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Summary:

In hot and arid climates, balancing the benefits of natural daylight with the challenges of thermal
discomfort, glare, and material degradation is a critical concern in museum architecture. This thesis
explores the development of an advanced, responsive fagade shading system tailored to optimize
daylight performance in an art museum located in Biskra, Algeria. The research aims to enhance
energy efficiency, visual comfort, and the conservation of sensitive artworks through climate-
adaptive design.

The study adopts a mixed-methods approach, integrating literature review, precedent analysis, site-
specific environmental assessment, and digital simulation. A comprehensive theoretical framework
on kinetic architecture and shading technologies is established, emphasizing dynamic systems and
smart materials. Case studies of internationally acclaimed museums and local site analysis inform the
design strategy. A custom shading system is then developed and evaluated through parametric
daylight and energy performance simulations using tools such as Rhinoceros, Grasshopper, and
Ladybug.

Results demonstrate that the proposed kinetic fagade system significantly improves daylight
autonomy and glare control while reducing reliance on artificial lighting and cooling loads. The
integration of smart control mechanisms and responsive materials offers a sustainable and context-
sensitive solution for museums in extreme climates.

This research contributes to the evolving discourse on adaptive architecture, proposing a replicable
design methodology that aligns aesthetic, environmental, and curatorial imperatives. The findings
underscore the importance of dynamic fagade technologies in shaping future-ready cultural
institutions that are both energy-efficient and human-centered.

Keywords: Dynamic shading systems; Kinetic architecture; Daylighting optimization; Visual
comfort; Energy efficiency; Museum lighting; Climate-responsive design; Hot and arid climate.
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] Introductory chapter

I General Introduction:

Natural lighting is a fundamental element in modern building design due to its critical role in
enhancing indoor environmental quality, promoting user well-being, and reducing energy
consumption. By decreasing reliance on artificial lighting, daylighting contributes to lower
operational costs and minimizes environmental impact, aligning with sustainable design objectives.

In addition to its energy-saving potential, daylighting exerts profound visual and non-visual effects
on building occupants. Visually, it determines the luminous quality of indoor spaces through variable
intensity, color temperature, and sky conditions. These qualities influence spatial perception and are
typically assessed through parameters such as vertical luminance, illuminance distribution, and glare
potential.(Costa et al. 2024) Non-visual effects, meanwhile, extend beyond sight and involve
physiological responses to light, especially its impact on the circadian system. Exposure to natural
daylight-particularly in the blue spectrum during morning hours-helps synchronize the body's internal
clock with the 24-hour day, regulating sleep-wake cycles, hormone secretion, alertness, and overall
cognitive performance. Insufficient daylight exposure has been associated with sleep disturbances,
mood disorders, and diminished productivity. As such, the integration of daylight into building design
is not only a matter of comfort and aesthetics but also a determinant of occupant health and
performance.(S. N. Hosseini et al. 2022)

However, excessive daylight can pose challenges related to visual discomfort, such as glare and
overheating, particularly in spaces requiring controlled lighting environments. These issues are
intensified by the widespread use of large glass fagades in contemporary architecture, especially in
regions with high solar radiation, such as the city of Biskra. This underscores the need for optimizing
the building envelope to balance daylight benefits with its potential drawbacks.(A. A. Y. Freewan
2014) To address this, sustainable design strategies-such as fixed and dynamic shading systems-are
employed to regulate daylight penetration, improve spatial lighting quality, and reduce glare. These
systems are designed with consideration for solar angles, thermal performance, and architectural
aesthetics. Technological advancements have also enabled the development of adaptive fagades that
respond to environmental conditions in real time, enhancing energy efficiency and visual
comfort.(Leu and Boonyaputthipong 2023)

In the specific context of an art museum, the facade design assumes a particularly critical role.
Artworks are highly sensitive to light, especially ultraviolet radiation and excessive brightness, which
can cause fading, discoloration, and long-term material degradation.(Harrison 1961) Therefore, an
advanced shading system must not only optimize daylight for energy and visual performance but also
protect exhibits by ensuring stable and appropriate lighting conditions. Furthermore, the quality of
natural light significantly affects the experience of museum visitors and staft alike. When carefully
filtered and controlled, daylight can enrich the aesthetic and emotional engagement with the artwork,
support curatorial intentions, and enhance the cultural value of the space as a whole.

II Problematic:

In hot and arid climates such as Biskra, the extensive use of glass facades in modern architecture
presents a significant challenge in managing daylight. While natural lighting enhances energy
efficiency and improves the occupant experience, uncontrolled daylight can lead to visual discomfort,
glare, and potential damage to sensitive art collections in museums. Existing static shading systems
often lack adaptability, resulting in suboptimal lighting conditions. This highlights a critical need for
an intelligent, responsive shading solution that maximizes the benefits of daylight, ensures visual
comfort, and protects artwork quality in museum spaces.
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IIT Research Questions:

1.

How can an advanced shading system be designed to optimize daylight performance and
ensure visual comfort in art museums located in hot and arid climates?

What role do smart shading technologies play in balancing natural light with the conservation
requirements of art museum exhibits?

What design parameters and environmental factors must be considered when developing a
responsive facade system for museums?

How can a dynamic shading system contribute to the energy performance of buildings in hot
and arid climates?

IV Hypotheses:

To address the research objectives, the following hypotheses have been proposed:

1.

An advanced shading system tailored to hot and arid climates can significantly improve
daylight distribution and visual comfort in art museums, compared to conventional facade
solutions.

Smart shading technologies, such as sensor-based and adaptive mechanisms, can effectively
regulate natural light levels to meet both visual comfort needs and conservation standards
required for art exhibits.

The effectiveness of responsive facade systems depends on carefully considering design
parameters such as solar orientation, material reflectance, glazing properties, and local
climatic conditions.

Dynamic shading systems provide superior control over glare and indoor lighting quality
compared to static solutions, leading to a more stable and visually comfortable environment
for museum occupants.

V Objectives of the study

The main goal of this thesis is to develop an advanced, responsive shading system that optimizes
daylight performance while achieving high energy efficiency and comprehensive visual comfort in
an art museum located in a hot and arid climate. A key focus of the research is to control the
amount, quality, and timing of natural light entering the building, ensuring that interior

lichting conditions remain both functional and protective - particularly for sensitive artworks.

By integrating advanced technologies and sustainable design principles, this study aims to provide an
adaptive and visually harmonious solution that addresses climatic and environmental challenges,
while laying the groundwork for future sustainable buildings - especially those designed for sensitive
and experience-driven programs such as art museums. The following points outlines the objectives
in greater detail:

1.

Design a responsive and visually integrated shading device that optimizes daylight utilization,
minimizes visual discomfort, and protects sensitive artworks from harmful ultraviolet (UV)
radiation. The system should contribute to reducing dependence on artificial lighting and
lowering cooling demands, thereby enhancing the museum’s energy efficiency.

Assess the shading system’s effectiveness through advanced daylight and energy performance
simulations.
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VI Methodology

This study employs a combination of qualitative and quantitative methods to achieve a comprehensive
understanding of the research objectives. Various techniques, including literature review, simulation
modeling, and the project analysis and design, are used to investigate the impact of daylighting and
dynamic shading systems on building performance in hot and arid climates. Each of these methods is
explained in detail in the following sections:

1-

literature review: will involve a comprehensive study of current research and practical
applications related to shading devices, daylighting strategies, and sustainable facade
technologies, with a specific focus on their implementation in art museums. This review will
explore the use of advanced materials for responsive or adaptive shading systems, such as
photochromic, electrochromic, and thermochromic materials, which can adjust their
properties in response to environmental conditions. It will also examine both fixed and
dynamic shading systems, analyzing their effectiveness in improving daylighting
performance, reducing glare, and protecting sensitive artworks from harmful light exposure.
Additionally, the integration of shading devices into sustainable building design will be
assessed, with emphasis on how these systems contribute to energy efficiency, thermal
comfort, and overall user experience in museum environments.

The project analysis: will begin with a series of case studies focused on art museums that
successfully integrate innovative fagade systems and advanced daylighting strategies.
Examples will be examined to extract best practices in balancing natural lighting with the
preservation of artwork and visitor comfort. Following the case studies, a detailed site
assessment of the proposed project location will be conducted. This includes an analysis of
climatic conditions, solar orientation, sun path movements, and seasonal variations in daylight
availability, all of which are essential for optimizing the performance of a responsive shading
system. Lastly, the programmatic and functional requirements of the art museum will be
thoroughly studied, focusing on spatial organization, zoning of exhibition areas, circulation
paths, and specific lighting needs of gallery spaces to ensure both visual comfort and
conservation of art pieces.

The project design: involves the development of a comprehensive architectural proposal for
the art museum, with careful attention to spatial hierarchy, visitor circulation, exhibition
lighting requirements, and the overall user experience. The design will aim to create an
environment that not only supports the functional and curatorial needs of the museum but also
enhances its aesthetic and environmental performance. Parallel to the building design, a
concept for an advanced shading device will be developed, drawing directly from the findings
of the literature review and site analysis. This shading system will be designed to dynamically
respond to changing light conditions throughout the day and across seasons, enhancing
daylighting performance while minimizing glare and UV exposure to artworks. Importantly,
the shading device will be integrated seamlessly into the architectural language of the
museum, contributing to its visual identity and aligning with its structural and material
expression.

The experimental phase: focuses on digitally modeling and testing the proposed shading
device. A detailed 3D model will be created using BIM tools, accurately representing the
device’s geometry, materials, and operability within the museum fagade. Site-specific data
such as orientation and climate will be integrated to ensure realistic simulation results. Various
daylighting and energy simulation tools will be used to evaluate the device's impact on
daylight autonomy, useful daylight illuminance, glare control, and visual comfort across key
museum spaces.
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VII Thesis Structure:

The different components of the thesis are presented in the following figure:

Iﬁl |
i
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Introduction:

In contemporary architecture, the use of transparent materials—particularly large glass fagades—has
grown considerably due to their aesthetic appeal and ability to create a sense of openness. However,
in regions with high solar radiation, these materials often lead to excessive solar heat gain, resulting
in thermal discomfort, increased cooling demands, and glare. To address these challenges, adaptive
shading devices have emerged as essential solutions. These systems respond dynamically to
environmental changes, enhancing indoor thermal and visual comfort while significantly reducing
energy consumption.

The objective of this chapter is to establish a comprehensive theoretical framework for climate-
responsive design, with a focus on advanced shading systems and kinetic architecture. It examines
the functional, environmental, and architectural roles of these systems and analyzes key typologies,
design parameters, and technological innovations. By doing so, the chapter provides a conceptual
foundation for integrating adaptive fagade solutions that improve daylighting performance, optimize
energy efficiency, and respond to the unique demands of hot and arid climates.

I Kinetic Architecture

I.1Definitions
The term "kinetic" is an adjective that refers to the motion of material bodies. The term "architecture"
is a noun that refers to the art or science of building. When combined, "kinetic architecture" refers to
the techniques of structure design to enable building elements to change their shape(Fouad 2012)
including adaptable, foldable, deployable, empowered, evolutionary, flexible, intelligent, kinetic,
mobile, performance-based, reconfigurable, responsive, rotatable, intelligent, transformable and

This ability can be applied to enhance the aesthetics of a building, interact with environmental factors
to meet the needs of its occupants, and adapt to external conditions. (Elghazi, Wagdy, and
Abdalwahab 2015) Chuck Hoberman describes it as "the possibility of movement" to create
"transforming environments, responsive building elements, or interactive public spaces" (Sanchez-
del-Valle 2005).

L.2Kinetic architecture typologies:
Three types of kinetic architecture applications can be distinguished: kinetic facades, kinetic interiors,
and kinetic structure systems.

I.2.1 Kinetic structure:

Buildings or building components with variable geometry, location, and/or mobility are known as
kinetic structure systems. These structures might be able to expand, slide, fold, or change in shape
and size. These motions can be produced mechanically, chemically, magnetically, or naturally. The
Sliding House project by London-based dRMM is a great illustration of kinetic structure systems; it
features movable walls and a roof that can be raised or lowered to reveal and conceal different areas
of the house(Elmokadem et al. 2018). There are three additional categories into which Kinetic
Structure Systems fall.
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Figure 1:kinetic structure systems
source: Elmokadem et al. 2018

I.2.1.a Embedded Kinetic Structures:
These are systems that are fixed in place and part of a larger architectural whole. These kinetic

structures' main job is to regulate the bigger architectural systems in reaction to shifting
conditions.(Fox and Yeh 2000)

I.2.1.b  Deployable Kinetic Structures:

These are easily transportable and usually exist in temporary locations. They consist of quickly
deployable emergency shelters and movable theaters. Although they are a component of a larger
architectural whole, dynamic kinetic structures have the ability to act independently in terms of the
larger system's control. These comprise both large architectural features like windows, doors, and
movable partitions as well as smaller ones. The automation and intelligence of these kinetic systems
are growing.(Fox and Yeh 2000). However, different kinetic structures can be created by arranging
kinetic devices in patterns in two or three diminutions. Furthermore, while there are numerous
potential pattern designs, the following are the most popular ones(Elmokadem et al. 2018).

