup and technical issues associated with maintaining the systems. Other
implementation concerns include their acceptability by users and by the market, as well
as socioeconomic issues that impact the users’ acceptance and market penetration [9,10].
The main objective of this investigation was to develop a comprehensive analytical model
that could be used to assess and optimize the performance of DAPVSSs and, consequently,
energy generation, the occupants’ comfort level, and the economic feasibility of a system.
By addressing the aforementioned research gaps, we provide evidence-based guidance for
architects, engineers, and policymakers, which could be used to enable them to implement
these systems in diverse building contexts.

2. Methodology

In this study, a systematic methodology was developed to evaluate DAPVSS with
emphasis on building energy efficiency and occupants’ comfort. Figure 1 shows the multi-
phase process with this purpose.

Figure 1. Flowchart of the design development process, showing the progression from the objectives,
through the design development and computational analysis, to the performance evaluation.

Figure 1 shows the progress of the conducted study, from the objective phase through
the design development, input climate data [11], computational analysis, and performance
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evaluation to the enhancement of architectural design by means of computational simula-
tion. This framework fills the gap between theoretical modeling and practical application,
and it identifies the best solutions that can be used to balance the technical performance,
occupants’ wellbeing, and the architectural requirements of a building.

2.1. Design Development Process

Multiple designs have been developed in this study. We began the study by designing
several shading systems and then categorizing them from the simplest configuration to the
most complex. The most efficient systems, that is, the ones that were more compatible with
the conceptualization of the occupants’ needs, were chosen in the system selection process.

The systems were then assessed in terms of their shading efficiency, energy perfor-
mance (including production with PV and energy savings), aesthetics, and adaptability to
different types of buildings and various building orientations. This stage ensured that the fi-
nal results would not just be functional but also visually compatible with the contemporary
architectural trends [12].

2.2. Tools and Performance Metrics

A variety of advanced simulation and modeling tools were utilized to evaluate the
performance of the systems considered, including (Figure 2):

e  Rhino (Version 6.0) [13], which was used for the 3D modeling of the base building
geometry and the six DAPVSS designs.

e  Grasshopper [14], which was employed for the development of the parametric design
and the integration of the analytical plugins.

e  Climate Studio [15], which was applied for the detailed daylight analysis, energy
modeling, and the thermal performance simulations.

e Ladybug Tools [16], which was utilized for solar radiation analysis, shading calcula-
tions, and environmental visualization.

Each tool was used in all the phases to analyze a metric, in terms of energy production,
shading efficiency, and indoor comfort, under different environmental conditions. Simula-
tions were conducted by evaluating various scenarios and parameters, including changes
in the sun’s position and shading states, different orientations, and different height levels
of the devices. This provided valuable insights into how the system performed in both
theoretical and real-world applications. This approach ensured a boost in performance of
both energy efficiency and occupants” comfort.

Some key performance indicators (KPIs), such as the energy yield (kWh/year), thermal
comfort (PMYV, PPD) [17], daylight factors (DF, DA), and glare control (DGP) [18], were
used to evaluate the performance of the systems in order to assess their effectiveness and to
balance the energy production and consumption, indoor comfort, and visual performance,
as shown in Figure 2. By focusing on these KPIs, the study ensured that the designs met the
goals of energy efficiency and occupants’ satisfaction, thereby leading to a suitable approach
that could be adapted to a wide range of building types and climates. Different scenarios,
such as a variety of shading states (open, closed, optimized) and solar orientations, in terms
of the position of the windows (facing South, South-East, South-West), were considered
and evaluated to test the accuracy and efficiency of the aforementioned systems and to
identify the best designs for the various conditions.
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Figure 2. Comprehensive DAPVSS analysis framework illustrating the computational workflow from
parametric design through environmental simulation to multi-criteria performance evaluation includ-
ing energy, thermal, visual, and economic assessment for sustainable building envelope optimization.

2.3. Technical and Architectural Case Studies

Several case studies of similar projects with dynamic and adaptive photovoltaic shad-
ing systems were analyzed and assessed to provide practical insights into the effectiveness
of such systems (Table 1). These case studies highlighted the design, performance, and
integration of the mechanisms adopted in actual buildings, thereby offering valuable in-
formation for future applications. Then, after examining how the systems performed in
different climates and architectural contexts, the methodology was reinforced with exam-
ples of successful case studies. Table 1 shows some of the examined case studies and their
key features.

Even though we analyzed such aspects as the technologies and PV systems of some
of the case studies, we also assessed some other aspects to obtain a better understanding
of the usability, architectural integration and installation of such systems; the case studies
in this section are evidence of the existence of several similar building structures that are
currently implementing such systems, and of the benefits of their implementation.
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Table 1. The analyzed case studies of existing dynamic and adaptive facade systems [19-30].
Project Energy System Characteristics Implemented Key Feature
) 8y Sy Systems y
TU Darmstadt Solar ~ ~11 kW CIGS BIPV + roof PV, PV-integrated Rotatlonal'
1 o . movement with
Decathlon [19] ~200% energy generated wooden slits .
solar tracking
2 ~900 m? organic PV generating Zero-energy S?E{gzzie\fgd
Pavillon [20] ~55 kWh/day media facade .
display system
Textile PV ~1500-2500 Flexible py ~ /daptive textile
3 Soft House [21] membrane
kWh/year membrane )
shading
PV covers ~5% (roof Folding responsive
4 Al-Bahr Towers [22] thermal/electric) hexagonal panels ~ geometric units
. Natural
5 Headquarters [23] Double-sel;lélr+ 1‘1‘;‘6‘;“ reduce Dual-skin facade  ventilation with
q &Y ’ thermal control
Building-
6 Freiburg Town 465.8 kWp PV, 554.1 MWh/year Vertical PV integrated
(~25.4 kWh/m?/year) modules photovoltaic
system
~85W (2 kWh/day) Biomimetic Leaf-inspired
7 Solar Ivy [25] solar
leaf modules PV system .
panel design
. . . individually
Kiefer Technic Shading reduces energy by o m
8 Showroom [26] ~43% (lighting/HVAC) Kinetic facade cqntrolled
aluminum panels
Institute du Monde . . Hybrid M.a shré biya-
9 Diaphragm shading only, no PV . - inspired
(rotation + sliding)
aperture control
. 300 m? PV fagade + 3 kWp west, ~ Customizable Modular
10 Convention photovoltaic
~2000 kWh/year PV panels . .
configuration
3 kWh PV system; LEED Gold, = Wind-responsive Passwe
1 15% energy savings assive fins environmental
Museum [29] ’ &Y & p response system
Shading reduced primary Climate-
12 Zurich Airport [30] energy by ~50% vs. Perforated metal adaptive

similar building

rotating louvers

shading control

The photo (1-12) credentials are available in Appendix B.

Looking at Table 1, the examples were considered such as TU Darmstadt Solar De-
cathlon [19], which utilizes rotational PV-integrated wooden slits, Novartis Pavilion [20],
which is a zero-energy media fagade, and the Soft House [21], with its flexible PV mem-
branes, in the design strategies of DAPVSS Designs 1-3 in this study.

Then the Al-Bahr Tower [22], which is a large-scale design system as it has about
1049 folding hexagonal panels, the GSW Headquarters [23], which has a dual-skin facade
system, the Freiburg Town Hall [24], with its vertical PV modules, and the Solar Ivy [25]
biomimetic PV system as they are all regarded as being successful systems. We consid-
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ered the Kiefer Technic Showroom [26], with its 112 individually controlled aluminum
panels, in this work to assess the progression of complexity from the simple folding mecha-
nisms (Design 1) to the sophisticated kinetic systems (Designs 5-6). Moreover, the hybrid
rotational-sliding system of the Institute du Monde Arabe [27], which was inspired by
traditional Mashrabiya patterns, the customizable PV configurations of the Swiss Tech
Convention Center [28], and the wind-responsive passive fins of the Pittsburgh Children’s
Museum [29] were all considered in the multi-criteria optimization approach used to
evaluate the six DAPVSS designs, particularly in terms of the trade-offs between energy
production, daylight quality, and glare control.

These projects were useful for the analysis conducted on the DAPVSS designs. More-
over, climate adaptability was also taken into consideration in different contexts. This
involved such devices as the use of perforated metal rotating louvers, as used in the tem-
perate climate of Zurich Airport [30], to the use of the desert application of the Al-Bahr
Tower [22], both of which were considered in this study to conduct a multi-city performance
comparison across the different climate conditions of Oslo, Turin, and New Mexico.

Furthermore, in order to enhance the analytical depth of this section and respond to
the need for research-focused evaluation, a comparative assessment of the selected case
studies in terms of energy performance has been included. Table 2 presents a structured
comparison of reference projects implementing dynamic and adaptive systems, with a
focus on energy performance, system typology, PV integration, and climatic context. Key
indicators such as annual energy demand, PV energy production, energy offset percentage,
and shading classifications are summarized in Table 2. This matrix reveals different design
strategies, ranging from passive shading systems with limited energy contribution (e.g.,
GSW Headquarters and Al Bahr Towers) to highly efficient PV-integrated fagades that
achieve or exceed net-zero energy performance (e.g., TU Darmstadt Solar House and
Freiburg Town Hall). The inclusion of climatic zones further emphasizes the adaptability
of these systems across temperate, cold, and hot-arid environments. This comparative
framework provides a basis for benchmarking the performance of the proposed DAPVSS
designs presented in subsequent sections, particularly in relation to energy efficiency,
climate responsiveness, and architectural integration. These data can serve as reference
points for future assessment and comparative analysis of systems.