I.2.1.c Centric configuration:
This style relies on a central point to serve as the room's focal point. It features two typological
patterns: The kinetic devices in this structure are generally designed to move back and forth from the
center toward the periphery, with a central pivot serving as the main supporting element. A prime
example of this mechanism is an umbrella-like structure. In a peripheral configuration, the supporting
components are arranged along the outer edge of the form, similar to the roof design of the QiZhong
Tennis Center in China.(Stevenson 2011)

=

HHHH=

Figure 2:Kinetic architectural structures with centric configuration
(source):(Stevenson 2011)

I1.2.1.d Linear configuration:
This kind relies on a straight or curved axis and is made up of a number of modules, or kinetic devices,
connected by their vertices or edges to transfer movement from one to the next.(Stevenson 2011).
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Figure 3 : Kinetic architectural structures with centric configuration
source:(Stevenson 2011)

1.2.2 Interior Kinetics:
shop fronts and kinetic walls are just two examples of the various scales at which the kinetic design
concept is being applied. This application's primary categories are:

Transformable Spaces: Throughout history, architects and interior designers have worked to create
more dynamic and adaptable living and working environments that can accommodate the evolving
needs of their occupants. The concept is used on many levels, such as in multipurpose furniture and
adaptable spaces(Murray, Whibley, and Ramirez-Lovering 2008)

Raumwandlung

Standard

Figure 4:Different options adapting housing by kalhoefer korschildgen

Walls with Kinetics: To give the appearance that they react to our movements; kinetic walls are
employed. A variety of interconnected components come together to create this impression. Three
distinct strategies are used to create the response(Elmokadem et al. 2018):

1) A camera is used to centrally record the movement. then performing a central computation of a
corresponding reaction using a subsequent inductive computer analysis of the captured images.

2) The movement is recorded using decentralized methods that rely on sensors, followed by a
centralized computation of a corresponding reaction and a subsequent deductive analysis.

3) A completely decentralized method is used to capture the movement. Numerous tiny elements then
absorb the direct, local reaction.
P

Figure 5:Kinetic Wall (source: https://www.world-architects.com/en/architecture-news/products/kinetic-wall )
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1.2.3 Dynamic Facades:
Using geometric transformation to produce motion or movement in space is the idea behind kinetic
facades. Without compromising the building's structural integrity, this motion or movement alters the
building facades' material characteristics or physical structure. Although there are many different
ways to categorize kinetic facades, the fagade transformation is the most widely used. Four geometric
transitions can be used to move kinetic facades in space:

1) Translation: A vector direction is used for motion.
2) Rotation: The item rotates on all axes.
3) Scaling: This refers to a change in size.

4) Motion via material deformation is contingent upon modifiable material characteristics, such as
elasticity or mass. (Schumacher, Schaeffer, and Vogt 2012)

J7 b gQ =l
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Rotation Foldng Moving
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Figure 6:Typologies and examples of dynamic facades.
source:(Shi, Abel, and Wang 2020)

1.3 Control systems:
Michael Fox classified control systems for kinetics into six types depending on the level of
complexity:

1) Internal controls: They do not have any direct control or mechanism like mechanical hinges.
2) Direct control: They are moved directly by an energy source outside the devices.

3) Indirect control: It depends on a sensor feedback system.

4) Responsive indirect control: it depends on multiple feedback sensors

5) Ubiquitous responsive indirect control: It can be predicted using a network of controls with
predictive algorithms.

6) Heuristic, responsive indirect control: It depends on algorithmically mediated networks that have
a learning capacity .(Fouad 2012)

II Shading devices

1.1 Definition of shading devices:
Shading devices are architectural elements or systems designed to mitigate solar heat gain and glare
by obstructing direct sunlight from entering building windows (Habitat 2018). These devices can be
classified as fixed (e.g., overhangs, horizontal and vertical louvers) or mobile (e.g., Venetian blinds,

10
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roller shades), allowing varying degrees of control over solar radiation(Legg 2017). Their primary
function is to reduce the amount of solar radiation penetrating living spaces during peak sunlight
hours in summer while facilitating essential solar gain during winter months, thus enhancing thermal
comfort and promoting energy efficiency(Hlaing and Kojima 2022).

The effectiveness of shading devices is influenced by factors such as geographic location, building
orientation, window dimensions, and the specific design characteristics of the device (including
shape, type, depth, and height)(Manzan 2014). Properly designed external shading can reduce solar
heat gain by up to 80% compared to internal shading(Al-Yasiri and Szabd 2021), significantly
impacting energy consumption and indoor climate. Additionally, shading devices contribute to the
visual environment. They can serve as protective elements against atmospheric conditions, though
the poor design may inadvertently increase reliance on artificial lighting and limit beneficial winter

sunlight.

Horizontal Vertical Vertical Exterior
fixed shade movable fixed operable
shade shade shade

Recessed
window

Vo] =] ] ] ] ]
Gomoomoo))

Bahama rellis Perforated Vegetation
shutter horizontal on window ) ‘[
overhang Shrubs and —

tree shade |

Figure 7: examples of shading devices
source :(Al-Yasiri and Szabo 2021)

1.2 Benefits and Disadvantages of Sun Shading Devices:

I1.2.1 Benefits
Thermal Comfort:

e Reduces solar heat gain during summer, Promotes it during winter.
e Maintains a generally comfortable internal temperature.(A. A. Freewan 2014)

Energy Efficiency:

e Reduces HVAC (heating, ventilation, and air conditioning) loads, lowering energy costs.
e Lowers peak electricity demand, which helps to reduce utility costs.

Visual Comfort:

e Reduces glare, minimizing discomfort and eye strain.(Ye et al. 2016)
e Enhances natural daylight availability, improving indoor lighting quality.(Manzan 2014)

Aesthetic and Privacy:

e Internal shading devices (like curtains) can beautify interior spaces and create a sense of
privacy.(Ye et al. 2016)

11
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e Trees used as shading devices can enhance landscaping and provide oxygen.

11.2.2 Disadvantages:
- Difficulty in handling internal shading devices: Curtains and blinds can be inconvenient to operate
and maintain.

- Glare issues with low-angle winter sunlight: Shading devices like light shelves can block beneficial
winter sunlight, leading to glare.

- Architectural incompatibility: External shading may clash with the original style of highly stylized
buildings (e.g., Neoclassical or glass cube).

- Obstructed views: Shading devices inevitably block some portion of the view, especially the part of
the sky where the sun travels.

- Azimuth specificity: Some shading methods are highly dependent on the building's orientation. For
example, fixed horizontal shading may not be effective on non-south-facing walls.

IL.3 Shading device types:

‘ shading

systems
fixed(static) adjustable
. dynamic
. . combineds .
horizontal vertical shading
forme
o o . systems

Figure 8:shading device types.
Source: Author

11.3.1 Static shading devices:

II.3.1.a  definition:
Static shading devices include traditional shading methods, such as shutters, curtains, and other fixed
elements, that provide consistent shading without the capacity to adjust to varying weather conditions
or user preferences(Hraska 2018). These devices are integral to passive design strategies, focusing on
energy efficiency and thermal comfort without relying on active mechanical systems.(Hans 2006)

I1.3.1.b  Typologies:
The formal typologies of static shading devices include:
e Horizontal Projections: designed to block direct sunlight during peak summer hours while
allowing lower-angle winter sunlight to penetrate.(Dev, Saifudeen, and Sathish 2021)

12
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Horizontal single panel Bouvexs i hoizantal prine Horizontal double panels Inclined single panel Horizontal multiple panels
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Figure 9:horizontal shading devices (a).
source:(Zhang et al. 2018)

Inclined double panels Inclined multiple panels Horizontal

1 MR

Figure 10:horizontal shading devices (b)
.source:(Zhang et al. 2018)

Horizontal louvers outwards
louvers inwards
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e Vertical Projections: mitigate direct solar radiation from the east and west while keeping
views and daylighting.(Hans 2006)

Vertical panel Louvers in vertical plane Vertical fin Slanted vertical fin

1 | 1

—

L L L

I I - I A

Figure 11:vertical shading devices.
source:(Zhang et al. 2018)

—_— ‘

e Combined Forms: Hybrid designs that contain both horizontal and vertical elements to
enhance shading performance and aesthetic appeal.(Hans 2006)

Unfilled eggcrate
(Surrounding shading)

Full eggcrate with horizontal H
Full eggcrate Semi eggcrate
louvers

o0l Bl b

Semu eggcrate with louvers in

& Eggcrate with louvers in vertical Semi eggcrate with louvers in
vertical plane
horizontal plane

bl ==

Figure 12:combined forms of shading devices.

13

gt




_ Chapter I: Literature review on Advanced shading devices and kinetic architecture

Source:(Zhang et al. 2018)

11.3.2 Dynamic shading system:

I1.3.2.a  Definition:
Dynamic shading devices are advanced systems composed of movable elements that operate within
an algorithmic framework to regulate the penetration of light and heat based on real-time external and
internal environmental parameters, such as solar angles and solar insolation. The term "dynamic"
signifies the continuous and adaptive nature of these systems, which respond to variations in
environmental conditions and user needs.(Al-Masrani and Al-Obaidi 2019)

These devices typically consist of multiple layers, beginning with a transformative skin layer that
interacts with the building's facade and is equipped with components such as sensors, controllers, and
mechanical actuators(Minelli et al. 2023). This integration enables the automatic adjustment of
shading elements, such as shades and blinds, to optimize indoor comfort while enhancing energy
efficiency. By leveraging real-time data on factors like sunlight, wind, and temperature, dynamic
shading systems allow for tailored responses that balance the requirements of building occupants with
overall energy performance, thus improving the functionality of architectural spaces.(Kahramanoglu
and Cakic1 Alp 2023)

I1.3.2.b  Literature review:

The purpose of this literature review is to provide a comprehensive overview of the most relevant
studies conducted between 2018 and 2024 concerning dynamic and kinetic shading systems in
architectural applications. The review aims to identify the main research trends, objectives, and
simulation methodologies used to enhance daylight performance, visual comfort, and energy
efficiency in buildings. Table 1 summarizes the selected studies by highlighting their key
characteristics, including the year of publication, study objectives, shading device type, climatic
context, simulation tools, time periods analyzed, project locations, and study limitations. This
synthesis not only clarifies the technological and methodological evolution in this field but also helps
to position the current research within the broader context of smart and adaptive facade design.

In addition to these studies in table 01, a comparative analysis was conducted to evaluate the
performance and characteristics of the different dynamic shading systems reviewed (annex 02). The
comparison focused on several key aspects, including energy consumption, daylighting performance,
movement mechanisms, and overall efficiency. By contrasting these approaches, the analysis
highlights how variations in material selection, motion type, and control strategy influence
environmental responsiveness and architectural integration. This comparative overview not only
clarifies the evolution of kinetic fagade design but also establishes the foundation for developing the
proposed smart shading system, which will be presented in detail in the practical chapter.

Table 1:Studies on dynamic systems from 2018 t02024
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| Study Year Study objective Shading Climate Simulation Simulation | Project Limits
devic€hygtean I:| Literature review on Wdbanced shaditigndevices anll kinetic architecture
1- Performative design | 2018 | Presents a practical | Adaptive Temperate Rhinoceros every hour | Hilo The
environment for performative design | Solaire facade | oceanic climate 3D of the year | building computational
kinetic = photovoltaic environment for the | (kinetic =~ PV | (Dubendorf, Grasshopper time. (The full
architecture(Jayathissa design and | shading Switzerland) Python (Dubendorf, | annual energetic
et al. 2018) fabrication of kinetic | system) Ladybug Switzerland) | analysis, for
architectural Karamba3d example, may
elements take 6 h to solve)
2- Interactive kinetic | 2019 understand the | kinetic Hot and arid Rhinoceros 9:00, 12:00, | Office many
facade: Improving hierarchical filtering | interactive (Yazd, Iran) Grasshopper | 15:00 of | building parameters have
visual comfort based steps of facade Diva 21st of Mar, | (Yazd, Iran) | been applied in
on dynamic daylight transferring daylight Jun, and Dec the simulation
and occupant's between sun and both 2D & 3D
positions by 2D and occupants, which SCFs  provide
3D shape changes.(S. identify three visual comfort
M. Hosseini, different facade based on
Mohammadi, and functions: interacting with
Guerra-Santin 2019) conservative, an occupant in
regulator, and different
interactive positions,
individually
3- A Unified Framework | 2019 | Create a thorough | Oculi Kinetic | humid subtropical | Rhino March 21st, | Office space |/
for Optimizing the process for | Facade System | climate Grasshopper | June 21st, | (theory)
Performance of a optimizing the (Charlotte, NC) Diva 4.0 September
Kinetic Facade.(Im et rotation angle of 21
al., n.d.) kinetic facade December
systems (OKFS) to 21st.
balance solar

irradiance levels and
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improve inside
daylight availability.
4- Developing a kinetic | 2019 1. To develop a | Kinetic fagade | tropical savanna | Rhino- 21 /
fagade towards a solar kinetic fagade | with climate Grasshopper | December
control facade design prototype as a proof | aluminum fins Ladybug 21 March,
prototype.(Nakapan of concept to 21
and demonstrate an September
Pattanasirimongkol aesthetic point of 21 June
2019) view,
2. To do a sun
shading analysis of
the fagade through
computer simulation
5- SMP Prototype Design | 2019 | to design a prototype | Kinetic SMP | humid continental | Rhinoceros Between The use of SMP,
and Fabrication for of Shape Memory | applications in | climate Grasshopper | May 1st and which  shows
Thermo-responsive Polymer (SMP) | circular  cell- Honeybee and | September instabilities
Fagade using 3D parametric | type shading Ladybug 30th depending  on
Elements.(Yoon 2019) design software and | devices with Kangaroo the
to create scaled- | five different manufacturing
down models to test | morphologies and  operating
the feasibility of 3D environments.

printing different
types of kinetic SMP
cells. The research
also aims to examine
the shape-changing
behaviors of these
cells when subjected
to heat.
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6- Integrating interactive | 2020 | investigate the | Integration of | Hot and arid Rhino December Office /
kinetic fagade design integration of colored | interactive (Yazd, Iran) Grasshopper | 21st, March | building
with colored glass to glass from Orosi with | kinetic fagade Diva 21st and
improve daylight an interactive kinetic | with  colored June 21st
performance based on facade triggered by | glass 9:00 .12:00
occupants’ position.(S. sun  timing and .15:00
M. Hosseini et al. occupant positions
2020)

7- Conceptual Designs of | 2021 | develop a kinetic | Horizontal and | humid continental | / August 14: | Office /