Table 2. Comparative summary of case studies featuring dynamic and adaptive photovoltaic systems.

Energy PV

Case Study  Location Climate IntePIZtion Demand Output Offset % S¥ste;n Classification
8 (kWh/m?/y) (kWh/m?/y) M
TU Darmstadt, o Rotating
Darmstadt Germany Temperate  CIGS BIPV ~60 ~70 115% Slits ZEB
Hamburg, . o Flexible
Soft House Germany Temperate  Textile PV ~20 ~20 ~100% PV Mem ZEB
Al Bahr Abu Dhabi, o Folding
Towers UAE Hot-Dry Roof PV >200 ~10 ~5% Panels Low-Energy
Freiburg Freiburg, o Vertical
Town Hall Germany Temperate  Facade PV ~20 ~25 ~125% PV ZEB+
Zurich Zurich, Roof /Solar Vari Rotatin
e Switzer- Cold 001/ >0k >200 aries Partial Ot [ EED + Target
Airport land Fence (MW scale) Louvers

Overall, these case studies highlight the importance of fagade systems for various
climates and typologies but also demonstrate the potential of DAPVSS to enhance energy
efficiency and occupants’ comfort in real-world settings.
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3. Design and Development of the Systems

The glazed surfaces of a building are one important element of the building structure,
because they are highly responsive to solar radiation, and thus help to provide thermal and
lighting comfort for the people in a building. A passive strategy with the design of solar
shading systems mitigates heat gains during the peak sunlight hours, which is expected
to enhance the performance and efficiency of the building, as well as the satisfaction of
the users.

Especially in temperate climates, dynamic systems are preferable to static ones, due
to their more flexible control and adaptability, which is particularly beneficial since the
efficiency of a system depends on such parameters as time and orientation. Thus, static
systems are less popular than DAPVSS, which have more flexible control properties, not
only for lighting comfort but also for energy consumption or, in this case, for energy
generation purposes. Dynamic shading devices rely on algorithms and mechanics to react
to the local and overall conditions. These systems depend on such mechanical activities as
rotation, translation, and deformation for their geometrical transformations [31].

A visual scheme of the categorized motions is shown in Figure 3. This figure demon-
strates how certain geometric transformations serve as the foundation for dynamic shad-
ing operations.

Figure 3. Simplified categorization of the kinetic motion types and geometric deformation mecha-
nisms considered in adaptive shading systems.

Table 3 presents the motion principles adopted for each design: Design 1 uses simple
folding mechanisms, while designs 2 and 3 employ rotating louvers (vertical and horizontal,
respectively). Design 4 features have a folding adjustment. Design 5 implements dynamic
X-pattern movement, and Design 6 utilizes a fully adaptive hybrid grid system.

The systems were sorted and grouped. The six models were categorized according to
their complexity: simple folding (Design 1), rotating panels (Designs 2 and 3), and complex
shapes (Designs 4, 5, and 6). Furthermore, their effects on indoor quality and building
energy were assessed, considering both the positive and negative impacts on a building
and its occupants.
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Table 3. The six considered DAPVSS design configurations with their visual representations, motion
diagrams, and architectural characteristics.

Design

Design Characteristics Visualization

Motion Diagram

Design 1
Simple design for residential buildings or small offices, which
optimizes daylight but has limited shading.

Design 2

Particularly effective for narrow windows on the eastern and
western fagades of residential buildings and offices. Vertical
elements are introduced into the architectural composition for
skyline-oriented and/or modern residential towers.

Design 3

Horizontal louvers create a visually dynamic facade and offer
optimal solar control. Especially on the South facades of
residential buildings and offices.

Design 4

A folding shading system that is more appropriate for wide
glass facade systems. This system provides spatial shading,
with emphasis on open perspectives and seasonal adaptability.

Design 5

X-pattern design that offers a flexible solution for cultural
and/or office buildings. This system integrates solar protection
with shading capabilities in order to perform an architectural
function.

Design 6

A hybrid grid design combines shading elements with grid
patterns to create dynamic facade elements and outdoor areas,
and it incorporates architectural elements.

3.1. Design Considerations

During the system design phase, after considering various design concepts, six systems
were selected for further assessments with the aim of achieving a suitable compromise
between shading and energy production.

These designs, which are shown in Table 3, ranged from simple configurations to more
complex systems. However, many challenges arose as a result of this selection. For instance,
a significant challenge was that of developing a spatially adaptive system that would be
able to enhance both the energy performance and the users’ experience at the same time.
This integration of objectives led to the creation of kinetic solar shading systems, which
were effectively able to balance efficiency with contemporary building demands pertaining
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to energy management, occupants” satisfaction, and comfort. The characteristics of the
room used to implement and assess the devices are presented in Table 4.

Table 4. Comprehensive construction specifications and material properties of the standardized test
room used for performance evaluation across all six design configurations.

Room

Characteristics

Double-gazed, low emissivity, laminated clear glass,

Glazing visible light transmittance (VLT): high-transparency

U-Value: 1.2 W/m? /K, SHGC: 0.55

Opaque Envelope

Wall (U-Value: 0.26 W/m?/K): 200 mm bricks + 100 mm external EPS
insulation plaster
Roof (U-Value: 0.22 W/m?/K): reinforced slab 150 mm + thermal insulation
Floor (U-Value: 0.26 W/m?/K): insulated concrete slab

The room represents a typical office/residential space enabling systematic
comparison of adaptive photovoltaic shading system performance under
controlled boundary conditions.

The main concerns at this stage were the shading performance, energy production,
and the adaptability of the design to various orientations. This phase began with Design 1,
which featured a somewhat simple idea. This design evolved into Design 5, which had
more complex geometries, and then into Design 6, which had responsive systems, thereby
highlighting the generative aspect of the approach. Thus, the identified solutions are not
just the optimal solutions of this study, as they could be employed over a range of possible
options in other building sectors. The scale from simple to complex patterns will also help
offer better insights to stakeholders to help them make informed decisions on the best-fit
patterns in different contexts.

Although the variety of design criteria for these systems has represented a critical
aspect in this study, it should be noted that aspects pertaining to mechanical and electrical
systems, controllers, maintenance, and technical installation have not been addressed,
and electrical consumptions of shading devices were considered similar. Instead, the
research has focused on assessing the energy generation potential of the prototypes and on
highlighting the benefits of their implementation, the user interface, and their effects on the
six designs.

3.2. Photovoltaic Technology

The photovoltaic industry has undergone numerous advancements in recent years,
with improvements in efficiency, design innovations, and the integration of solar energy into
modern architecture. This evolution in PV technology has been taken into consideration
for the current project.

The main purpose of this research has been to combine photovoltaic technology with
shading systems in order to achieve the highest possible level of efficiency and productivity.
Therefore, after considering the frame space that was needed to assemble panels on the
shaders, about 80% of the total shader space was dedicated to PV panels. This investigation
presents the potential of the various PV technologies that were assessed and the benefits of
their applications (Table 5).
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Table 5. Comparative analysis of the photovoltaic technologies considered for DAPVSS integra-
tion [32,33].

Module Type Efficiency T(e:zg;:ircz;t:rllrte Key Advantages Key Disadvantages
Monocrystalline 15-26.8% —0.40 to —0.45 High efficiency, long lifespan Expensive, labor-intensive
Polycrystalline 12-24.4% —0.45to —0.50 More affordable Heat sensitive, shorter lifespan
Thin Film 8-10.2% —0.20 to —0.25 Flexible, easy production Space-inefficient, significant degradation
Amorphous 5-10% —0.15to —0.20 Low cost, reasonable in limited light Lowest efficiency
Concentrated PV Up to 47.6% —0.05 to —0.10 Highest potential efficiency Less standardized, radiation-sensitive

The first PV system considered during the design stage was monocrystalline PV, as it
is a high-efficiency PV, with performances that range between 15% and 26.8%. Monocrys-
talline solar glass is completely opaque and has a sleek mono-black appearance; it provides
rigid durability as well as significantly higher efficiency and a longer lifespan of 25+ years
than other technologies, thus making it ideal for rooftops, solar farms and high-irradiance
installations, where maximum power generation is prioritized, although it comes at a
higher cost and performs better under direct sunlight conditions [34]. Certain concerns
about the aesthetic impact of this system, such as the related wiring, no-transparency with
the lack of a visual connection between the outside and inside, and even the fact that the im-
plementation of such a system could have a negative effect on the overall architecture of the
building led to these problems being mitigated through the alternative use of amorphous
PV systems.

Amorphous solar glass offers up to 70% transparency, and it has a uniform dark gray
or brown appearance. It is flexible, lightweight, and suitable for integrated photovoltaic
applications on buildings, for example, windows and facades, as well as portable devices.
Although this technology has a lower efficiency (5-10%) and it performs well under low-
light and high-temperature conditions. Amorphous silicon can be structured into single- or
triple junction cells. Triple-junction cells, exploiting a broader portion of the solar spectrum,
offer higher efficiency, especially in low-light conditions and if a little more expensive.

After comparing these two systems, it was decided to choose the amorphous PV
technology with an efficiency of 10% (triple junction) as the best solution for the afore-
mentioned problematic criteria. The decision to adopt this system was largely because
using a semi-transparent system made it easier to provide daylight and visibility for the
occupants. However, these systems are less efficient and considerably decrease the amount
of energy produced, thereby creating another challenge. Therefore, power optimizers re
added to the systems to avoid the reduction in energy production in the presence of shade
and thus compensate for the low efficiency (Table 6). These systems are module-level
devices that are able to optimize the energy production of individual PV elements via
Maximum Power Point Tracking (MPPT), which was implemented on each element of
the shading devices [34]. This PV system has good performance under partial shading,
the differing panel angles, and their mismatch conditions, increasing the efficiency of the
energy production system.

Table 6. Specifications of the PV amorphous module with triple junction and power optimizer used
to enhance the DAPVSS photovoltaic performance.

Parameter Specification
Type Module-level MPPT optimizer
Efficiency Improved with each independent PV element

Feature Independent optimization of each panel segment
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Table 6. Cont.

Parameter Specification
Application Reduced the impact of partial shading in complex designs
Integration Compatible with building management systems (BMS)

3.3. Comparative Analyses Framework and Control Logic

To evaluate the energy production potential of DAPVSS designs, this study employed
a comparative analysis framework examining three distinct operational scenarios. These
states were designed to establish the range of energy production possibilities and demon-
strate the benefits of adaptive solar tracking versus static configurations.

3.3.1. Comparative Operational States

Three operational scenarios were simulated for each design to provide a comprehen-

sive performance comparison:

1.  Open State: Elements permanently positioned for maximum daylight penetration
with minimal PV obstruction (static baseline).

2. Closed State: Elements permanently positioned for maximum shading/solar protec-
tion (static baseline).

3. Adaptive Mode: Elements dynamically positioned according to solar irradiance, sun
position, and daylight for optimal energy production (hourly dynamic optimization).

This comparative framework allows assessment of:

e  Static performance range: Energy production boundaries between fully open and fully
closed positions.

e  Adaptive benefits: Additional energy gains achievable through dynamic solar tracking.

e Design effectiveness: How geometric complexity affects the performance between states.

3.3.2. Adaptive Mode Control Logic

The adaptive mode represents the core innovation of DAPVSS technology, where
elements respond to environmental conditions for energy optimization. The control logic
operates to optimize mainly the PV energy production and considering the more suitable
surface exposure on three parameters:

1.  Solar Irradiance: Real-time hourly solar irradiance (W/m?).

2. Solar Position: Sun azimuth and height angles, driving the optimal elements’ orientation.

3. Daylight Availability: Natural daylight requirements at 80 cm above the floor (e.g., on
the desks inside the offices for scenarios 4, 5, and 6).

For each hour from 5 am to 9 pm, the control algorithm used:

- Calculates current solar position (azimuth, altitude)

- Determine optimal PV element orientation for maximum solar irradiance
- Assesses available daylight levels for indoor natural lighting

- Position elements to balance energy generation with daylight provision

- Record energy production and indoor environmental effects.

3.3.3. Design-Specific Adaptive Behavior

The mentioned six PV shading devices were analyzed to evaluate the most suitable
one considering solar geometry and irradiance, and natural daylight factors with hourly
time-steps during all seasons. The first three designs have one axis rotation and the same
control system for the whole window; the second three systems have different elements
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on the window that work individually. The movements of the six shading devices can be
synthesized as follows:

Design 1 (Simple Folding, PV area is 80% of the shader surface and 30% of the window
area): Its movement is limited to a single-axis hinge (typically 45-90°), making it simple
but less responsive to changing sun paths throughout the day. When open, it is best suited
for South-facing facades with high solar-height angles.

Design 2 (Vertical Louvers, PV area is 80% of the shader surface and window area):
Panels rotate around vertical axes depending on the solar azimuth, maintaining efficient
PV exposure during morning and afternoon hours. The lack of vertical adjustability limits
midday effectiveness. Ideal for East- and West-facing facades.

Design 3 (Horizontal Louvers, PV area is 80% of the shader surface and window area):
Panels tilt along horizontal axes to follow the sun’s height, providing effective shading
during peak midday hours. It does not adapt well to changing sun azimuth, making it less
suitable. Performs best on South-facing facades.

Design 4 (Folding System, PV area is 50% of the shader surface and window area):
Similar to Design 1, but with six elements that can be regulated individually until the
window is completely shaded.

Design 5 (4-Triangles Patterns with 80% PV area shader surface and window area):
Adaptive coordination allows individual segments to independently track solar positions,
maximizing energy generation while creating dynamic daylight patterns. The system
combines horizontal and vertical rotation, making it efficient for all common fagades.

Design 6 (8-Triangles Patterns with 80% PV area of shader surface and window area):
Is the advanced version of Design 5 with double elements for a better performance system.

The comparative analysis framework demonstrates the energy benefits achievable
through intelligent-adaptive control versus conventional-static shading systems. Videos on
the movement mechanisms of each design are provided in Appendix C.

4. Performance Analysis and Simulation Results

We conducted a multi-stage computational simulation process, based on an advanced
parametric design and on environmental analysis tools (Figure 2). The combined and
sequential use of the software packages is described in detail in Figure 4, which shows the
complete simulation workflow. The study begins with modeling six adaptive photovoltaic
fagade systems (DAPVSS) in Rhino, leveraging the precise geometry modeling capabilities
of Rhino. This model was then scripted parametrically in Grasshopper, which allowed the
geometry of the shading system to be modified dynamically and flexibly over a range of
parameters to obtain rapid iterations and explore different design scenarios. Environmental
data was imported using Ladybug and ClimateStudio, including hourly solar irradiance
and solar position (azimuth and altitude) from EPW files for the Climate One Building
(2009-2023) [11].

By using ClimateStudio, it was possible to simulate hourly indoor daylight availability
using a horizontal sensor grid placed at 80 cm above the floor, providing average illumi-
nance per hour. In parallel, PV production was pre-simulated for every element orientation
per hour using ClimateStudio’s PV module combined with Ladybug, allowing performance
evaluation across all design variations and evaluation scenarios. For each hour, the sun vec-
tor, solar irradiance, and indoor daylight levels were assessed and calculated to determine
if they exceeded predefined thresholds. If so, the algorithm assesses all possible rotation
angles for each system using a weighted performance score that balances PV output and
daylight availability. The angle with the highest score is selected as the optimal orientation
and applied to the system geometry in Grasshopper. The process records key outputs such
as selected angle, PV generation, daylight sufficiency, and environmental parameters. This
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hour-by-hour evaluation logic allows all six systems to dynamically respond to climate
conditions, maximizing energy efficiency while maintaining visual comfort for occupants.
The three typical orientations (South, South-East, South-West) were then explored in PV
systems during the simulation process to achieve a more accurate result. This was primarily
carried out because the maximum solar radiation occurs in these oriented facades during
the day.

Figure 4. The parametric modeling script process of Grasshopper with integration of geometric
modeling, solar analysis, and performance evaluation components.
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4.1. Energy Yield and Performance

Since a well-designed system is tailored to the various parameters and operational
aspects that can influence the energy yield and overall efficiency, our simulations were
initialized through an energy performance assessment. The efficiency of the solar panels
determines the conversion of solar energy into electricity, as illustrated in the following
equation [35]:

E=n-A-H-PR (1)

where

E is the electrical energy produced (kWh), H is the solar irradiation (kWh/m?), 1 is
the panel efficiency, A is the active panel area (m?), and PR is the Performance Ratio which
considers all energy losses compared to standard test conditions (STC, Tae = 25 °C and
Isol = 1000 W/m?).

It is worth noting that this study was conducted in the city of Turin, Italy, and the
primary metric used to evaluate energy production was solar irradiance (W/m?). The data
were collected on an hourly basis to achieve a more accurate and realistic result. Addition-
ally, the PV production results of Design 1, which is the simplest and the most basic system
of all the designs considered, were compared with the data that were obtained through a
manual calculation process using Equation (1). Our simulation predicted 102 kWh/year
for Design 1, with 1.20 m? amorphous PV coverage (about one-third of the 3.6 m? win-
dow area) for the Turin climate conditions (average irradiation 1406 kWh/m? /year). The
manual calculation instead yielded 105 kWh/year (including power optimizer improve-
ments), thus representing a 3.0% difference, a result that confirms the accuracy of the
computational approach.