Kinetic Facade facade design that | vertical kinetic | climate with hot 12.2  .3pm | building
Systems.(Karaseva can adjust to the sun's | fins summers (Horizontal
and Cherchaga 2021) movement, to control (Rostov-on- fin

natural lighting, Don.Russia) positions)

maintain comfortable August 14:

indoor temperatures 2. 3. 4 pm

during hot seasons, (Vertical fin

and save energy. positions)

2021 | develop a biomimetic | Multilayered | Hot desert climate | Rhino 6, | December Office /

8- Biomimetic Kinetic kinetic shading | and complex | (Yazd, Iran) Grasshopper, | 21st, March | building
Shading Facade fagade for improving | kinetic facade and Diva. 21st and
Inspired by  Tree occupants’ daylight | form inspired June 21st
Morphology for performance inspired | by dense mass 9:00
Improving Occupant’s by plant movements. | and curvature 12:00
Daylight intersected 15:00
Performance.(S. M. vectors
Hosseini et al. 2021)

9- Indoor Daylight | 2022 | propose and analyze | electrochromic | temperate climate | Rhino March 20 Office space Because this
Performances of a louver-type horizontal (Gwangju. South | Grasshopper 9:00 am. study was
Optimized electrochromic kinetic louvers | Korea) and 3:00 analyzed
Transmittances  with facade that can create p.m. through
Electrochromic- a uniform indoor simulation
Applied Kinetic illuminance. different results
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Louvers.(J.-H.  Kim
and Han 2022)

might be
obtained when
applied to real
buildings

. this study only
considered the
equinoxes 9:00
am. and 3:00
p.m. following
the method of
LEED v4.1

daylight option 2
10- Investigation into the | 2022 | develop a | Expanded- Rhino December /

daylight performance comprehensive metal shading | Kitakyushu, Japan | Grasshopper, | 21 at 12:00
of expanded-metal parametric Ladybug and | p.m.
shading through framework for Honeybee
parametric design and modeling expanded- Octopus
multi-objective metal shading and Microsoft
optimization in undertake MOO Excel .JMP
Japan.(Khidmat et al. (multi-objective Python
2022) optimization)

alongside  daylight

simulation

11-Using a Biomimicry | 2022 | 1. To research the | shading Overcast sky Rhino and Daylight: /

Approach  in  the suitable facade forms | devices (Bangkok, Grasshopper | annual
Design of a Kinetic (form-finding)  that | module Thailand) Climate period
Fagade to Regulate the are  effective  in | merging Studio  and | analysis,
Amount of Daylight providing physical DNA Wallacei time
Entering a Working an appropriate and analysis
Space.(Sankaewthong interior environment | phototropism (from 8:00
et al. 2022) with natural light | behavior, a.m. to 6:00

using science; compared with p.m.).
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2. To study the
optimal efficacy of
the facade;

3. To evaluate the
kinetic facade in
terms of LEED
version 4.1 criteria;
4. To evaluate the
efficacy of a kinetic
facade in a real-world
situation.

vertical static
louver and
vertical

rotating louver

12- Louver Configuration | 2023 1.Assessing how | louver three different Rhinoceros / / /
Comparison in Three small changes in a climate Grasshopper
Canadian Cities geographical zones.(7/6A/4C) | Radiance
Utilizing NSGA- location significantly EnergyPlus
II.(Rafati, Hazbei, and affect louver design. NSGA-II
Eicker 2023) 2. Investigating the algorithm

effect of louver
parameters on
daylight performance
and energy
consumption.

3. Proposing design
alternatives for three
Canadian cities.

13- Enhancing visual | 2023 | design an origami- | Miura-ori- Mediterranean Rhinoceros December Office space | Since the
comfort with Miura- based responsive | based climate Grasshopper | 21st, March occupant
ori-based responsive facade and evaluate | responsive (Istanbul. Turkey) | the Kangaroo | 21st and locations are
facade its visual comfort facade the Ladybug | June 21st analyzed
model.(Kahramanoglu the 9:00 separately in the
and Cakici1 Alp 2023) ClimateStudio | 12:00 study, there are

15:00 no facade
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configurations

when the
occupants are in
the room at the

same time.
14-Kinetic Photovoltaic | 2023 | study building | Kinetic temperate oceanic | Autodesk from the  Signal | an economic
Facade System Based facades and photovoltaic climate Revit 2020 January to | Box auf dem | analysis of the
on a  Parametric create an | facade (Basel, Dynamo December Wolf driving principle
Design for Application architectural design Switzerland) Insight 2022 of the solar panel
in Signal Box using parametric facade  device
Buildings in design to increase the and the
Switzerland.(Choi energy independence renewable
2023) of buildings energy produced
through this
study has not
been performed
15- Optimizing the | 2024 | improve daylighting | Three types of | humid continental | Rhino 7 21st day of | Commercial | constraints
Shading Device effectiveness in an | Dynamic climate Grasshopper | March, June, | Reference pertaining to
Configuration of office in Incheon, | Shading (Incheon, South | Galapagos or | September, | Building time and
Kinetic Fagades Korea, featuring a | Panels: Korea) Octopus and computational
through  Daylighting kinetic sun shading | vertical, December infrastructure
Performance system. horizontal, and from  8:00 necessitated a
Assessment.(D.-H. multi- am to 6:00 focused
Kim, Luong, and directional. pm examination
Nguyen 2024) solely within the
realm of
daylighting,
with
assessments

confined to the
locale of Icheon
City.
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16- A Study on the Effect

of Dynamic
Photovoltaic Shading
Devices on Energy
Consumption and
Daylighting of an
Office Building.(Jiang
et al. 2024)

2024

(1) To study the
impact of three
control strategies of
PVSDs on building
daylighting and
energy consumption
throughout the year.
(2) To explore the
energy-saving  and
daylighting
application value of
three control
strategies of PVSDs
in office buildings in
cold areas.

three dynamic
strategies  of
photovoltaic
shading
devices
PVSDs
(rotation,
sliding up and
down, and
hybrid)

maritime climate
cold-climate
(Qingdao.China)

Grasshopper
Ladybug

throughout
the year

room on the
sixth floor of
office
buildings

only studied the
application

of dynamic
PVSDs in office
buildings in
cold-climate
areas in China
only studied the
performance

of south-facing
PVSDs

e Literature review discussion:

The findings of this study underscore the growing effectiveness and necessity of dynamic shading systems, particularly in the context of hot and
arid climates. Through the review of recent research between 2018 and 2024, it became evident that kinetic facades—ranging from rotating louvers
and adaptive photovoltaic panels to biomimetic structures inspired by natural phenomena—consistently outperform static systems in enhancing
daylight distribution, reducing glare, and minimizing energy consumption. Notably, studies conducted in desert environments such as Yazd, Iran,
highlight the value of integrating occupant behavior and solar orientation into the design process, resulting in user-responsive systems that optimize
comfort throughout the day. Furthermore, the adoption of smart materials, such as shape memory polymers, and bio-inspired mechanisms
introduces new possibilities for passive climate adaptability. These advancements are strongly supported by parametric and environmental
simulation tools like Grasshopper, Diva, and Ladybug, which enable precise, location-specific optimization. those studies reinforce a clear trend
toward context-aware, interactive, and aesthetically integrated shading solutions, emphasizing their pivotal role in the future of sustainable building
design for extreme climates
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I1.3.2.c  The key requirements:

The selection of an appropriate dynamic shading system necessitates several critical requirements.
First, a thorough understanding of the system's behavior across various climates is essential for
establishing effective criteria for controlling solar gains. Additionally, it is important to consider
climate-specific impacts on heating and cooling loads, particularly in tropical regions where the
correlation between visual and thermal performance is crucial. The selection process must also
account for factors such as space activity, climate characteristics, aesthetics, maintenance, safety,
cost, privacy, and stakeholder needs. Finally, technical design aspects—such as geometric design,
control strategy, and automation technology—should be based on well-defined criteria and guidelines
to ensure optimal performance.(Al-Masrani and Al-Obaidi 2019)

to control solar gains.

_| Understanding System “

1 Behavior ghly how the dynamic shading system
functions in different climates
. Climate-Specific |
3 4 Consider the impact of climate on heating and cooling load:
" Considerations |
{stakeholder needs
- Privacy
d
= Cost
|
requirements - - [ ——=ey,
Additional Factors |
Aesthetics
| [ Cclimate
| Characteristics
‘ Space activity
[ Automation
|| technology
7‘ Technical Design | Controlstrategy

| Geometricdesign

Figure 13: diagram of the key requirements to design dynamic shading devices
source: Author

I1.3.2.d Design elements of dynamic shading systems:
We must understand the essential elements and layers in designing an effective dynamic shading
system. The design is divided into two main sections: "physical and operational layers" (referred to
as the shading skin) and "digital electronics." This section is dedicated to "Automation and Control."
Together, these elements form a comprehensive framework for designing and managing the shading
system.(Al-Masrani and Al-Obaidi 2019)

11.3.2.d.1 Shading skin:

The shading skin consists of two main components. The first component is the physical layer, which
includes static parts (shading elements) and mechanical parts, such as gears and rails. The second
component is the operational layer, which provides the necessary power utilities to operate the
system.

e Architectural components:

The architectural design of dynamic shading systems begins with identifying the geometric shape and
device movements. There are three primary forms of motion:
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- Translation: Linear movement parallel to coordinate axes.
- Rotation: Changing orientation around coordinate axes.

- Scaling: Changing the size of the unit.(Moloney 2011)

Figure 14:Basic Movement Types.
source:(Moloney 2011)

Movements can exhibit three degrees of freedom, which are determined by changes in position or
orientation along one, two, or three axes.(Schumacher, Schaeffer, and Vogt 2012)
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Figure 15:Movements of rigid building elements
source:(Schumacher, Schaeffer, and Vogt 2012)

e Mechanical components:

Mechanical studies examine the kinematic and kinetic design of dynamic shading devices at a macro
level. Schaefer and Vogt mentioned that moving elements consist of rigid bodies connected by joints,
and these elements create complex movements. These rigid bodies can move on two scales: kinematic
and kinetic. Kinematics studies the motion of bodies over time, including parameters like duration,
velocity, and acceleration. Kinetics examines the relationship between motion, forces, and torques,
utilizing analytical dynamics. Mechanical devices, functioning as machines or actuators, manage
movement by organizing the application of forces through components like bars, pulleys, and gears.
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These components directly activate the shading process, varying by motion type, degree of freedom,
and the characteristics of the shading elements.(Al-Masrani and Al-Obaidi 2019)

F@) @)

9 : F
F(1) ()
FO) ] F@ v N v
F(D)

oc— 1

i v Vv 2
Rope and winches

Rope and rod Rope and pulley Lever Inclined plane -

()
PN

‘7/\\6‘ 0 (| t
=@ °
Rope and winches Rope systems Effect of gearing

Figure 16:Some mechanical devices employed for actuating mechanism
Source :(Al-Masrani and Al-Obaidi 2019)

e Electrical components:

Electricity is essential for operating dynamic shading systems, often powering actuator mechanisms.
Energy consumption can vary based on movement direction, object weight, bearing type, actuator
choice, and placement. Alternative energy sources, like solar panels or photovoltaic cladding, have
proven effective in reducing energy demands for shading system motors.(Al-Masrani and Al-Obaidi
2019)

11.3.2.d.2 Digital electronics of dynamic shading systems (automation and control strategies):
Dynamic shading systems utilize rule-based automation to react to external data, employing both
hardware (including sensors, controllers, and logic units) and software components. The control
systems comprise inputs that collect and convert environmental data, and controllers that process this
data to operate actuators. The controller acts as the interface between the inputs and the actuators,
functioning through computation or software management.

e Control strategies:

There are two types of control systems: Open-loop controls are those that adjust the actuator output
based on external input only without utilizing feedback. On the other hand, a closed-loop system
compares the actual output to the desired output (reference) and uses this comparison as a feedback
signal to continually reduce any discrepancies (errors). This is because the controller has two inputs
(the measured signal and the reference signal) and one output (the controller signal).(Mukherjee et
al. 2010)

Desired output
response

=P Controller #  Actuator »  Process p Output

Figure 17:0pen-loop control system without feedback
Source :(Mukherjee et al. 2010)
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Desired output Error Actual
response Controller # Actuator *» Process > output

F

Sensor
Measurement output Feedback

Figure 18:Closed-loop (feedback) control system.
source :(Mukherjee et al. 2010)

e Control technological attributes (automatic control characteristics):

Based on the control system layout, controller characteristics, and the involvement of a third party
(agent), there are two classes of systems: reactive and interactive.

A dynamic shading system is typically classified as reactive or responsive when it automatically
adjusts to external environmental conditions, such as the angle of sunlight, without user intervention.
Reactive systems respond to specific stimuli in a predetermined way to regulate the flow of natural
light and heat at building facades. These systems operate using open-loop protocols.(Al-Masrani and
Al-Obaidi 2019)

On the other hand, automated shading systems are categorized as interactive when they adapt to both
environmental conditions and user preferences, often employing closed-loop feedback
mechanisms.(Achten, Zumancic, and Matéjovska 2011)

»
Responsive | * Interactive user
system i system
Input from outside Output to outside Input from outside Output to outside Input from outside Output to outside
world world world world world world
Incoming Outgoing
| communication ‘ communication
Y
[ i
State, goal(s)
Controller v
\. J State, goal(s)
A
Reasoning Reasoning
Reactive Autonomous Agent
system system system

Figure 19:Responsive architectural systems based on types of technology
Source :(Al-Masrani and Al-Obaidi 2019)

e Potential scenarios and issues to control a dynamic shading system:

a- Single-Protocol Scheme: This scheme exclusively focuses on dynamic shading control and can
function as either an open-loop or a closed-loop system.(Mukherjee et al. 2010)
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Figure 20:(left) Independent control of closed-loop lighting system and open-loop blind system. (vight) Independent
control of closed-loop lighting system and closed-loop blind system.
source:(Mukherjee et al. 2010)

b-Multi-Protocol Scheme: This approach connects dynamic shading control with other building
systems. It can operate as an independent loop, where each system functions separately, or as an
integrated loop, in which dynamic shading control is fully coordinated with other systems such as
HVAC.(Mukherjee et al. 2010)
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Figure 21:Integrated Lighting and Daylight Control System.
Source:(Mukherjee et al. 2010)

114 Dynamic shading devices and smart materials:
Dynamic shading devices are designed to adapt to changing environmental conditions, optimizing
daylight control in indoor spaces. These devices typically rely on actuators and require electricity for
operation. Smart materials in solar shading aim to minimize energy use, and some, like integrated
photovoltaics (PVs)(Zhang et al. 2018), can even generate energy. Additionally, smart materials
enable static devices, such as smart glass windows, to achieve dynamic control without moving
parts.(Elkhayat 2014)

Table 2:smart materials for dynamic shading devices

type Materials Explanation
photochromic materials materials that change color when
Tvpe 01 Color-changing exposed to light
P materials Thermochromics materials materials that change color due to
temperature changes;
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electrochromic materials

materials that change color when a
voltage is applied

shape-memory alloys (SMA)

alloy materials able to revert, or
remember, a previously memorized
or present shape;

Shape-memory shape-memory polymers | engineering polymers able to revert,
materials (SMM) (SMPs) or remember, a  previously
memorized or preset shape;
shape-memory hybrids (SMH) | composed by the combination of the
two
Tvpe 02 Photovoltaics (PVs) semiconducting  materials  that
ype convert light into electricity
Conclusion:

In conclusion, the theoretical exploration of kinetic architecture and advanced shading devices has
underscored their growing significance in contemporary sustainable design, particularly in hot and
arid climates. The reviewed literature demonstrates that dynamic and responsive systems—ranging
from kinetic facades and biomimetic structures to photovoltaic-integrated shading—are essential
tools in regulating solar exposure, improving daylight quality, and enhancing occupant comfort.
These technologies reflect a broader architectural shift toward environmentally adaptive solutions
that intelligently respond to changing climatic conditions and user behavior. Moreover, the
integration of smart materials, parametric design, and automation is expanding the potential of these
systems, making buildings more resilient, energy-efficient, and user-centric. The insights gained from
this chapter provide a conceptual foundation for the practical investigations that follow, reinforcing
the need to align environmental responsiveness with technological innovation in the design of facades
for extreme climate contexts.
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Introduction:

Lighting plays a fundamental role in shaping the spatial experience of museums, influencing both the
visual perception of exhibits and the ambiance of the interior space. Whether through natural daylight
or artificial illumination, lighting strategies must be carefully designed to balance aesthetics,
functionality, and conservation needs.

This chapter delves into the analytical aspects of museum lighting, exploring its fundamental
principles, design considerations, and case studies of renowned museums worldwide. By examining
different lighting approaches, we aim to understand how light enhances architectural expression and
visitor engagement in museum spaces.

I Daylighting in museums:

IL.5 Generalities on lighting:

I1.5.1 Definition of light:
Light is electromagnetic radiation that exhibits wave-particle duality. It is visible to the human eye
within wavelengths of 380 to 780 nanometers and propagates as waves characterized by wavelength,
amplitude, and frequency. Light also behaves as particles called photons, with its wave nature

explaining propagation phenomena and its particle nature accounting for interactions with
matter.(Zribi 2011)

II.5.1.a  Naturel light:
Natural light, or daylight, is the visible portion of solar radiation with a complete and continuous
spectrum, encompassing all wavelengths in the visible range. It varies in intensity, direction, and
color depending on the time of day, seasons, atmospheric conditions, and interactions with particles
in the atmosphere. Quantities such as illuminance and luminance measure and characterize natural
light's distribution and visual impact on surfaces.(Agence régionale de 1’environnement et des
nouvelles énergies and Institut pour la conception environnementale du bati 2014)

Sunrise Morning Noon Afternoon Sunset

<2000k 3500-4500K 5500-6500K 3500-4500K <2000K

Figure 22:Natural light at different times of the day.
source : https:/www.uk.lumistrips.com/lumistrips-blog/color-temperature-explained/

IL.5.1.b  Artificial light:
Artificial light is lighting generated by man-made sources such as lamps and spotlights, which
produce light when activated. Some artificial light sources, like incandescent lamps, emit a
continuous spectrum, enabling accurate color rendering of objects. Alongside natural daylight,
artificial light plays a crucial role in shaping our perception of the environment and supporting daily
activities. Its warm quality, reminiscent of firelight and sunlight, contributes to its familiar and
comforting presence in our lives.(Odile and Sandra 2009)
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Light bulb QOil Lamp Flashlight / Torch

Street lamp Lighter Fire

Figure 23:Artificial sources of light
source : https://k8schoollessons.com/sources-of-light/

I1.5.2 Fundamental Principles of Lighting:

II.5.2.a  Color temperature:

Color temperature refers to the hue of light produced by a source, defined as the temperature of an
ideal black-body radiator that emits light of the same color. Measured in kelvins (K), it ranges from
warm tones (below 4000 K, appearing red or yellow) to cool tones (above 4000 K, appearing
blue).(Thollander et al. 2020) This measurement is essential in lighting, photography, and
manufacturing, as it influences a space's visual perception and ambiance. The concept is often
explained using correlated color temperature (CCT), which estimates the black-body temperature of
non-incandescent light sources.(Choudhury 2014)

Figure 24: Color temperature
source : https://www.uk.lumistrips.com/lumistrips-blog/color-temperature-explained/

II.5.2.b  Color rendering index:
In comparison to an ideal or natural light source, like daylight, the Color Rendering Index (CRI)
quantifies how well a light source captures the colors of objects. Better color fidelity is indicated by
a higher CRI, which ranges from 0 to 100. Perfect color rendering is represented by a CRI of 100,
whereas most applications consider values below 80 to be subpar. When assessing lighting quality in
settings like photography, retail, and art displays, CRI—which is dependent on the spectrum of the
light source—is essential.(—CIE 17.4, International Lighting Vocabulary,(Schanda 2002)
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Color Rendering Index
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Figure 25:color rendring index .
source: https:/www.dominant-semi.com/cdn/application-notes/Color Rendering Index-VerA.pdf

I1.5.2.c  Ambiance of light:
The overall impact of light on a subject in a particular setting, influenced by both artificial and natural
lighting, is referred to as the lighting atmosphere. Three essential components are integrated in this
concept: the architectural setting, the light, and the person observing the surroundings. Together, the
architecture and light create the external lighting environment, which influences how people view
and react to the area.

Numerous factors influence the atmosphere, such as:

Luminance Distribution: The way light intensity is arranged in space.

INluminance: The total amount of light, expressed in lux, that strikes a surface.

Light Direction and Interior Illumination: How light sources are positioned and oriented.
Light Variability: Color and light intensity variations over time.

Color Rendering and Appearance of Light: The precision of color representation beneath the light
source.

Glare: Uncomfortably bright lighting that obscures vision.

Flicker: Abrupt shifts in light intensity that may impact comfort and perception.(Sutter et al. 2014)

Figure 26: Ambiance of light.
source: https://blog.iaac.net/atmosphere-and-lighting/
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I1.5.2.d  Visual Comfort:
Lighting needs to make it possible to perform a certain task without hurting the eyes. The following
are the requirements for visual comfort:

* adequate lighting for fatigue-free, sharp vision,
* accurate color representation,
* a balanced distribution of light in the room, free from obnoxious shadows.

A parasitic shadow is produced by an element that is positioned between the visual spot and the light
source; for right-handed people, lateral lighting from the left is preferred, and for left-handed people,
lateral lighting from the right.

* the lack of glare: Too much brightness or a light contrast in glare can be very uncomfortable for the
eyes.

Looking through a window allows one to avoid feeling confined and closed in.(DAICH 2011)

I1.5.3 Light measurement:

I1.5.3.a  Daylight factor:
The Daylight Factor is a percentage that quantifies the ratio of natural light inside a room to the light
available outside under standard overcast sky conditions. It is calculated as (AN INTRODUCTION
TO NATURAL DAYLIGHT DESIGN IN DOMESTIC PROPERTIES 2018):

DF= (Exterior illuminance / Interior illuminance) x100

X

Figure 27:daylighting factor .
source: hitps.//energieplus-lesite.be/theories/eclairagel 2/physique-lumiere/facteur-de-lumiere-du-jour/

I1.5.3.b  Glare Index:
Discomfort Glare Index (DGI): This index is derived from the CGI (CIE Glare Index) and aims to
predict the glare caused by large glare sources such as a window. The metric is based on subjective
ratings from human subjects in a daylit office space. The DGI value is associated with different levels
of discomfort glare. A value of 22 is considered a logically acceptable threshold. The equation is
expressed as follows:(Faraji et al. 2023)

DGI = 10 log( 0,48 x ¥ [ (Ls™® x Qs%8) / (Lp + 0,07 x wy®® X Lyi) 1)
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Degree of perceived glare GI DGI
TJust perceptible 10 16
13 18
Just acceptable 16 20
Borderline between Comfort and 18.5 22
Discomfort
Just uncomfortable 22 24
25 26
Just intolerable 28 28

Figure 28:Comparison between glare indexes (GI and DGI).
source: Faraji et al. 2023

11.6 Museums Lighting: principes and considerations

11.6.1 Daylight (natural light):
I1.6.1.a  sidelight:

® The window: The most common way to let light and air into a building is through an opening

in the wall. Its location, size, shape, and the facade's orientation all affect how well a room
receives lighting. "The window is a wonderful thing because it allows you to feel the light that
is yours, not the sun's." (Louis Khan, Silence et lumiére, Linteau, 1996)

The translucent wall: The translucent wall is a vertical wall made of translucent materials
(such as glass brick or acrylic) that allow light to pass through but block out sight. In some
situations, these materials can also support weight.

The transparent wall: The entire surface of one of a building's facades is occupied by the
transparent wall, also known as the curtain wall. It is the largest lateral opening. It cannot

support any weight. An independent frame supports the walls and floors. (Architecture et
lumiere 2011)

Fenétre MUt vanshooe M Tansparent

The window The translucent wall The transparent wall

Figure 29: sidelight stratigies .
Source : Architecture et lumiere 2011

II.6.1.b  Toplight:

The horizontal skylight: Vertical lighting can directly reach the work surface thanks to the
horizontal skylight. In cloudy conditions, it offers the best natural lighting. Its drawback,
though, is that it lets in more light at midday in the summer than it does in the winter. The
bioclimatic principles of thermal regulation, which advocate for higher direct gains in the
winter than in the summer, are at odds with this. If sunlight strikes a work surface directly, it
may cause visual discomfort.

The vertical skylight: The vertical skylight faces a specific direction. The light is reflected
by the walls that face the aperture.

The atrium: The atrium is typically the center area of a structure with a translucent ceiling
or a zenithal glass roof.
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e The zenithal glass roof: The Zenithal glass roof is a roof-level aperture that is comparatively
large (surface always greater than 1 m?). Forming a light well above a stairwell is its typical

location. (Architecture et lumiere 2011)

— : e~
m Larterea) tonzorts Landermes A ‘ ‘ | \

The horizontal skylight  The vertical skylight

Vermdre 2éndhale

The atrium The zenithal glass roof

Figure 30: Toplight catigories.
Source : Architecture et lumiere 2011

I11.6.2 Artificial light:
Table 3: Artificiel light techniques
Lighting Technique Disposition Description
The ideal angle of incidence for lighting fixtures
/ is 30°: when it comes to illuminating sculptures
. b and paintings. With a wider angle, the viewer
.I (.iea.l Light runs the risk of seeing his shadow on the
Positioning for Art oy I . .
Display painting when he is in front of it .1f thg light
source is far from the object to be illuminated.
Conversely, a grazing light from a narrower
angle would give the painting longer shadows.
T S Cut down on the visitor's shadow When the
Reducing Visitor observer is facing the paintings, two projectors
Shadows with Lateral { o positioned on the side shine light on them
Lighting without creating any shadows or dazzling
> reflections.
T X illuminating storefront windows without being

Strategic Placement of

overly bright Outside projectors can also be used
to illuminate storefront windows, but they must

Exterior ngh.tlng n be positioned outside of the reflection surfaces
Storefront Displays g from the observer's perspective.

restricting the beam to the painting's contours

T The paintings appear to radiate light when the

Contouring Light b§am is restrif:tgd to illum.inating the object on

Beams to Highlight D display. An intimate setting that encourages

Artwork reflection can be created in a darkened room. To

precisely control the light beam, just attach a
cameraman to a Gobo projector.
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S - Emphasizing the artwork and walls Uniform
Balancing Wall and wall lighting, which creates a sense of clarity,
Accent Lighting to e and accent lighting, which models the
Highlight Artworks ' ﬁ sculptures, combine to create balanced lighting
J in the rooms and the exhibition.

Place wall-mounted lighting fixtures correctly.
Tj'; < To ensure that light is dispersed evenly
Proper Placement of [~/ o throughout the wall, wall-mounted fixtures
Wall-Mounted " should be a third of the height of the ceiling
Lighting Fixtures / | o% away from the wall. The distance from the wall

' > to the fixtures should match their spacing.

11.7 The exhibition halls:

I1.7.1 path:
Table 4:Exhibition halls Path types

Path Illustration
The open path: spacious display area,
independent  vision, unrestricted
movement. (10th Edition) Neufert.
(1) Panowen

Edition) Neufert.

The radial path: The museum's main
room, which serves as orientation. (10th

10th edition of Neufert)

The linear: path has a distinct entrance
and exit, a defined path, a linear spatial
sequence, and clear orientation. (The

(@) Parcouns tntaice

The labyrinth path:

direction. (Neufert, Tenth Ed.)