The simulations and assessments were conducted using different tools, such as
Grasshopper and ClimateStudio, along with the Ladybug plugin, and they involved mod-
eling each system and implementing the corresponding scripts, as shown in Figure 4.

The climate data (EPW file) used in this study were sourced from the Climate One
Building for the 2009-2023 period [11]. The monthly climate data pertaining to three
different locations of Turin, New Mexico, and Oslo are presented in Table A1 of Appendix A.

In order to optimize the performance of each panel, the systems were designed
so that each component of the photovoltaic system could function separately and, as a
result, maximize PV production and minimize shading losses. This is more evident in
Designs 5 and 6, which allowed higher gains to be obtained and mutual shading between
the elements to be minimized, due to their different configurations.

To demonstrate the operation of adaptive DAPVSS, Figure 5 presents hourly energy
production data for a representative summer day of 15 July. This analysis illustrates how
continuous solar tracking translates into advanced energy performance for the geometri-
cally complex Designs 5 and 6.

The hourly production profiles reveal the distinct adaptive capabilities across design
configurations. The data shows that adaptive control operates through continuous posi-
tioning adjustments based on real-time solar conditions in order to maintain optimal PV
surface orientation.

The adaptive shading effectiveness varies significantly across DAPVSS configurations,
with Design 1 achieving 32% average shading through its simple folding mechanism,
while Design 2 and Design 3 provide moderate improvements at 44% and 55% shading,
respectively, through their vertical and horizontal louver systems. The more sophisticated
configurations demonstrate substantially enhanced performance: Design 4 achieves 62%
shading through folding adaptive positioning, Design 5 reaches 71%, and Design 6 de-
livers optimal thermal management with 75% average shading effectiveness through its
hybrid grid configuration. Peak shading capabilities during maximum solar irradiance
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periods (12:00-14:00) range from 45% for the folding system to 90% for the advanced
design, with dynamic operational ranges spanning 20-45% for Design 1 up to 65-90% for
Design 6, demonstrating the superior adaptive thermal control achieved through geometric
complexity and intelligent positioning algorithms.
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Figure 5. Comparative hourly photovoltaic production analysis for all six DAPVSS designs on 15 July
(peak summer conditions) on the South facade in Turin, Italy.

The correlation between solar irradiance availability and PV production confirms the
effectiveness of the adaptive systems. Peak solar irradiance in the middle of the day corre-
sponds with maximum energy generation across all designs, with complex configurations
achieving higher conversion efficiency through optimal positioning.

This hourly analysis confirms that continuous environmental responsiveness drives
the superior annual performance of geometrically complex DAPVSS configurations and
confirms the adaptive control methodology that is employed throughout this study.

Furthermore, Table 7 illustrates the hourly photovoltaic energy production and cooling
demand analysis for the six DAPVSS during the time period from 05:00 to 21:00. The results
reveal significant performance variations across the design spectrum, with geometrically
complex configurations demonstrating substantially better energy generation capabilities.
Design 6 achieved peak hourly production of 0.649 kWh at 13:00, representing about 6x im-
provement over Design 1’s peak output of 0.107 kWh. The adaptive shading effectiveness
demonstrates a positive correlation with cooling demand, then Design 6’s high Solar Heat
Gain Coefficient (SHGC = 0.22) results in 55% lower cooling requirements compared to
Design 1 (SHGC = 0.64). The hourly data shows the effectiveness of real-time solar track-
ing algorithms, with peak energy generation coinciding precisely with maximum solar
irradiance availability, thereby confirming the adaptive control methodology’s capacity to
optimize energy harvesting throughout varying solar conditions.

The results indicate that the most complex systems offer better results. The compara-
tive performance data show that Designs 5 and 6 outperform the simpler designs, thereby
underscoring the importance of designing shading patterns that effectively balance energy
capture and shading functions.

Moreover, the seasonal differences confirm the expected energy production, which
shows a peak production during the summer months (June to July) and the least energy
output in winter (December to January), which confirms that the southern orientation
leads to the highest annual productivity. Only Design 2 with vertical louvers has a lower
production with South orientation because its performance decreases with high sun angles.
At the same time, the South-East orientation offers a slightly better performance in the
mornings, and the South-West one offers an excellent performance in the afternoons.
Figure 6 represents the annual energy produced by each system design, showing that it
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clearly outperforms Designs 5 and 6 for all the assessed orientations (South, South-West,
and South-East).

Table 7. Hourly photovoltaic energy production and cooling demand analysis for six DAPVSS
configurations during peak summer conditions (15 July, Turin, Italy).
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In Figure 7, by assessing the energy production of Design 6, it can be observed
that the production of this system reaches a maximum in July, when it delivers its best
monthly performance. This design is particularly effective during warmer months, thus
demonstrating its ability to easily handle intense solar radiation.
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Figure 6. Comparison of the annual energy production results for the six considered DAPVSS designs
for three orientations (South, South-West, South-East).
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Figure 7. Monthly photovoltaic energy productions for Design 6 for the three considered orientations.

Design 1 instead struggles to produce satisfactory results. It shows the lowest yield,
and it produces the lowest amount of energy all year round for each orientation (as can be
seen in Figures 7 and 8). Therefore, Design 1 is less effective at capturing solar energy than
the other systems. And, more importantly, the dimensions of the PV system in Design 1 are
one-third of the window size, due to the necessity of considering the daylight factor and of

not blocking natural light.
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Figure 8. Monthly photovoltaic energy production profile for Design 1 for the three considered orientations.

In Table 8, the progressive growth in the energy yields from Design 1 to Design 6
is shown. The gradual increase in design efficiency, correspondingly in the PV output,
underlines the effect of more sophisticated shading strategies and larger surfaces, which
are optimized for solar exposure. Further details on the monthly energy production of each
system can be found in Tables 8 and A2 in Appendix A.

Table 8. The total annual energy production results of all six designs.

Design South (kWh/Year)  South-West (kWh/Year)  South-East (kWh/Year)

Design 1 97.34 66.45 87.88
Design 2 134.34 239.66 243.55
Design 3 165.19 130.66 152.92
Design 4 194.86 186.25 190.19
Design 5 567.49 457.56 524.61
Design 6 587.00 472.78 542.59

4.2. Indoor Comfort and User Experience Parameters

Thermal comfort is a crucial factor in a kinetic solar shading system as it ensures
the occupants’ satisfaction and energy efficiency. The ability of the system to regulate
the indoor temperature and reduce the solar heat gain, as a result of the movement of its
elements, can have a direct impact on thermal comfort. Therefore, one of the key metrics
that should be considered in the design of a system is the Solar Heat Gain Coefficient
(SHGC), which is used to measure the fraction of solar radiation that enters a space through
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windows. Equation (2), which, in this study, represents the annual average performance of
each DAPVSS design, accounts for the dynamic shading adjustments throughout the year.
Figure 9 shows the average SHGC and the annual solar gain for each system design.

SHGC = Qgain_ )
Qincident

where
Qgain: solar heat entering through a glass (kWh), Qjncident: incident solar radiation on
the glazing surface (kWh).
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Figure 9. Comparison of the annual solar heat gain for the internal environment and the average
Solar Heat Gain Coefficient (SHGC) for the six DAPVSS designs.

Another factor that has been evaluated in this study is the Predicted Mean Vote
(PMYV), which considers environmental factors such as the air temperature, mean radiant
temperature, air velocity, relative humidity, and personal factors such as the metabolic
rate and clothing insulation. These factors, considered together, determine the thermal
comfort index PMV on a 7-point scale from —3 (cold) to +3 (hot), with +0.5 representing
the acceptable comfort range [36-38].

By simulating indoor temperatures and calculating the PMYV, it was possible to en-
sure the maintenance and efficiency of the shading system, thereby resulting in a more
comfortable environment.

Another essential metric that has been considered is the Predicted Percentage Dis-
satisfied (PPD), providing a direct quantification of thermal dissatisfaction. PPD was
used to estimate the percentage of hours that occupants inside a unit are likely to feel
uncomfortable [37,38].

A clear pattern emerges from an analysis of the data: more complex shading systems
provide better thermal comfort. Design 1, which has a high SHGC that is equal to 0.65,
shows significantly elevated indoor temperatures, with an increase of 5.2 °C above the out-
door ambient temperatures during the peak summer months (mainly July). This excessive
heat gain leads to poor PMV comfort, that is, 1.6 for the South-oriented configurations,
as shown in Figure 10. As the complexity of the shaders increases, the thermal comfort
performance progressively improves in the design systems. For example, Design 2, which
features vertical louvers (SHGC: 0.54), provides moderate thermal control, and it limits the
summer temperature rise to about 4.7 °C, with a PMV of 1.3. In comparison, the horizontal
configuration of Design 3 (SHGC: 0.43) exhibits a superior performance, with a temperature
increase of 3.7 °C. Design 4 continues this optimization trend, and it achieves an SHGC of
0.36 and further reduces the thermal gain to 3.1 °C above the ambient conditions, resulting
in a PMV of 0.7, which is close to the neutral comfort zone.
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Figure 10. Assessment of the Predicted Mean Vote (PMV) of the thermal comfort measured during
peak summer conditions (15 July at 12:00) for the three south-oriented configurations.