Unrestricted
movement, with a changeable path and

The complex path:Spatial

intricate collection
(Neufert, 10" Ed.)

groups
paired with the standard traits of 1-4;
organization.

(B) Porcscomptess
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The loop path:returns to the entrance in
a manner akin to the linear path.
(Neufert, Tenth Ed.)
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Figure 31: architectural standards for exhibition spaces.
source: Neufert, 11" Ed

IIT Examples Analysis:
III.1  The list of examples:

Figure 32:A:The Louvre Abu Dhabi Museum, B:Eli and Edythe Broad Museum, C: Milwaukee Art Museum
(MAM), D:UCCA Clay Museum
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Figure 33:A:Regional Museum of Biskra B :MAMA

The elements to be analyzed:

: Technical and
Vs ~ Ve Urbain aspect Vs AT TRANE t
« technical sheet ‘ * Volumetry ZASHR UG « Lighting feature

« The motivation « Distant environnement « Design concept | o Circulation
of choice « Immediat environnment o Entrences e spectasnd

* Project plot |
* Roads and accessibility | functionnal

~ Project data \ J \ Architectural organisation Environmental
) aspect aspect
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Table 5:Bookish Examples Analysis
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The project

Technical sheet

Motivation of choice

Project: Museums & Exhibit

Sutation: Abu Dhabi, United Arab Emirates
Architects: Ateliers Jean Nouvel

Area: 97000 m?

Year: 2006 - 2017

Status: Completed

The Louvre Abu Dhabi was chosen for
its innovative architecture and
sustainable design, and its massive
dome is a model for advanced shading
systems.

Project: Museum

Situation: East Lansing, USA Michigan State University
Architect: Zaha Hadid and Patrick Schumacher
Designed in: 2007

Built in: 2012

Land Area:6038 m2

Built-up Area: 4274 m2

Status: Completed

Eli and Edythe Broad Museum was
chosen due to its innovative
architectural design and functionality.
Its sharp geometric forms, modern
materials, and seamless integration of
natural light showcase a refined
balance between form and function.

Milw

Project: Museum

Situation: Milwaukee, Wisconsin, United States
Architect: Eero Saarinen/Santiago Calatrava/David
Kahler/James Shields

Built in: 1955 - 1957

Remodeled in:1975, 2001, 2015

Built-up Area: 13,196 m2

Status: Completed

This project was chosen for its
dynamic shading device, innovative
architectural design, and technology
integration. Its movable "wings,"
connection to the environment, and
emphasis on sustainability make it an
ideal case study for blending
aesthetics, functionality, and
environmental considerations.
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Project: Museums & Exhibit

Sutation: Yixing, China

Architects: Kengo Kuma and Associates
Area: 3437 m?

Year: 2024

Status: Completed

B N

UCCA Clay Museum

the UCCA Clay Art Center was chosen
for its unique architectural form and
innovative use of materials. Its
distinctive, organic shape, reminiscent
of a twisted ribbon, invites discussion
of the design intent, construction
challenges, and its contextual
relationship with the surrounding
environment.

The project

Urbain aspect

Distant environnement

The Louvre Abu
Dhabi Museum

- The project - individual housing
The Proj ect is s1tuaFed within a B e T oo
multifunctional site and an [ [ [

expansion zone that
encompasses the cultural hub

Eli and

Edythe Broad
Museum

The project is located in a prime location that
combines academic, residential, and
commercial activity, making it ideal for
developing mixed-use projects.

39

- cafe-restaurant
- planned housing - Free zone
Hotels

- Police station

- Airport

l:l Individual housing

I:I Commercial zone

- Michigan State University
l:l Red cedar river

l:l Spartan stadium

v The project
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~N

2 The Milwaukee Art Museum's prominent lakefront 7

o &~ location on the shore of Lake Michigan. Its urban port I ousne and commerce
R = = setting ensures easy accessibility for city residents e [ concer o
g g § and visitors, while its integration within a cultural B

2 E = complex enhances the city's vibrant arts scene. B oo
E ] e [ science museum
<.z

8 = 2 g UNKOWN LOCATION

Y=

The project Immediate environment

©

<

= The project is situated within a cultural site that features

[ multiple museums. It serves as both a tourist destination

-g = and a residential area.

5 § The museum is ideally located and seamlessly integrated

:; = into its surroundings

5 =

=)
ﬂ B vusems I csfe-restaurant [ Hotels
ﬁ I he project 1 Parking [ mosque

- planned housing - individual housing
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Museum

Eli and Edythe Broad

Located at the northern edge of the Michigan State University campus, the Eli
and Edythe Broad Art Museum is situated in an exposed location with an
active urban life, assuring visibility and encouraging community engagement

°Thepro|ec( - Michigan State University l:l Commercial zone Individual housing

Milwaukee Art
Museum (MAM)

The Milwaukee Art Museum's site is a significant asset, contributing to its
iconic status and enhancing its role as a cultural destination. Its location
within the city makes it easily accessible by various modes of transportation,
and the museum is part of a larger cultural complex that includes other
significant buildings, contributing to a vibrant arts and culture scene.of
former pottery factories.

I concen nats [ e ] sciencemuseon [ Pork [ -

UCCA Clay
Museu

the site of the museum was once a hub for pottery culture, surrounded by
numerous factories and studios. This project aligns with the broader
redevelopment plan for the area, aiming to create a vibrant center for pottery
culture that includes studios and workshops while preserving the remnants of
former potterv factories.
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The project The project plot

The Louvre Abu Dhabi was designed as a “museum city” on the sea; it is a project
based on water.

The project occupies almost the entire island that serves the project, it is a place
created on an island (100% of the plot ).

The Louvre
Abu Dhabi
Museum

The building covers 71% of the plot, with the remaining 29% dedicated to
outdoor spaces, including a sculpture garden to the east, a courtyard, and a a
plaza to the west . These areas enhance the functionality and aesthetic appeal

of the site while fostering outdoor engagement.

Eli and Edythe
Broad Museum

I:I Built-up Area: 4274 m2 - Land Area: 6038 m2

- A~

£ =

< < ST

Q) ;.emc»f':le:“m—E University Club Towes ¥ i

§ a Land surface :90409,73 m? s 8 r@

= E bt ]

g = building surfaces 31680 m> il Rt E
2 e Y

'E S The museum occupies 35% of the plot, with the remaining area dedicated to the e 4
2 Cudahy Gardens, a thoughtfully designed landscape by Dan Kiley. ; et e

Rexnord Gear
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UCCA Clay
Museum

The building covers 70% of the plot , with the remaining 30%
allocated to outdoor spaces, including green spaces for bamboo
plants as well as spaces for exterior circulation .

5

|:| Land Area - Built-up Area

The project

Road and accessibility

Entrence

The Louvre Abu
Dhabi Museum

%
Scondry road - side road

Primary road

maritime access == Pedestrian entrance m—p mechanical access

[ weparking [N vistorparking [ | watertransport station

Museum

Eli and Edythe Broad

l:l Main routs

Situated within the university, the project benefits from
excellent accessibility, whether by public transportation or on
foot, ensuring convenience for students, faculty, and visitors
alike.

]

Scondry routs

S~

i ==
Th has t \ TW‘\\ \ ‘K
e museum has two \ .
entrances, one for the main \ 1 = :\> x

RN

public on the west side, - s \
entering a center hall; and —_— — \\\
another one on the east side = \
going into the lobby. —

- MEChanical access s Pedestrian access ’ entrances
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Milwaukee Art Museum (MAM)

Its location within the city makes it easily accessible by various
modes of transportation, including public transit, cars, and
pedestrian walkways.

I:l Main routs I:l Scondly routs

The Milwaukee Art Museum has three primary entrances: Main Entrance: Accessible
via the Reiman Pedestrian Bridge. School Group Entrance: Located near the
collection galleries and accessible for organized visits. Parking/Underground
Entrance: Connected to the museum's parking facility for visitors arriving by car.
Each entrance is designed for specific types of visitors or approaches.

. —

. s PR
-~ R o
g =2, Comn Ao

UCCA Clay Museum

Main road (mechanical access) Pedestrian access

. } Museum entrance
D Cofe shop entrance

e [
s b Multi-functional hall entrance

[> Museum logistic/ cargo entrance
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Architectural aspect

The project
Volumetry Design concept
= The project, designed as a "museum city” in the sea, features a The archltfectural approalcl.l of the Lo.uvre Abu Dhal?l begar.l with the.
< collection of 55 scattered rectangular structures. These reinterpretation of the traditional Arabic dome, blending ancient Islamic
S separate blocks, including 23 galleries, are unified under a arT.h1ltlec‘Lural elllemfnts s r}rllo:liern design; Ins(;inred by :['he. nat;l?l }1ln"'[ert}~)flay if
= striking dome with a diameter of 180 meters. ight throug palm trees? the dome crea.tes a dynamic "rain of light" effect,
symbolizing a universal connection across cultures and ages..

2 = ym g

v
S5
=
=)
it
@
<
B

There is no apparent usage of any organic geometric shapes, The design concept draws inspiration from movement paths and visual
the structural elevation is formed out ofthe analysis obtained connections, transforming two-dimensional pathways into three-dimensional
from the study of the topography and the paths of circulation folded planes. This integration connects the vibrant street life to the north with the
in the surroundingshence the structure is formed out of a historic university campus to the south, emphasizing fluidity, relationships, and
variety of polygonal 3D shapes.meters. perspectives while seamlessly blending the museum into its surroundings.

SR
‘“\.«"Kx

;-f.(,k\‘ a
-_.} [’Q o )_‘ -

Museum

Eli and Edythe Broad
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Milwaukee Art Museum (MAM)

The Milwaukee Art Museum's volumetry is a fascinating
interplay of geometric forms. The original structure,
features clean lines and low-profile rectangular volumes.
Quadracci Pavilion introduces a bold contrast with its
soaring white concrete wings, the Burke Brise Soleil. The
overall effect is a captivating combination of grounded
stability and dynamic movement.

There are multiple elements in the structure
inspired by its location facing the lake: mobile
steel blinds inspired by the wings of a bird, a
wired pedestrian bridge with a raised mast
inspired by the shape of a sailboat, and a
curved gallery of a single floor resembling a
wave.

UCCA Clay Museum

The building takes the form of a mountain, evoking Shushan
Mountain and the historic dragon kiln nearby. This
mountain-like shape is punctured to establish connections
with the pottery factory and canal, aligning the structure with
the site’s axis and the surrounding industrial complex.

The design concept of the UCCA Clay Museum draws inspiration from its
cultural and natural context, integrating the historical significance of Shushan
Mountain and the traditional dragon kiln. The mountain-like form symbolizes the
region’s pottery heritage, while punctures in the volume establish a seamless
connection to the pottery factory and canal, aligning the museum with its
surroundings.

—
-.
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Museum

experience throughout the building. \j\ﬂ

[ vertical circulation by left[JJlll] Vertical circulation by stairs

The project Technical and functional Aspects
Circulation
D oo
= 0
>’ E The museum employs a labyrinthine route, allowing visitors the freedom to
== = . .
S A Q choose their own path through its elements. The components are
- = = thoughtfully arranged to inspire exploration and encourage moments of
2 = E contemplation.
=~ <
The design ensures free movement and facilitates \
easy vertical circulation through well-placed X R - W
stairs and lifts, enhancing accessibility and user E X

Milwaukee Art |Eli and Edythe Broad

Museum (MAM)

The circulation of the museum is a free and
open circulation system, allowing visitors to l
move easily between different areas. j
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»

¥

The museum features a flexible and accessible layout, enabling visitors
. . S Vertical circulation (stair /lef
to navigate effortlessly between its various sections. - ertical circulation (stair /left)

UCCA Clay
Museum

horizontal circulation

Spatial and function organisation
The project
Special organisation Functional organisation Comment
Louvre Abu Dhabi is an archipelago
built at the top of the sea, which consists
g cafeteria ﬂD of one floor. People can enter the
2 !
é building by foot or by boat through the
= main entrance. The function of the
“ 'ermanen
é - eres = building is structured as follows
_g — 28 I , permanent gallery,
: =
5] Temporary exhibition galleries
h N 2 2
2 —
g Resturant & Cfeteri , restaurant &
q Auditorium f ) d' )
2 i “—> strong functional relationship caieteria, auditorium,
= — . . .
weak functional relationship The layout of the floor
plan of the Louvre Abu Dhabi serves up
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the main aim of the Museum space by
dividing the space into open and closed
spaces that contain different valuable

pieces

Eli and Edythe Broad Museum

i

Reception and lobby

Exhibition gallerry
Non-public Exhibition spaces
Administration

] Building support and services
I caffe/ shop

B cducationwing

il

lobby and
circulation

Administ
ation

Building support and
services

Receptionand lobby

lobby

and

circul
ation

= strong functional relationship

“—*  weak functional relationship

The museum includes 1600 m? of
exhibition space in double-height
galleries. This space is split between
three stories, two floors above ground
and one basement level. These areas
offer space for special exhibitions,
modern and contemporary art, new
media, and photography, and since the
galleries are double-height, they can hold
large installations. The museum includes
an educational facility for lectures and
seminars, administration offices, a café
and a shop, a pedestrian plaza, and a

sculpture garden.
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Milwaukee Art Museum (MAM)

TAJ GARAGE

Lower Level and Café Level

Entrance Level

TAJ GARAGE

Lower Level and Café Level

Entrance Level

Exhibition galleries

Windhover Hall

Top Level

this building is divided into 4 main part :
- The basement has parking.

- Then, on the lower floor, there are
some meeting spaces and a restaurant.

- The different spaces are divided into
the main floor like reception hall,
exhibition hall,terrace, and lobby.

- This main floor has also a mezzanine
floor which is connected to the bridge
and themezzanine floor has a board

room, lobby, and existing galleries.
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atial Division

Level 1 Mezzanine g e i DAL it sy it

1. Taj Garage (Service Rooms),
2. Mezzanine One (Cafe Calatrava, Perunio Meeting Room. Service Rooms).
3. Windhover Hall

4. Galleries (Schroeder Gallery. Baumgartner Gallery, Lubar Aw
5. Baumgartner Terrace,

6. Mezzanine Two (Quadracci Suite) |

7. Burke Brise Soleil.

8. Reiman Pedestrian Bridge.

orium, Store, Baker Rowlan

[T Exhibitions Gallery(Kohl's Art
Studio)

[ Exhibitions Gallery(Folk and
Self-Taught}

T T T

I Special Exhibitions Gallery(Bradley Family Gallery)
[ Exhibitions Gallery{modern Art)

[E exhibitions Gallery(European Art)

|| Exhibitions Gallery(American Art)

[EZ  Restroom
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UCCA Clay Museum

The UCCA Clay Museum features a

B
("!75 “3
R 4 wave-like form that connects with the
Y m
‘ ground-level plaza, leading to a lobby,
Shard lobby
. exhibition hall, events space, and café
po &

through arched glazed openings. Large

Restroo
m

B coteesros bamboo-lined walkways beneath the

B Restroom
[Z2) Multi~functional hall Restroom
[ Permanent exhibition hall

B shacd lobby

[ meeting room
Left

museum visually link the canal and

Temporary industrial surroundings. The upper

exhibition hall
Multi- . . , e
| . functions| levels, including the café and exhibition
7 stage
) » area, are unified by an exposed wooden
) Small
] lecture hall .
& lattice roof that enhances the sense of

space and openness.

Restroom

[

- Temporary exhibition hall
- Multi-functional stage
|
=

Small lecture hall

Left
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Environmental Aspect
The project
Lightning feature
The Louvre Museum dome creates a transformative effect on both interior and exterior
= spaces. Inside, its intricate geometric pattern filters sunlight into a mesmerizing "rain of
g light," producing dynamic light and shadow plays that evoke serenity and natural
beauty while providing shade and cooling. Outside, the dome’s immense size and
=
= 7,850 stars form a landmark visible from Abu Dhabi and beyond, harmonizing with the |
2 g natural environment by echoing the light-diffusing qualities of palm trees. At night, it |
) becomes a luminous spectacle, enhancing its iconic presence. N
@ @
f; =
5 =
=)
)
@
=
b=

Museum

Eli and Edythe Broad

The museum's lighting design creates a dynamic ambiance, balancing
natural and artificial light to enhance the art experience. Treated glass
with pleated stainless-steel fins allows controlled natural light while
minimizing glare, while some galleries rely on artificial lighting for
focused environments, such as the windowless new media gallery.
Floor-to-ceiling windows in the main gallery provide vibrant natural
light and views of the surroundings, and the varied light qualities across
galleries offer diverse and tailored spatial experiences.

53



Chapter I1: Analysis of museum examples and site context

Milwaukee Art Museum (MAM)

The Burke Brise Soleil is the signature element of the Calatrava addition.
Supported by the glass and steel atrium above the pavilion, the two wings
are each composed of 36 steel rectangular tube fins having a constant
cross-section of 360 mm, but varying in length, depth, and thickness For
each wing there is a rotating spine attached to the main mast trusted into
the roof allowing for a maximal opening of 90 degrees. The wings are.
programmed to open each day at noon

The Burke Brise Soleil, the movable "wings" of the pavilion, play a
crucial role in regulating natural light. They can be opened to allow
more light to enter or closed to reduce glare and heat gain, creating a

dynamic interplay of light and shadow throughout the day.

The use of white concrete and other light-colored materials helps to
diffuse the natural light, creating a soft and even illumination that is
comfortable for viewing art.

UCCA Clay
Museum

The interplay of light and shadow forms a vital part of the
experience. Skylights and strategically placed windows allow
natural light to seep through, casting dynamic patterns across
walls and floors. The ever-changing interplay reminds one of

the organic nature of pottery making, where each piece is

shaped by light, heat, and the touch of the artisan.
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1. Existing examples Analysis:

Table 6:Existing Examples Analysis

The project

Technical sheet

The motivation of choice

- T\ 9 Ay : z
The National Public Museum of
Modern and Contemporary Art
of Algiers (MAMA)

Project: Museums & Exhibit

Sutation: Larbi Ben M'hidi street, Alger

Architects: Henri Petit

Area: 13500 m2

Year: 1914 (Galeries de France) and 2008 restoration (Museum
of Modern Art of Algiers (MAMA))

Status: Completed

The National Public Museum of Modern and
Contemporary Art of Algiers (MAMA) is an excellent
choice due to its unique neo-Moorish design, blending
European and Algerian influences, and its historical
transformation from a 1909 department store to a
modern art museum. Its intricate details, materiality,
and spatial design reflect its colonial past and role as a
contemporary cultural hub, making it a rich subject for
studying architecture's interaction with heritage,
identity, and functionality.

Regional Museum of

Moudjahid Biskra

Project: History Museum
Sutation: Biskra, Algeria.
Architects: Mirad Yasin
Area: 4773 m2

Year: 2008

Status: Completed

The museum was chosen because it has a distinctive
architectural style, combining modern elements with
traditional Islamic features, and because it allows me
to visit and experience the spaces.
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Urbain aspect

The project
Distant environnement
‘S Graveyard
= =] = The National Public Museum of Modern and Contemporary Art of Administrative area
g 2 § Algiers (MAMA)is located in the heart of Algiers, near the Port of Hotel complex
*g Z = Algiers and close to significant landmarks like the Casbah and Place des i i
Bt . L . . . Housing + commercial areas
Z = = Martyrs. The building is situated on Rue Larbi Ben M'Hidi, a bustling
2 2 § street that reflects the city’s vibrant cultural and historical atmosphere. Port of Algiers
= 'g The project
=W
S 4
=] < 7
1)
§ :é . X L. X - The project - Chamber of Trades and Crafts
2 2 This 51.te is ideal for a m.u.seum as educ.atlonal, cul.tural,.an.d B cusiness incubstor [ November ist garden
= = community-focused amenities surround it. Its location within a B i ‘ )
E o— ) o R sudicial Council [l office
= mixed-use urban area ensures accessibility, making the museum a ) )
Tﬁ s . :| mosque D Housing + commercial areas
= = central cultural hub that fosters community engagement and
S 2 enhances its vibrancy. B nursery o
on \:I school establishment
S =
&
The project
i
)
= E =
g 2 § The project site is centrally located within a vibrant urban context, surrounded by
'*g Z £ a mix of functions that enhance its accessibility and significance. This integration
Z. > 2 of cultural, residential, and commercial zones positions the museum as a key
2 = e landmark within Algiers, fostering interaction between different aspects of city
= -g = life.
="
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£
: »
%} o
g g R & h . Chamber of Trades
E o E The project and Crafts
- "g = The project site is centrally located within a vibrant urban (B reeriatelecom [ ] school establishment
g § 2 context, surrounded by a mix of functions that enhance its £ v
olo0 oy P osque - .
2 — accessibility and significance. 2\ Y Judicial Coundll
=1)] Housing +
é °© A :I commercial areas I:I nursery
The project
T o«
g 5 F
= = —
5 3 <
- = >
3 & 5
s 2 &
€ B &
z E §
PN = - The project occupies 100% of the plot.
= g IS
= g &)
o
o <
o
E =2
s ]
2 =]
= = The building covers 30% of the plot, with the remaining
= ﬁ 70% allocated to outdoor spaces, including green areas,
o— . . .
= 'g spaces for exterior circulation, and a garage ,
.a s . [ ]sitearea: 15806 m
é E :l Built area: 4773m?

57




Chapter I1: Analysis of museum examples and site context

The project

Roads and accessibility

Entrences

The National Public Museum of

Modern and Contemporary Art of

Algiers (MAMA)

/ The MAMA is highly \
accessible due to its prime
location on Rue Larbi Ben
M’Hidi, a central and well-
connected street in Algiers. It
is easily reachable by public
transportation, including buses
and taxis, with nearby stops
ensuring convenience for
visitors.

Mechanical accessibility

“

o

-t

i

h

ja

1 Museum of Moud

Regiona

Biskra

r W

The museum is located in
the heart of Biskra, near
the city's main square. It

is easily accessible by
public transportation or
by car.

€ 4

Scondry road Primary road

Jap

~

D The staff entrance
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The National Public Museum of
Modern and Contemporary Art of
Algiers (MAMA)

The project Architectural aspect
Volumetry Design concept
The volumetry of the MAMA is defined by its balanced, rectangular Originally built in 1909 as a department store by the French architect Henri
form and neo-Moorish style, featuring large symmetrical arches, Petit, the building is a prime example of early 20th-century neo-Moorish
intricate decorative details, and rhythmic facade elements. Its multi- architecture. Its design blends European architectural principles with local
story design combines solidity with openness, creating a harmonious Algerian and Islamic influences,

interplay of voids and solids.

Regional Museum of
Moudjahid Biskra

the museum has a complex and dynamic volumetry, defined by a central
dome, a circular base, a radial layout, multiple wings, and a central
courtyard. The use of multiple volumes and shapes creates a visually

interesting and functional space.
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The project Technical and fonctionnel Aspect

Circulation

- Vertical circulation (stair /left )

horizontal circulation

Contemporary Art of
Algiers (MAMA)

The National Public
Museum of Modern and

Biskra

- Vertical circulation (stair /left)

horizontal circulation

Regional Museum of Moudjahi
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The project

Spacial and functionnal organisation

Special organisation

The National Public Museum of Modern and
Contemporary Art of Algiers (MAMA)

Functional organization

Comment

The restored part

Exhibition hall

Inner courtyard

I .
[

Lift

Bl e

The Museum of Modern Art of Algiers
(MAMA), is designed as a building of neo-
Moorish architecture, the museum rises on five
levels; a basement reserved for temporary
exhibitions, displays and cultural events that the
museum hosts each month. And four levels
designed from the current floor in free plans,
organized around the two central patios. The
first three levels, house permanent exhibitions,
and the last upper level is devoted to science in
Islam. The museum is also equipped with a
terrace containing the glass domes, ensuring

zenithal lighting.
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- The Regional Museum of Mujahideen in Biskra
Administration

1 has two main floors. The lower floor houses the

exhibition hall at the center, surrounded by

administration offices. The upper floor includes

meeting rooms, a reading room with a library,

Regional Museum of Moudjahid Biskra

SRR restrooms, an administrator’s office, and
B s dditional administrati i
B veeurgroom - additional administration spaces, ensuring a
7 I reading room + liberiry S SUEE7 . o
" [ admimistrator functional balance between exhibition, research,
- Administration
and management areas.
Environmental Aspect
The project
Lighting feature
2 8
E— . . . . o 0 o
2 9 I The zenithal lighting of the MAM Algiers Museum is provided by five
=5 T = . . .
& © 8- 2 ~ modestly sized glass roofs (8 meters long by 6 meters wide), in the shape
= E g o0 g of domes. They are distributed over the entire surface of the roof and
g o 8 ﬁ < cover approximately 60% of its surface area. These glass roofs provide
= § § 3 > natural zenithal lighting that highlights the museum's exhibitions, from
Z o O =< the entrance to the exit.
v 5 <
= =
== =
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Regional Museum of
Moudjahid Biskra

Although there are sources of natural lighting, whether from
openings overlooking the interior courtyard or open to the
outside, they are all covered and depend 100% on artificial

lighting.

Chapter I1: Analysis of museum examples and site context

Examples synthesis
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Table 7:Exemples Analyses synthéses

Situation

Museums are strategically located in culturally significant, urban, or
historically rich areas to enhance accessibility and relevance. Their
placement often aligns with tourism, academic institutions, or artistic
districts, reinforcing their role as cultural and educational hubs.

Immediate
Environment

The surroundings of a museum influence its functionality and visitor
engagement. Museums are often integrated into urban, academic, or
historical settings, benefiting from their proximity to cultural institutions,
public spaces, and transportation networks.

Project Plot

The distribution of built and open spaces varies depending on design
intentions. Some museums maximize plot usage with expansive
structures, while others allocate portions for outdoor spaces, gardens, and
circulation areas, enhancing visitor interaction with the environment.

Roads and
Accessibility

Accessibility is a key factor in museum design, ensuring smooth
connectivity via public transport, pedestrian pathways, and vehicular
access. Well-planned entrances and circulation routes enhance visitor flow
and create an inviting experience.

Volumetry

The volumetric approach is influenced by architectural intent, cultural
representation, and environmental adaptation, contributing to the
museum’s visual identity.

Design
Concepts

Museum designs balance cultural identity, innovation, and environmental
adaptation. Architectural approaches often reinterpret traditional
elements, emphasize movement and connectivity, or integrate natural and
historical inspirations into modern forms.

Entrances

Entrances are designed to facilitate access and movement while
reinforcing the architectural character. Some museums emphasize a
singular grand entrance, while others incorporate multiple access points
to manage visitor flow and improve functionality.

Circulation

Circulation strategies define how visitors navigate exhibition spaces.
Some museums encourage free exploration, while others follow structured
movement paths.

Spatial and
Functional
Organization

Museums balance exhibition areas with public and operational spaces.
Layouts often separate permanent and temporary galleries while
incorporating amenities like educational zones, cafés, and administrative
areas. The organization adapts to architectural constraints and visitor
needs.

10. Lighting

Features

Lighting design combines natural and artificial sources to enhance visual
experiences while preserving exhibits. Strategies include daylight
modulation, shading systems, and controlled artificial lighting to create
optimal ambiance and highlight architectural elements.
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IV Site Analysis:

IV.1  The geographic location of Biskra city:
Biskra is a city in northeastern Algeria, located at the edge of the Sahara Desert with geographic
coordinates of approximately 34.85°N latitude and 5.73°E longitude. Situated at an altitude of around
120 meters, it lies between the Aurés Mountains to the north and the vast Saharan plains to the south.
It's about 399 km (248 miles) from Algiers, 114 km (71 miles) southwest of Batna, and 220 km (137
miles) north of Touggourt. Known as the "Gateway to the Sahara," Biskra blends Mediterranean and
desert climates, making it a key transitional zone in the region.