The advanced systems (Designs 5 and 6) deliver exceptional thermal comfort perfor-
mances that significantly outperform conventional shading approaches.

The dynamic X-pattern configuration of Design 5 (SHGC: 0.27) demonstrates a remark-
able degree of thermal control, and it limits the temperature increase to only 2.4 °C during
peak summer conditions, while maintaining a near-neutral PMV of 0.4. In Figure 11 it can
be observed that this performance enables thermal comfort to be achieved during 95% of
the hours occupied, thus indicating excellent year-round habitability.
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Figure 11. Performance of the annual adaptive thermal comfort with the percentage of occupied
hours (8 AM—-6 PM).

Design 6 also showed an excellent thermal optimization performance, as a result of
its grid system, which led to the lowest SHGC, that is, of 0.24, and provided exceptional
temperature control by limiting the indoor temperature rise to just 2.1 °C above the outdoor
conditions, even during extreme summer peaks; this resulted in a PMV of 0.2.

Overall, the data show that advanced adaptive shading can maintain optimal thermal
conditions while simultaneously maximizing the energy generation potential.

4.3. Visual Comfort

Visual comfort in buildings is fundamentally shaped by such factors as daylight
availability, glare control, and view quality, all of which have been explored in this research.
Daylight Analysis

The amount of daylight received in a specified unit area plays a significant role in
determining the efficiency of DAPVSS devices, as well as in the occupant’s satisfaction.

One of the factors that plays a role in reaching these goals is the Daylight Factor (DF), which
is the ratio of indoor-to-outdoor illuminance [39]:

DF = Ep/Eh,ext - 100, % 3)

where

Ep is the inside illuminance of a reference point (Ix)
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Eh,ext is the outside horizontal illuminance with overcast sky conditions (1x).

The daylight performance of the six DAPVSS designs was evaluated using multiple
metrics in order to assess both the quantity and quality of natural illumination. The
simulations were conducted using Climate Studio and Ladybug tools (Figure 4).

Design 1 shows the highest Daylight Factor of around 2.8% (maintained within a
2.6-3.1% range), with 91% DF compliance during occupied hours. Designs 2 and 3 main-
tained adequate daylight levels of about 2.1% and 2.3% DF, respectively (within 2.0-2.4%
and 2.1-2.6% ranges), and offered improved solar protection with 94% and 89% DF com-
pliance. Design 4 achieved a balanced DF of 2.4% (within 2.2-2.8% range) with 87% DF
compliance, while the more complex designs, Designs 5 and 6, maintained optimal DF
levels of 2.3% and 2.4%, respectively (within 2.1-2.7% and 2.1-2.9% ranges), achieving 89%
and 94% DF compliance while significantly improving visual comfort through superior
uniformity ratios of 0.71 and 0.75, and reduced occurrence of excessive illuminance. The
illuminance gradient analysis, Daylight Factor, and the uniformity of the designs are shown
in Figure 12 and Table 9 with multi-objective optimization that maintains daylight quality
while maximizing energy generation, demonstrating practical optimum performance that
balances energy production with occupant visual comfort. The thresholds used to evaluate
daylight performance are reported in Table A3.
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Figure 12. Interior daylight distribution from the window for the six DAPVSS designs.

The findings demonstrate that the daylight distribution becomes more uniform, but
diminishes in intensity, as the design complexity increases, with Design 6 showing a
reduction of approximately 40% in light at a depth of 5 m, compared to Design 1.

The prevention of glare is fundamental to ensure visual comfort. The Daylight Glare
Probability (DGP) factor was assessed in order to examine whether glare is likely to occur
in a given space [40]:

DGP =f (Ev, Ls, ws, Lb) 4)

where

Ev is the vertical illuminance at eye level (lux), Ls is the luminance of the glare source
(cd/m?), ws is the solid angle of the glare source (sr), and Lb is the background luminance
in the field of view (cd/m?).

The glare analysis revealed that these designs differed significantly in their ability
to reduce discomfort and glare with DF integration (in Figure 13). The DGP values were
0.33 (imperceptible glare) in summer and 0.39 (perceptible glare) in winter for Design 1.
While the winter value slightly exceeds the barely noticeable glare threshold of 0.35, the
summer performance remains excellent, and DF integration has significantly improved
year-round visual comfort compared to systems without DF control. The winter months
present the most challenging conditions due to lower sun angles.
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Table 9. Comparison of the daylight assessments for all of the DAPVSS designs considered in the different orientations of South-West, South.

Desion Daylight Factor Average . e 1
g SW S SE Uniformity IlIluminance Distribution
Design 1
Maximum daylight N o o Good
penetration, excellent for 2:4% 2.6% 2.7% uniformity (0.47)
all visual tasks
Design 2
Adequate light with o o o Good
vertical filtering, 1.8% 2.1% 2.0% uniformity (0.61)

enhanced privacy
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Table 9. Cont.

Desion Daylight Factor Average . e 1
8 SW S SE Uniformity Illuminance Distribution
Design 3
Good illumination with ~ 2.0%  2.0%  2.3% uni‘?(ff;ata%% "
horizontal solar control y &
Design 4
Balanced performance o o o Acceptable
with diagonal 2.0% 22% 2.:3% uniformity (0.63)
shading geometry
Design 5 Superior
Reduced quantity but 1.9% 2.1% 2.1% uni forrflit 0.71)
superior uniformity y
Design 6
Lowest quantity but 1.9% 2.0% 2.1% uni fl(E);(Ic;iltl erz(t) 75)
highest uniformity y &

! The visualization shows illuminance distribution patterns with shaders in the closed state, where lighter areas indicate higher daylight levels and darker areas represent lower
illuminance. Color gradients demonstrate how daylight intensity decreases with distance from the window, while uniformity improves with increasing complexity of the designs.



Smart Cities 2025, 8, 127

24 of 37

The seasonal variation in DGP ranges from 0.33 to 0.39 for Design 1, demonstrating
improved glare management with DF control compared to basic shading devices alone.
Design 6 demonstrates superior glare control, with DGP values of 0.16 in summer and
0.21 in winter, both significantly below the barely noticeable glare threshold of 0.35. This
represents 46% better glare control than Design 1 in winter conditions. Designs 2—6 maintain
DGP values below 0.35 during summer conditions, with Design 6 showing remarkable
consistency across seasons, only a 0.05-point difference between summer and winter.
Designs 5 and 6 achieve excellent glare control with values well below 0.35 throughout
all seasons.
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Figure 13. Analysis of the seasonal Daylight Glare Probability (DGP) for the six DAPVSS designs.

4.4. Architectural Integration

The architectural implementation of DAPVSS can vary significantly, depending on the
building typology and its characteristics. Therefore, the systems designed and analyzed in
this research have been divided into two main groups: residential, for designs 1 to 3, and
commercial, for designs 4 to 6.

Designs 1, 2, and 3, which demonstrate moderate performances, have been considered
as suitable solutions for residential buildings. Design 1, which has a straightforward folding
mechanism, offers operational simplicity and reduced maintenance demands, making it
more cost-effective for domestic installations than other applications. The vertical louver
configuration of Design 2 also provides directional solar control, and it is able to maintain
visual coherence with the existing vertical facade rhythms. This is particularly beneficial
for multi-story residential buildings. Similarly, Design 3, which features a horizontal louver
system, enables graduated articulation and solar modulation of the facade, although it has
a lower energy generation potential than more complex configurations.

Designs 4, 5, and 6 instead represent advanced configurations, which are suitable for
larger-scale and more significant projects. Design 4 features seasonal adaptability, and
it provides an enhanced energy yield and thermal control. The triangulated X-pattern
configuration of Design 5 additionally offers structural efficiency and has a distinctive
aesthetic appeal, as it creates dynamic shadow patterns that contribute to the visual interest
of a fagade, while maintaining effective solar control. Both of these designs are suitable for
commercial and institutional buildings. Design 6, with its hybrid grid system, represents
the most sophisticated solution, as it combines maximum operational flexibility with
optimized energy generation, thus making it ideal for architectural landmark buildings and
high-performance structures, where both functional excellence and architectural distinction
are of primary importance.

All the systems considered (Table 10) offer integration options that can be used by
architects. These options range from lightweight curtain wall attachments to full-structural
envelope integration, which can satisfy their project needs.
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Table 10. Architectural integrated design systems.

Designs
Design 1 Design 2
Design 4
Design 3
Design 5 Design 6

Visual Impact and Aesthetic Integration Analysis

Design 6 demonstrates that the adaptive shading systems are able to achieve a maxi-
mum energy performance while maintaining a visual transparency of 70%, without com-
promising the environmental efficiency and/or architectural openness. The six designs
represent an architectural spectrum, ranging from basic building enhancement (Design 1)
to bold environmental expression (Design 6). These dynamic facade systems can enhance
urban vitality through visual interest and the environmental performance of buildings by
supporting broader sustainability initiatives in urban developments.