-y

“Batna

IV.2  Site location:
The project site is situated in the western expansion zone of Biskra, within what is considered the
city's "new urban development area." It is located at the northern entrance of the city along the road
to Batna, approximately 4,41 kilometers from the city center.
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Its position ensures high accessibility and visibility, making it an ideal gateway for both local
residents and visitors arriving from neighboring regions. The surrounding environment creates a
vibrant and welcoming setting that enhances the museum’s potential to serve as a cultural and social
landmark.

IV.3  Motivation Behind the Choice:

= Strategic Location: Positioned within a new urban development zone, the site offers strong
potential for growth, innovation, and future opportunities.

= High Accessibility: Located at the northern gateway along the Batna road, the site ensures
smooth circulation for pedestrians and vehicles, enhancing public reach and engagement.

= Active Environment: The mix of residential units and public spaces around the site fosters a
dynamic urban environment conducive to cultural exchange and social interaction.

= Urban Integration: Close to housing and amenities, encouraging community interaction and
visitor flow.

IV4 Immediate environment:
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Project site

Housing

Public equipment

public plaza

Green area

tourist equipment

The museum is well-situated within a diverse and active urban setting, surrounded by residential
neighborhoods, public infrastructure, green areas, and tourist amenities. This environment offers a
balanced mix of functions, fostering both everyday accessibility for local residents and appeal to
tourists.

IV.S

The site features a naturally flat terrain with a shape resembling an oblique trapezoid. This level
topography significantly reduces the need for excavation, thereby simplifying construction and
facilitating easier project implementation.

IV.6  Roads and accessibility:

[ | Praimery roads
B sccondry roads

- The project site

The site is well-integrated into the road network, with direct access to a major primary road that
ensures high visibility and easy access for local and regional visitors. Secondary roads nearby enhance
local circulation and offer alternative routes, facilitating smooth traffic flow and convenient access
for visitors, service vehicles, and potential public transport.

IV.7 Built and inbuilt Area:
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- Built Area
I:I inBuilt Area :plaza and green spaces

The study area shows a high building density, with 79% built and 21% inbuilt spaces, indicating a
predominantly constructed environment where open spaces serve as supportive elements for public
use.

IV.8  Orientation and sun path:

The site takes full advantage of winter sunlight by capturing low-angle rays from the south and west.
In summer, the higher sun position ensures that the project receives light from all directions,
enhancing natural illumination while allowing for effective solar control.

IV.9  Site Servicing Infrastructure:

°
°

electrical lines-high voltage-

electrical lines- medium voltage-
gas pipeline

The site benefits from essential infrastructure, as both the gas pipeline and the electrical lines—high
and medium voltage—run along the peripheral area of the project site, ensuring ease of future service
connections.

IV.10 site analysis synthesis:

IV.10.1  synthesis as SWOT points
Table 8:Site Analysis Synthesis as SWOT points

SWOT Category | Points
- Strategic location in Biskra’s western expansion zone within a new
urban development area.

- Direct access to a primary road and connection to secondary roads
ensures excellent accessibility and visibility.

Strengths
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- Proximity to housing, public, and tourist facilities enhances community
integration.

- Balanced surrounding environment with green spaces and public plazas.
- Naturally flat terrain minimizes excavation and simplifies construction.
- Winter sun exposure from the south and west enhances passive heating.

Weaknesses

cooling strategies.

- Summer exposure to sunlight from all directions can cause overheating
if not properly shaded.

- Exposure to southeastern winds in summer may lead to dust
infiltration.

- Lack of existing shade or natural barriers on east and west facades.

- Potential heat gain due to semi-arid climate without sufficient passive

Opportunities

- Potential to become a cultural anchor and catalyst for urban
revitalization.

- Integration of sustainable design strategies to enhance comfort and
energy efficiency.

- Outdoor spaces (plazas/green areas) can host public events,
exhibitions, or educational activities.

- Landscape design can enhance comfort and control dust and wind.

- Public transport connectivity can further increase accessibility.

Threats

maintenance.

- Harsh summer climate may increase energy demand if passive
strategies are not well implemented.
- Windborne dust from southeastern winds may affect air quality and

1v.10.2

Synthesis as schema:

4 The North

Secondry roads
Primery roads

Figure 34:site analysis synthesis
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Conclusion:

This chapter has explored the essential role of lighting-both natural and artificial-as a central
component in museum architecture. Rather than serving merely as a functional necessity, lighting
emerges as a medium through which spatial quality, visitor experience, and curatorial narrative are
carefully crafted. Beginning with the fundamental principles of light. the chapter established the
technical and perceptual basis for understanding how light influences architecture and museum
experiences alike.

Museum architecture relies on the close integration of spatial design and functional planning.
Circulation paths shape how visitors move and interact with exhibits, while zoning ensures a balance
between exhibition areas and support functions like education, administration, and rest. Effective
layouts prioritize flexibility, accessibility, and adaptability to diverse display needs. Spatial design is
also closely linked to lighting strategies, where natural and artificial light are managed through
architectural features to enhance both conservation and visitor experience. Together, these elements
create a coherent, engaging, and purposeful museum environment.

In conclusion, museum lighting and spatial organization are co-dependent dimensions of design, each
shaping and enhancing the effectiveness of the other. The successful integration of light into the
architectural and functional framework contributes significantly to the visitor’s sensory and
intellectual engagement with the museum space. These findings reinforce the idea that designing a
museum requires a holistic vision one that aligns lighting, spatial rhythm, and functional clarity with
the cultural and emotional values that the institution seeks to embody.

69



Chapter I1I: Architectural project

4 )
Chapter 11I:

Architectural project

\_ /




Chapter I1I: Architectural project

Introduction:

Drawing upon insights from the preceding theoretical and analytical chapters, the design employs a
research-driven foundation—translating conceptual frameworks and contextual analyses into spatial
and formal strategies. This grounding ensures that programmatic requirements and environmental
imperatives are not only identified but systematically aligned with architectural form and experience.

This chapter explores two interrelated dimensions of the project: the proposed spatial program, which
delineates the functional layout and area distribution, and the design development, which reveals how
architectural form emerges in response to conceptual frameworks, contextual analyses, and
environmental imperatives. Drawing on deconstructivism paradigms. The design synthesizes
programmatic clarity, climatic responsiveness, and urban integration to support utility, environmental
adaptation, and formal expression within an arid, hot climate.

I Programmatic Approach:

The surface program presented in this section is the result of a synthesis between two primary sources:
the detailed analysis of several museum case studies, and the official spatial standards provided by
the Ministry of Culture. By examining the functional distribution, spatial hierarchies, and surface
allocations observed in real-world projects, and aligning them with regulatory requirements, this
program aims to define clear and realistic surface areas for each function of the museum. The goal is
to ensure both architectural coherence and operational efficiency, while also responding to the
specific cultural and environmental context of the project.

Table 9: proposed program

Space \ Surface(m?)
Exhibition

Temporary exhibition 520
Special exhibition 350
Permanent exhibition 3600

= Painting gallery 1000

=  Sculpture gallery 1000

= New media art gallery 500

= Photography gallery 500

= Conceptual art gallery 600

Education
Library

General reading room 150
Research reading room 50
Bookand periodical storage room 70
Archives and rare material room 50
Research work station /desks 30
Digital research area 25
Librarian/research staff office 20
Seminar room 40
Media booth room 15
Interactive media lab 50
Virtual reality experience room 50
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Workshop /art studio
Painting workshop 150
* The main space 100
= Materials storage 15
= Draying Area 10
=  Wach room 10
= Technician office 15
Sculptor /clay workshop 170
Main space 120
Kiln room (fire) 10
Tool storage 15
Materials storage 15
Lockers room 10
Spatial needs sessions 170
®* The main space 100
= Storage for sensory tools 20
=  Wach room 20
=  Waiting +reception zone 10
Community-based projects space 180
* The main space 150
= Storage room 10
=  Mini office (coordinator ) 10
» Kitchenette 10
Auditorium
Main auditorium 300
Stage Area 40
Control room /AV booth 15
Back stage /wings 20
Storage room 20
Technical room 15
Children’s zone
Play area 150
Creative workshops 60
Storytelling room 25
Interactive exhibition room 150
Child WC (B/G) 10
Storage room 25
Children’s rest room (naps room) 25
Changing room (babies) 20
Check-in zone (reception) 20
Parents waiting area (H/F) 20
Staff room (H/F) 20
Screening room
Main space 250
Projection booth 15
Technical room 10
Equipment storage 10
Waiting area 25
Visitors services
Main entrance lobby | 450
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Reception 30
Lokers (H/F) 40
Restrooms (H/F) 50
Museum shop 160
Prayer room (H/F) 25
Coffee and restaurant
Customers hall 130
Bathrooms 30
Main dining area 140
Kitchen 60
Cold storage room 10
Dish washing area 10
Staff changing area 10
Dry storage 10
Wast disposal area 5
Administration section
General management
Museum’s director’s office 25
Secretariat 15
General administration office 20
Meeting room 40
Finance and legal
Finance office 20
Grant office (sponsorship) 15
Legal affairs office 15
Curatorial
Chief curator’s office 20
Exhibition coordinator’s 15
Human resource
HR office \ 15
Public relations, communication and marketing
Marketing office 15
Media relations office 15
Website and digital content office 15
Entertainment
Staff break room 30
Lockers 20
Sanitary 25
Technical zone
For art works
Conservation lab 80
Art storage room 150
Secure art storage room 80
Building equipment
IT digital infrastructure 15
Security management 25
Mechanical/Electrical room 60
Building maintenance 25
Cleaning depot 10
Changing room for T.Z staff 15
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| 9535
Circulation
20 — 25 % of total built area

Outdoor spaces
Outdoor exhibition
Entry spaces
Parking

Total space

= Visitor parking

= Staff parking

* Bus parking (school visit)
= Bike parking

II Conceptual Approach:

II.1 Idea:

The initial design concept is deeply rooted in the deconstructivism movement, which is characterized
by fragmentation, non-linear geometries, and a deliberate subversion of traditional harmony and
stability. Beginning with this theoretical foundation, the process articulated basic visual axes -viewing
corridors aligned with adjacent roads- that define the optimal vantage points from which the museum
will be perceived. These axes inform both the orientation and sculptural articulation of the form,
ensuring that the architecture is seen in motion: as observers traverse the site, the museum
dynamically reveals shifting profiles and forms. This strategic alignment fosters continuous
perceptual engagement, embedding the museum within its urban context through a choreography of
movement and sightlines.

1.2 The objectives and the intentions:
In response to an arid, hot climate, this project sets out to achieve the following interconnected
objectives:

Table 10: The objectives and the intentions of the project

Objective Intention

Integrate the project into its urban
context

Align building massing and orientation with adjacent roads to
enhance visual and contextual harmony, promoting seamless
integration within the existing urban fabric

Embody Deconstructivism | Incorporate fragmented, non-linear geometries to challenge

fragmentation traditional architectural norms and reinforce a dynamic
aesthetic

Express "architecture seen in | Design forms that reveal new spatial experiences through user

motion" movement, emphasizing the dynamic perception of

architecture within its environment.

Ensure flexible interior circulation

Develop smooth junctions and adaptable pathways to
facilitate intuitive spatial navigation and support varied
visitor flows.

Incorporate traditional courtyard
typology

Utilize a central courtyard not only as a cultural reference, but
also as a strategy to mediate indoor and outdoor conditions

Maximize natural lighting and
ventilation

Implement courtyard-based daylighting strategies and cross-
ventilation techniques to enhance indoor comfort and
minimize reliance on mechanical systems
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Promote environmental | Use passive design strategies—including orientation, shading
sustainability devices, and courtyard microclimates—to reduce energy
consumption and create a resilient, eco-friendly building

I1.3 Morphological Progression:
This development sequence illustrates the architectural evolution of the museum, demonstrating how
conceptual orientation and formal operations converge to shape a dynamic spatial experience. Each
step integrates deconstructivism principles within the arid and hot context, while maintaining urban,
functional, and experiential responsiveness.

step 1:

Context-driven orientation: The design begins by identifying prime viewing angles from adjacent
roads and defining visual axes, which inform the fundamental organization of the building’s form and
orientation. This axis-based approach ensures that the evolving structure is perceptually integrated
into its urban surroundings and dynamically experienced by moving observers.

Step 2:

Carving the Mass (Le Vide sur le Plain): The primary architectural operation consists of subtracting
volumes from the solid mass to manifest essential voids—namely, the main entrance, vehicular
parking, and a central courtyard. This activation of voids not only organizes functional elements but
also introduces a deconstructive interplay between mass and space, reinforcing the spatial hierarchy
and daylight access.

Step 3:

Volumetric Resizing and External Integration: Subsequent adjustments reshape the architectural
volumes to accommodate exterior circulation networks and landscaped areas while aligning with
established visual axes. This strategic resizing ensures visual permeability and contextual integration,
allowing pedestrians and vehicles to engage with the building through defined visual corridors.

75



] Chapter I1I: Architectural project

Step 4:

Roof Inclinations as Formal Dynamism: The introduction of inclined roof planes serves both
aesthetic and environmental functions. Expressing ‘“architecture seen in motion,” tilted roofs
dynamically articulate the museum’s silhouette, refresh spatial perception, and aid passive climate
control—facilitating daylight modulation, heat dissipation, and rainwater management.

Step 5:

Linking Fragmented Volumes: Finally, the fragmented volumes are interconnected via smooth
architectural junctions to generate coherent internal flow. These transitional spaces reconcile the
external complexity with internal legibility, promoting circulation flexibility and enhancing visitor
orientation within a rich spatial narrative.