4.5. Comparison of the Climate Adaptability of the Considered Six DAPVSS Systems

In this study, three different cities with different climatic conditions and characteristics
were chosen to evaluate the efficiency, functionality, and adaptability of the considered
DAPVSS systems. Cities such as Oslo, New Mexico, and Turin were selected because of
their different weather characteristics.

e  Oslo, which is located at a latitude of 59.9° N, has a humid continental climate and
receives 948 kWh/m? of annual solar radiation [41];

e New Mexico, which is located at a latitude of 34.6° N and has a desert-type climate,
receives 2079 kWh/m? (monthly: 173 kWh/m?) [42];

e  Turin, which was the main study site, is located at 45.1° N, has a moderately continental
climate and it receives 1406 kWh/m?, thereby representing typical Mediterranean
solar conditions [43].

New Mexico’s high solar irradiance (2079 kWh/ m?/ year) enabled Design 6 to achieve
peak performances. The adaptive systems reduced the cooling energy needs by 30%, com-
pared to fixed horizontal shadings, while maintaining PV efficiencies of 18-22% as a result
of dynamic orientation adjustments. These differences in solar conditions directly impact
the performance of DAPVSS systems across different climate zones, thereby emphasizing
the importance of adjusting the solar technology to suit the local environmental condi-
tions. They also show that sustainable solar energy practices cannot be assessed without
considering the local solar dynamics, weather conditions, and geographic challenges. The
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following bar chart, shown in Figure 14, presents a comparison of the energy production of
Design 6 in Turin, New Mexico, and Oslo for three different shading states: open, closed,
and optimized.
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Figure 14. Climatic comparison of the energy production of Design 6 in Turin, New Mexico, and Oslo
(kWh/year).

Moreover, the climate adaptability comfort assessment in this research was conducted
by assessing the difference in the local temperature ranges, solar irradiance levels, and
thermal performance data [44]. The assessment led to variations in the thermal comfort
performances in the different locations. It should be noted that the term “Comfort hours”
refers to the percentage of occupied time (8 AM—6 PM) in which the PMV values remain
within the +0.5 thermal comfort range [38], and it accounts for seasonal temperature
variations and the thermal control characteristics of the DAPSS.

Figure 15 shows the Annual climate adaptability performance of Design 6 across the
mentioned cities. At this stage, the evaluation of the performance of Design 6 in Oslo (cold
climate; solar irradiance 948 kWh/m?) showed that it reached about 78% of comfort hours
and experienced a minimal solar heat gain. Turin, with its mild climate (1406 kWh/ m?),
presented the best overall performance and reached around 92% of comfort hours. New
Mexico, with its dry conditions (2079 kWh/m?), was more challenging in terms of providing
thermal comfort, and Design 6 could only reach about 72% of comfort hours, given the
intense amount of the solar load. These results confirm that the effectiveness of DAPVSS
varies significantly according to the local climate conditions.
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Figure 15. Annual thermal comfort performance and percentage of occupied hours in comfort for
Design 6 for the three considered climate zones.

4.6. Cost Assessment

An economic performance evaluation has been conducted to determine the conve-
nience of the aforementioned systems, and several aspects were considered, including
capital costs, operational expenses, energy savings, and payback time (PBT). Each index
can be used to determine the financial impact of implementing such systems.

As previously mentioned, the systems were divided into two main categories: res-
idential (Designs 1 to 3) and commercial (Designs 4 to 6). It should be recalled that the
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PV output of residential buildings is generally lower than that of commercial buildings,
due to the larger scale and greater efficiency associated with smart grid technologies in
commercial applications.

4.6.1. Calculation of the PV System Costs

The key components of the PV system, such as the costs of the PV panel, inverter,
power optimizer, and the cost of installing and mounting the system, were considered in
the calculation of the total costs of the system in Equation (5) [45]:

Ctotat = C1 + Cinstattation + Coaem + Creplacement — Viesidual (5)

where

Cr: Initial investment cost (€), Ciystaination: installation costs (€), Cosar: operation and
maintenance costs (€/year), Creplacement: component replacement costs (€), Viesigyar: residual
value at end of analysis period (£).

Moreover, the economic grid integration analysis has indicated that all the DAPVSS
configurations with DF integration offer improved economic feasibility, with annual net
benefits ranging from €69 to €220 in the case of residential buildings and from €139 to
€486 for commercial scenarios. The economic return is primarily due to PV generation,
which accounts for 95% of the financial earnings, while passive cooling energy savings and
enhanced occupant comfort provide supplementary value, accounting for the remaining 5%.
The investment-to-return analysis revealed favorable capital recovery periods: residential
systems achieved payback periods of approximately 4.2 to 8.2 years, with initial investments
ranging from €569 to €929, while commercial systems demonstrated competitive economic
efficiency, with payback periods of about 2.9 to 8.6 years, considering the higher capital
requirements of about €1189 to €1944.

Design 2 in the South-East orientation (residential: 4.2 years, €220 annual benefit)
and Design 5 in the south-west orientation (commercial: 2.9 years, €486 annual benefit)
resulted to be the optimal solutions from an economic point of view, with ROI ranging
from 136% to 298% for residential buildings and from 149% to 472% for commercial
ones. The economic model confirmed the practical viability of DAPVSS systems that
balance energy generation with occupant comfort through integrated daylight factor control,
demonstrating that the slight energy trade-off is offset by improved user acceptance and
building performance value.

4.6.2. Economic Performance Analysis

A performance analysis of the costs and revenues was conducted to assess the Annual
Economic Benefits and the PayBack Time, which were calculated using Equations (6) and (7),
respectively [45-47]:

AEB = <EPV X Cavoided) + (Esurplus X Tfeed in) - (CO&M + Cgrid + Cfinancing) (6)

where
AEB: annual economic benefit (€/year), Epy: PV energy production (kWh/year),
Cavoided: avoided grid purchase cost (€/kWh), Egyrpius: surplus energy sold to grid
(kWh/year), Treed.in: feed-in tariff (€/kWh), Cogm: operation and maintenance costs
(€/year), Cgyig: grid connection fees (€/year), Ceinancing: financing costs (€/year)
Cr

PBT = AEB (7)
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where

PBT: payback time (years), Cp: initial investment cost (€), AEB: annual economic
benefit (€/year).

The financial evaluation showed that PV production (in euros), the annual economic
benefits, and the total costs were higher in commercial systems than in residential systems.

Figure 16 shows a comparison between the annual economic benefit (€) and payback
time (years) for each Design, and it highlights the economic feasibility of the designs con-
sidered. The economic evaluations showed that Design 2 was the most efficient residential
option among the system designs, especially for south-east orientation, as it offered the
shortest payback time of 4.2 years with €220 annual benefit, while maintaining 94% day-
light factor compliance. Design 5 showed the best performance for commercial buildings,
especially in the south-west orientation, as it offered the highest economic benefit of €486 an-
nually and a quick 2.9-year payback while achieving 89% DF compliance and 38% visual
comfort improvement. Overall, the south-east and south-west orientations demonstrated
better returns for residential and commercial setups, respectively, with the multi-objective
optimization providing enhanced occupant satisfaction alongside economic viability. The
payback times for Designs 5 and 6 remained attractive at 2.9-5.1 years, indicating the
continued feasibility of advanced systems despite the energy-comfort trade-offs inherent in
DF integration. Further data can be found in Table A4 in Appendix A.
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South-West South ——South-East

(€/year)

Payback Time PBT (years)
B~
Annual Economic Benefit

Figure 16. Economic performance analysis of DAPVSS designs in Turin, Italy, comparing annual
economic benefit (€/year) and simple payback time (years).

5. Discussion

The results of the evaluation of the six DAPVSS systems considered in this study have
shown that the geometrically complex configurations significantly outperform the simpler
alternatives. Also, the comparative case study analysis supported the proposed DAPVSS
designs by providing real-world benchmarks across different climates and system types.
These references helped demonstrate the practicality and adaptability of the designs devel-
oped in this study. Design 6 achieved a 6 times higher energy production and 48% better
glare control than the basic designs. Moreover, the data confirmed the financial viability
of the design systems, particularly for Design 5, which was considered for commercial
buildings, and had a payback period of 2.9 years, and for Design 2, which was considered
for residential buildings, and had a payback period of 4.2 years.

The relatively short payback periods observed in this study, that ranged from
2.9 to 4.2 years for the most efficient designs, are notably lower than the ones commonly
reported in the existing literature, which often cite 5 to 10 years for comparable photovoltaic
systems; this indicates that the integrated design and optimization methodology used here
was effective in achieving more economically attractive solutions.
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The annual energy performance of the mentioned system designs, depending on the
configuration and climate zone, aligns well with values reported in the literature. These
data can be compared with the results of Designs 5 and 6, which demonstrated enhanced
performance through real-time adaptive response.

The case studies in the literature in Table 2 were used to compare the energy perfor-
mance of the six DAPVSS designs. Systems like TU Darmstadt and Freiburg Town Hall
operate within ZEB or even plus-energy standards, while others such as the Soft House
use nZEB thresholds. These benchmarks support the DAPVSS designs in comparing the
energy performance of shading PV technology in different contexts.

The comparative analysis of the reference case studies reveals some differences in
installed photovoltaic energy output per square meter. High-performance examples such
as the TU Darmstadt Solar House and Freiburg Town Hall achieve PV outputs of approx-
imately 70 kWh/m?/year and 25 kWh/m? /year, respectively, enabling them to reach
ZEB or even ZEB+ status. In contrast, the highest-performing DAPVSS system in this
study, Design 6, achieves around 35.22 kWh/m? /year (based on a 3-window installation
in a 50 m? unit). While this is lower than the TU Darmstadt benchmark, it is noteworthy
given that DAPVSS panels are integrated into facade shading devices rather than applied
across full building envelopes. Designs 2—4 produce between 8.06 and 34.04 kWh/m?/year,
highlighting the trade-off between visual openness, facade area coverage, and energy
generation. These comparisons underline that while DAPVSS systems alone may not meet
full ZEB criteria, they represent a viable facade-integrated solution that contributes mean-
ingful energy production and comfort benefits. For future implementations, combining
DAPVSS with complementary rooftop PV or other systems could significantly increase
overall building energy autonomy. This improvement is attributed to climate-specific
design, multi-objective control logic, and increased PV surface activation, demonstrating
the potential for economically viable adaptive building envelopes.

Furthermore, the amorphous PV technology, despite its low 8-10.2% efficiency, pre-
served the architectural aesthetics of buildings, and its low efficiency also justified the
use of power optimizers, which led to performance improvements under partial shad-
ing conditions.

The present study has addressed the critical gaps in DAPVSS research by compre-
hensively evaluating performance trade-offs, and it has demonstrated the scalability of
the considered systems across different cities with various climates (Oslo, New Mexico,
and Turin).

Overall, Design 6 offers the most balanced performance, and the results demonstrate
that the optimal design selection mainly depends on the specific building requirements, the
local solar conditions, and grid policies. The present study has been limited to simulation-
based analysis considering automatic systems. Mechanical constraints, user behavior, and
long-term maintenance were not evaluated. Building upon the comprehensive adaptive
control algorithms and multi-objective optimization framework established in this study,
future research should focus on physical sensor integration, experimental field valida-
tion, and development of standardized installation protocols to facilitate broader market
adoption of these sustainable building envelope technologies.

6. Conclusions

The main criterion considered in this work was the optimization of the shading devices
to produce energy and to assess their impact on occupants’ comfort. This research involved
a comprehensive evaluation of six dynamic and adaptive photovoltaic shading systems
(DAPVSSs) and focused on the improvement of the building energy performance, indoor
thermal and visual comfort, and architectural integration, as shown in Figure 17.
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Figure 17. Radar comparison chart of the comprehensive multi-criteria performance of the six
considered DAPVSS designs.

The study revealed that Design 6 is the most effective system design of all the systems
assessed in this study, as it achieved the highest glare control, thermal comfort, and energy
generation results while maintaining optimal daylight factor, thus making it suitable for
hot climates; Design 4 is the second-best option, and it offers similar daylighting results
and visual accessibility, although it exhibits poorer glare control and energy production
performances. However, among the remaining designs (1-5), Design 4 showed the most
consistent performance across different evaluation criteria, achieving moderate results in
energy generation (186-195 kWh/year), thermal comfort, and daylight without having the
extreme weaknesses seen in simpler configurations. Design 3 and Design 2 represent trade-
offs between environmental performance and user experience. Design 1, which performs
better in daylight and in visual connection, exhibits the worst performance for the other
parameters. Furthermore, the proposed DAPVSS configurations with DF integration have
demonstrated strong potential in terms of energy performance, thermal comfort, and visual
glare control, while successfully balancing daylight quality with energy generation. The
multi-objective optimization approach ensured that visual comfort is maintained alongside
energy performance, with all designs achieving daylight factor compliance during 87-94%
of occupied hours. Furthermore, the DF integration approach addresses visual discomfort
by maintaining illuminance within optimal ranges, resulting in 12-45% improvement in
visual comfort for occupants. The systems that were designed and considered in this study
have to face numerous challenges, including high initial costs, complex integration with
the local aesthetics, and increased maintenance costs. These challenges should be assessed
and analyzed in the next step of the research to overcome these challenges and reach the
best possible solution.

Future work should investigate user-centered design strategies, such as transparency-
optimized PV materials, responsive shading geometries with adaptive view corridors, and
real-world occupant feedback studies, to ensure that visual comfort is holistically integrated
alongside energy and environmental performance.

This research establishes that sophisticated adaptive shading systems can simulta-
neously optimize energy generation, occupant comfort, and visual performance through
multi-objective algorithms that balance solar tracking with daylight factor maintenance,
providing architects with evidence-based design guidance for smart building envelope
technologies that prioritize occupant wellbeing alongside energy performance.



Smart Cities 2025, 8, 127

31 of 37

Author Contributions: Conceptualization, G.M.; methodology, R.R.K., G.M., RI. and G.P; software,
R.RK,; validation, G.M. and G.P; formal analysis, R.R.K; investigation, G.M., R.I. and G.P,; resources,
G.M,, RI and G.P; data curation, G.M., R.I. and G.P; writing—original draft preparation, R.R.K. and
G.M.; writing—review and editing, RR.K., G.M., G.P. and R.I; visualization, R.R.K.; supervision,
G.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Term Definition

AEB Annual Economic Benefit (€/year)

ASF Adaptive Solar Facade

BIPV Building-Integrated Photovoltaics

BMS Building Management System

Cavoided Avoided grid purchase cost (€/kWh)
Cinancing Financing costs (€/year)

Caria Grid connection fees (€/year)

Cy Initial investment cost (€)

Cinstallation Installation costs (€)

CoeM Operation and maintenance costs (€/year)
Creplacement Component replacement costs (€)

Ciotal Total system cost (€)

Closed Shader in closed state (maximum shading)
DA Daylight Autonomy (%)

DAPVSS Dynamic and Adaptive Photovoltaic Shading Systems
DF Daylight Factor (%)

DGP Daylight Glare Probability (-)

E Electrical energy produced (kWh)

Ep ext Outside horizontal illuminance (lux)

Ep Inside illuminance of a reference point (lux)
Epy PV energy production (kWh/year)

Esurplus Surplus energy sold to grid (kWh/year)

Ey Vertical illuminance at eye level (lux)

EPBT Energy Payback Time

EPS Expanded Polystyrene

EPW EnergyPlus Weather

H Solar irradiation (kWh/m?)

HVAC Heating, Ventilation, and Air Conditioning
KPI Key Performance Indicators

Ly Background luminance in the field of view (cd/ m?)
L Luminance of glare source (cd/m?)

MPPT Maximum Power Point Tracking

Open Shader in fully open state (maximum daylight)
Optimized/Adaptive  Shader adjusted according to sun’s position throughout the year
PBT Payback Time (years)

PMV Predicted Mean Vote (-)

PPD Predicted Percentage Dissatisfied (%)

PR Performance Ratio

PV Photovoltaic

Qgain Solar heat entering through a glass (kWh)

Qincident Incident solar radiation on the glazing surface (kWh)
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ROI Return on Investment (%)

sDA Spatial Daylight Autonomy (%)

SHGC Solar Heat Gain Coefficient (-)

STC Standard Test Conditions

Tteed-in Feed-in tariff (€/kWh)

U-Value Thermal transmittance (W /m?K)

Vresidual Residual value at end of analysis period (€)

VLT Visible Light Transmittance

ws Solid angle of the glare source (sr)
Active panel area (m?)

1 Panel efficiency

Appendix A

Appendix A.1. Climate Data

All climate data was extracted from Climate Consultant software [11] using EPW files
from Climate.OneBuilding.Org. Turin data (WMO 160595) serves as the primary study
location, with Oslo (WMO 014900) and New Mexico (WMO 720484) providing validation
of climate adaptability across different climate zones.

Table Al. Monthly Climatic Data.

Oslo, Norway Turin, Italy (Primary) New Mexico, USA

Month Temp Solar Humidity @ Wind Temp Solar Humidity @ Wind Temp Solar Humidity =~ Wind

(W] (W/m?) (%) (m/s) O (W/m?) (%) (m/s) (W@ (W/m?) (%) (m/s)
Jan -3 50 86 2 2 194 70 1 5 256 70 3
Feb -2 120 87 4 4 237 73 1 7 280 75 3
Mar 0 213 76 5 8 295 65 1 10 323 71 4
Apr 4 286 72 4 12 385 55 1 15 399 65 4
May 9 327 65 2 16 347 70 1 20 393 75 4
Jun 13 306 69 2 21 382 69 1 26 473 69 3
Jul 14 295 80 2 23 392 66 1 28 416 80 1
Aug 13 243 80 2 22 382 59 1 27 432 81 1
Sep 10 209 79 5 18 328 69 1 22 416 72 2
Oct 5 128 82 4 12 246 74 1 15 348 68 3
Nov 1 65 85 3 6 168 78 1 8 287 72 3
Dec -2 42 87 2 3 142 75 1 6 241 73 3

Appendix A.2. Monthly Energy Production with DAPV'SS Systems

For the city of Turin, Table A2 presents monthly energy production for the six scenarios.
The data show seasonal variations, with maximum production in the summer months
(June-August) and minimum values in the winter months (December-February).

Table A2. Monthly Energy production results (kWh).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Design 1 2.95 3.78 7.36 1047  11.73  15.65 16.3 11.21 8.45 433 2.7 2.41
Design 2 4.84 5.69 11.81 1472 1507 1849  20.25 1594  13.28 6.23 424 3.78
Design 3 6.64 8.28 12.02 1594  21.67 2444 2434 1831 13.07 9.22 5.95 5.31
Design 4 7.85 9.82 1427 1889 2542 2857 2849 2173 1556 1092 7.05 6.29
Design5  22.83 2846 4131 5481 74.5 83.97 8356 6286 4487 31.64 2045 18.23
Design6  23.63 2945 4272  56.68 77.05 86.84  86.41 65.06 4641 3274 2115 18.86

South
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Table A2. Cont.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Design 1 2.98 3.71 5.4 712 9.59 10.78 10.74 8.2 5.87 4.11 2.66 237
Design 2 6.7 6.7 10.31 15.82 22.78 36.06 35.67 35.56 33.2 17.92 12.07 10.76

§ Design 3 3.62 3.62 5.58 8.56 12.33 19.51 18.2 19.21 17.97 9.69 6.54 5.83

% Design 4 5.85 5.85 8.62 13.17 18.72 29.38 28.84 28.97 27.2 14.93 9.97 8.89

o)

N Design 5 12.44 12.44 19.17 29.4 51.72 66.99 68.64 65.96 55.03 33.28 22.46 20.03
Design 6 12.89 12.89 19.82 30.41 53.16 69.28 70.66 68.21 57.1 34.41 23.23 20.72
Design 1 2.75 2.75 4.04 6.16 8.76 11.83 14.11 13.55 12.72 7.01 4.68 4.17

- Design 2 17.93 17.04 20.95 22.27 21.64 25.33 27.94 23.93 22.11 14.82 13.58 12.12

mlg Design 3 4.61 59 11.58 16.45 18.43 24.63 25.63 17.65 13.27 6.79 422 3.76

é‘g Design 4 5.89 7.54 14.68 20.87 234 31.26 32.55 224 16.84 8.62 5.36 4.78

A

Design 5 15.84 20.28 39.72 56.49 63.28 84.45 87.91 60.46 45.52 23.26 14.48 12.92
Design 6 16.4 20.97 41.12 58.42 65.44 87.33 90.91 62.54 47.08 24.05 14.97 13.36

Appendix A.3. Daylight Performance Evaluation and Threshold Values Used in
DAPVSS Assessments

Daylight performance evaluation and threshold values used in DAPVSS assessments.

Table A3. Daylight performance evaluation standards and thresholds used in DAPVSS assessment.

Performance Metric Threshold Performance Level Description
Range
o .. Below the minimum for
<2% Insufficient adequate daylight
o . Visual comfort without
Daylight Factor (DF) 2-5% Optimal glare issues
S5% Excessive May cause overheating
and glare problems
>50% Acceptable minimum requirement
Spatial Daylight Enhanced
Aut DA >65% . o
utonomy (sDA) 265% Good performance daylight availability
Uneven
<04 Poor light distribution
Uniformity Ratio . .
Minimum Basic
0.4-0.6 . . .
acceptable uniformity requirements

Appendix A.4. Economic Analysis

The comprehensive economic assessment of all six DAPVSS designs in three orienta-
tions is presented in Table A4. The analysis includes initial capital costs, annual economic
benefits, payback periods, and return on investment (ROI) calculations for each design
configuration. (All data presented in Table A4 are rounded to the nearest value for clarity).
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Table A4. The Economic Assessment.

South-West South South-East

Cost Benefit Payback ROI  Cost Benefit Payback ROI Cost Benefit Payback ROI

€ (€/year) (years) (%) © (€/year) (years) (%) © (€/year) (years) (%)

Design 1 569 92 6.2 201 569 69 8.2 136 569 85 6.7 183
Design 2 929 126 7.4 168 929 218 4.3 294 929 220 42 298
Design 3 823 153 5.4 230 823 117 7.0 176 823 140 5.9 204
Design4 1189 139 8.6 149 1189 169 7.0 171 1189 178 6.7 180
Design5 1430 486 2.9 472 1430 382 3.7 375 1430 447 3.2 446
Design 6 1944 486 4.0 320 1944 381 51 251 1944 447 43 294

Appendix B

Photo credentials:

TU Darmstadt Solar Decathlon: Technische Universitdt Darmstadt’s passive house
used by German universities. Photo credit: Galeria de Decatlén Solar 2007-12. Available on-
line at: https:/ /www.archdaily.pe/pe/02-4220/decatlon-solar-2007 /52831336_sd-primer-
lugarjpg (accessed on 17 May 2025).

Novartis Pavillon: Zero-Energy Media Fagade. Photo credit: IArt—studio for media ar-
chitecture, v2com newswire: Press release distribution, Architecture, Design, Lifestyle. Avail-
able online at: https:/ /www.v2com-newswire.com/en/newsroom/categories/institutional-
architecture/press-kits/7096-01/novartis-pavillon-zero-energy-media-facade (accessed on
17 May 2025).

Soft House: Adaptive PV textile membrane shading of IBA Soft House. Photo
credit: Research profile via ResearchGate. Available online at: https://www.
researchgate.net/profile/ Ahmet-Orhon?_tp=ey]jb250ZXh0Ijp7ImZpcnNOUGFnZSI6I19
kaXJ1Y3QiLCJwYWdlIjoicHVibGljYXRpb24ifX0 (accessed on 17 May 2025).

Al-Bahr Towers: Double skin fagade of the Al-Bahr Tower in the UAE. Photo credit:
Applying Zero Carbon Architecture Strategies to Mitigate Climate Change in the Mid-
dle East and North Africa (MENA), uploaded by Mahsa Ghamkhar. Available on-
line at: https://www.researchgate.net/publication/314243450_Applying_Zero_Carbon_
Architecture_Strategies_to_Mitigate_Climate_Change_in_the_Middle_East_and_North_
Africa_ MENA /figures?lo=1 (accessed on 17 May 2025).

GSW Headquarters: Adaptive fagade system. Photo credit: GSW | artursalisz.
Available online at: http://www.artursalisz.com/gsw/ (accessed on 17 May 2025).

Freiburg Town Hall: Solar modules for the new City Hall of Freiburg. Photo credit: A2-
Solar. Available online at: https://a2-solar.com/en/new-city-hall-of-freiburg/ (accessed
on 17 May 2025).

Solar Ivy: Biomimetic photovoltaic system. Photo credit: Innovations: The leaf as a
solar panel?—All around the Planet. Available online at: https://www.runforplanet.org/
2023/07/09/innovations-the-leaf-as-a-solar-panel/ (accessed on 17 May 2025).

Kiefer Technic Showroom: Kinetic fagade system. Photo credit: Kiefer Technic Show-
room/Ernst Giselbrecht + Partner | ArchDaily. Available online at: https:/ /www.archdaily.
com/89270/kiefer-technic-showroom-ernst-giselbrecht-partner (accessed on 17 May 2025).

Institute du Monde Arabe: Adaptive screen system. Photo credit: The museum of the
Arab World Institute (IMA), www.archipicture.eu%E2%80%94]ean Nouvel—Institut du
Monde Arabe. Available online at: http://www.archipicture.eu/Architekten/Frankreich/
Nouvel%20Jean/Nouvel%20]Jean%20-%20Institut%20Du%20Monde%20Arabe%201.html
(accessed on 17 May 2025).
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Swiss Tech Convention Center: Customizable photovoltaic panels. Photo credit: The
Swisstech Convention Center on the EPFL campus near Lausanne, which was designed by
Richter Dahl Rocha & Associés. Available online at: https://dominikgehl.com /architects-
rdr-architectes (accessed on 17 May 2025).

Pittsburgh Children’s Museum: Wind-responsive passive fins. Photo credit: Chil-
dren’s Museum of Pittsburgh—Koning Eizenberg Architecture. Available online at:
https:/ /www.kearch.com/childrens-museum-of-pittsburgh (accessed on 17 May 2025).

Zurich Airport: Perforated metal rotating louvers. Photo credit: A Model for Mea-
suring Airport Competitiveness: The Case of Zurich Airport, uploaded by Erik Linden.
Available online at: https://www.researchgate.net/publication/321462979_A_Model_for_
Measuring_Airport_Competitiveness_The_Case_of_Zurich_Airport/figures (accessed on
17 May 2025).

Appendix C

Videos about the movement of the six shading device designs for the South facade
in the different seasons: link https:/ /drive.google.com/drive/folders/1sGCPVizRwLbo4
FSjJBTp_4-OSyecEcih?usp=sharing (accessed on 17 May 2025).
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