A=

Step 7:

Atrium Integration for Daylighting & Energy Efficiency: An atrium is introduced at the core of
the essential mass to facilitate daylight penetration, passive ventilation, and a central spatial focus.
Well-designed atria significantly reduce artificial lighting and cooling loads in warm climates,
improving energy performance and occupant comfort
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Figure 35: Master plan scale :1/200
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Figure 37: First floor Plan scale :1/100
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Figure 40: Section B-B scale : 1/100
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Figure 41: principale Facade scale :1/100

Figure 42: the North Facade scale : 1/100

Figure 44: The South Facade scale 1/100
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North Fagade

Figure 45: The Facades as technical drawing

Figure 46:3D model of the structure
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Figure 48: Interior View of the project
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Chapter IV: Practical application of the advanced shading device

Introduction:

This chapter presents the practical development of the Mira-Aura smart shading system, designed as
an adaptive architectural solution for optimizing daylight and thermal comfort in hot and arid
climates. It begins by outlining the main objectives of the system. The chapter then provides a detailed
overview of the system, explaining its logic and how it functions in real-time by reacting to
environmental conditions. Each element of the system is examined in detail, including the main
components and their respective functions, which together enable the shading device to operate
autonomously. Furthermore, the materials selected for fabrication are justified based on their
mechanical performance, thermal behavior, and durability in extreme climates. Finally, the chapter
explores the motor and actuation system, including torque calculations and mechanical integration
strategies that allow the kinetic units to move smoothly and efficiently.

I Context and Motivation:

In regions with hot and arid climates—such as Biskra, Algeria—buildings are constantly challenged
by intense solar radiation, high temperatures, and glaring daylight. These environmental conditions
often result in uncomfortable indoor environments and excessive energy consumption due to the
overuse of artificial lighting and mechanical cooling systems. As contemporary architecture moves
toward sustainable and climate-adaptive solutions, there is a growing need for responsive systems
that can intelligently manage light, heat, and comfort. The development of the smart shading device
emerges from this context, offering a kinetic, sensor-driven facade system that responds in real time
to environmental conditions.

II The objectives:
Key Objectives of the system in Hot and Arid Climates:

Reduce solar heat gain to improve indoor thermal comfort and lower cooling demand.
Enhance daylighting by allowing natural light without causing glare.

Adapt dynamically to sunlight conditions throughout the day.

Reduce energy consumption by minimizing the need for artificial lighting and air
conditioning.

e Support sustainable and climate-responsive design tailored for extreme sun and heat.

III System overview:

The kinatic fagade is a responsive shading system composed of origami-inspired units that open
and fold depending on the intensity of solar radiation or the interior daylighting needs. The goal of
the system is to provide intelligent environmental response, where the units move automatically
according to exterior lighting conditions.

III.1  Basic Unit Specifications

e Each main unit is composed of 4 sub-units.
e Dimensions of each sub-unit: 60 cm x 60 cm
o Total area of the main unit: 1.44 m?
e Material: Lightweight aluminum, coated with a ceramic paint for thermal insulation and
weather resistance.
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Approximate weight per main unit: 5-6 kg

111.2 Movement Modes:

Fully folded: When solar radiation is low.
Partially opened: When sunlight is moderate or indirect.
Fully opened: When direct solar radiation exceeds a certain threshold.

This movement requires a precise motor capable of adjusting the origami units based on light and
heat sensors.

IV How the system work

1.

Light Sensor

The light sensor detects the intensity of sunlight on the facade. It sends real-time data to the
control unit, allowing the system to respond dynamically by adjusting the shading level
based on natural lighting conditions.

Temperature Sensor

This sensor monitors ambient or surface temperature to help optimize thermal comfort. The
data it collects supports decisions on whether to open or close the shading units to reduce
overheating or allow passive heat gain.

Control Unit

The control unit such as an Arduino act as the brain of the system. It receives inputs from
the sensors, processes them using programmed logic, and sends the appropriate signals to
the motor driver to control the movement of the shading device.

Motor Driver

The motor driver serves as a power amplifier between the control unit and the motor. It
translates low-voltage signals from the controller into higher-power outputs that are capable
of running the motor in both directions.

Motor

The motor is responsible for the physical movement of the shading device. It operates based
on commands from the motor driver and moves the units to either open, close, or partially
adjust their position.

Power Supply

The power supply provides the necessary energy to run the entire system. It powers both the
motor and control electronics and can be connected to a DC source, battery, or even a solar
energy system.

Shading Device

This is the kinetic element of the facade. Driven by the motor, it opens, folds, or partially
adjusts based on sensor inputs and control logic, allowing the system to adapt to daylight
and thermal needs throughout the day.
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@ MOTOR DRIVER

LIGHT SENSOR + @ » >

CONTROLLO
UNIT
TEMPERATUTRE
SENSOR
MOTOR
DRIVER
POWER SUPPLY
V System components and their function:
Table 11: System components and their function
Component Function
Light Sensor Measures sunlight intensity to trigger shading
adjustments.
Temperature Sensor , Monitors ambient or surface temperature to
support thermal response.
Control Processes sensor data and controls the motor
Unit(Arduino) accordingly.

Acts as an interface between the control unit
and the motor; amplifies signals.

Motor Driver

DC Motor Drives the mechanical movement to fold or
g9 | unfold the shading units.

Power Supply Provides electricity to the motor, sensors, and

control unit.

V1 Fabricated materials:

To fabricate this smart shading system, I chose aluminum coated with ceramic materials
due to their complementary properties. This combination offers the structural lightness and
flexibility needed for kinetic movement, along with the durability, thermal protection, and low
maintenance required for long-term performance in a hot and arid climate. Together, these
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materials ensure that the system is both functional and resilient under extreme environmental
conditions.

Justification:

e Aluminum: Aluminum is a lightweight, corrosion-resistant, and easily formable material—
ideal for foldable kinetic shading units. Its good thermal conductivity helps dissipate heat,
making it suitable for hot environments. However, to reduce overheating under direct sun, it
1s combined with an insulating surface treatment.

e Ceramic Coating on Aluminum: The ceramic coating acts as a thermal barrier, reducing heat
transfer and preventing the aluminum from overheating. It also enhances resistance to
corrosion, wear, and UV exposure, extending the unit’s lifespan. This coating adds surface
hardness and durability, especially important in dusty, high-stress environments like arid
regions. Moreover, it requires minimal maintenance and offers long-term performance (10—
20 years), supporting the sustainability of the system.

VII Motors and driven system:
VII.1 Torque Calculation for the Motor:
To calculate the torque required to operate one main unit:

e Force due to weight =6 kg x 9.81 = 58.86 N

o Distance from pivot point ~ 0.3 m

e Required torque = 58.86 < 0.3 =17.65 Nm

e Adding a safety margin (40%), the final required torque = 25 Nm

VIL.2 Motor Specifications:
Table 12: Motor Specifications

‘ Specification Value M
‘Motor type DC Gear Motor or High-Torque Servo Motor M
Required torque 25-30 Newton meters M
Voltage 24V or 48V (compatible with solar power systems) M
‘Speed 6—10 RPM (rotations per minute) M
Power Between 100 to 150 watts M
Control system Arduino or PLC unit M
Sensors Light sensor, temperature sensor, M
’Mounting position Inside the frame or directly behind the unit M

e The 4 sub-units of each main unit can be driven by a single motor, connected using a
unified mechanical linkage.
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VIII System Operations Modes:
The advanced shading device operates through three main configurations - fully open, intermediate,
and fully closed -which dynamically adjust according to solar radiation, daylight levels, and glare
probability. Each state represents a specific level of openness or angular position of the shading
elements, defined by measurable physical parameters.

Table 13: System Operations Modes

Mode Description Measprement [lustration
criteria
In this position, the shading Horizontal
panels are completely retracted or | illuminance < 250 lux
tilted to their maximum open Daylight glare
angle, allowing the highest probability
possible penetration of daylight (DGP) < 0.30.
Fully Open into the interior space. Vertical irradiance <
Mode (100% | This mode is typically activated 150 W/m? (no direct
openness) under low solar radiation or sunlight incidence).

overcast sky conditions, when
additional daylight is required to
maintain visual comfort and
reduce dependence on artificial
lighting.
The system operates in an 250 < Horizontal
intermediate or adaptive position | illuminance < 500
when daylight levels are lux.
sufficient, but there is a potential | DGP between 0.30—
risk of glare or overheating.In this | 0.38.

Intermediate | configuration, the shading Vertical irradiance

Mode (Partial elements adjust their angle or between 150-300
openness to balance daylight W/m2.

openness: 25— autonomy and visual comfort,

75%) while maintaining outward

visibility and aesthetic coherence
of the fagade.This mode
represents the most frequently
active state during the day, as it
enables the system to optimize
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natural lighting while controlling
glare dynamically.

In this position, the shading
components completely block
direct solar radiation. This mode
is activated when excessive glare,

DGP > 0.38 or direct
sunlight detected on
display surfaces.
Vertical irradiance >

overheating, or direct sunlight on | 300 W/m?.
Fully Closed | sensitive artworks is detected — | Internal illuminance
Mode (0% especially in exhibition zones.By | > 600 lux (risk of
openness) minimizing transmittance, this visual discomfort).

configuration ensures the
protection of interior spaces and
maintains a uniform light
distribution suitable for museum
environments.

IX Performance Evaluation through Simulation:

In order to evaluate the environmental and visual performance of the proposed dynamic shading
system, a series of digital simulations were conducted focusing on daylighting quality, glare control,
and solar radiation. The purpose of this simulation process was to analyze how the system
influences the distribution, intensity, and usability of natural light within the exhibition spaces
of the art museum located in Biskra, characterized by a hot and arid climate with high solar
exposure. These simulations provided a quantitative and visual understanding of how the proposed
facade design performs under real climatic conditions.

IX.1  Simulation Software and Workflow:
The simulation process was carried out using Rhinoceros 3D (Rhino 8) and Grasshopper, in
combination with the Ladybug Tools suite, specifically the Ladybug and Honeybee plugins.

The three-dimensional model was first developed in Rhino, including the architectural form,
openings. After completing the 3D base geometry, the dynamic shading system was created and
integrated parametrically using Grasshopper, which allowed for flexible control of the system’s
geometry, movement logic, and positioning on the fagade.

Through Grasshopper’s visual programming environment, the model was connected to the Ladybug
Tools components to enable simulation inputs and data visualization.

e Ladybug was used to process the climatic data (EPW file of Biskra, Algeria) and to generate
essential information such as solar paths, radiation analysis, and sky conditions.

e Honeybee served as the main engine for daylight and glare simulations, linking the parametric
model to the Radiance back-end engines.

e The Radiance engine, developed by Greg Ward, is a validated, physically based lighting
simulation software widely recognized for its accuracy in predicting illuminance, luminance,
and visual comfort parameters in architectural spaces.

This integrated workflow made it possible to conduct parametric, climate-responsive, and
performance-driven simulations, providing a comprehensive evaluation of the facade’s behavior in
terms of daylight distribution, glare control, and solar exposure.

IX.2  Simulation Setup and Methodology:
Several simulation types were conducted to comprehensively assess the system’s performance. The
main parameters and metrics include:
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Useful Daylight Illuminance (UDI): evaluates the percentage of annual occupied hours during
which indoor illuminance levels fall within the optimal range of 100-2000 lux.

e Objective: Assess visual comfort and daylight usability.
e Units: % of occupied hours.

Daylight Autonomy (DA): measures the percentage of occupied hours during which a given point
achieves the target illuminance level (typically > 300 lux) using only natural light.

e Objective: Determine the extent of daylight availability and potential reduction in artificial
lighting demand.
e Units: % of occupied hours.

Glare Autonomy (GA): indicates the percentage of hours free from glare, based on the Daylight
Glare Probability (DGP) threshold (DGP < 0.35).

e Objective: Evaluate visual comfort and glare prevention.
e Units: % of occupied hours.

Annual Irradiance: represents the cumulative solar energy received on a given surface throughout
the year, measured in kWh/m?.

e Objective: Assess solar exposure, overheating risk, and shading effectiveness.
e Units: kWh/m? per year.

For all simulations:

= Weather file: EPW of Biskra, Algeria.

» Run period: Full annual cycle (January 1st — December 31st).
» Sky model: CIE standard sky conditions.

» Grid size: 0.5 m spacing.

» Time step: Hourly.

*  Occupancy period: Typical museum hours (08:00—18:00).

Two main configurations were simulated and compared:
Scenario 1: System deactivated (baseline fagade).
Scenario 2: System activated (dynamic shading panels in operation).

IX.3 Simulation Results and Discussion:

I1X.3.1 Simulation results:
Table 14:Simulation results

without the shading system with the shading system

67.54 24.51

60.79 22.05

54.04 19.60

47.30 [ 17.14

Annual L —
Irradiance | fiE 33.80 || 12.23

27.05 9.78

20.31 7.32

13.56 4.87

6.81 2.41

0.07 -0.04
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I1X.3.2 Discussion of Results:
1. Irradiance Distribution

In the case without the shading system, the results indicated a high average irradiance on the fagade
and interior sensor grids, reflecting strong exposure to direct solar radiation. This excessive solar gain
can lead to visual discomfort and increased cooling loads, particularly in a hot climate such as Biskra.

Conversely, with the shading system activated, a noticeable reduction in irradiance was observed.
The adaptive panels effectively filtered and redirected incoming sunlight, preventing overexposure
while still allowing diffuse daylight to penetrate the space. This reduction demonstrates the system’s
capability to regulate solar energy input, enhancing both thermal and visual comfort.

2. Useful Daylight Illuminance (UDI)

The UDI analysis further confirmed the improvement in daylight quality after implementing the
shading device.

When the system was deactivated, the results showed a high concentration of UDI values near the
facade (ranging around 55-91%), with a decline toward the rear zones due to uneven daylight
distribution. In contrast, with the shading system active, the UDI values became more balanced across
the interior. The majority of the space achieved illuminance levels within the 100-2000 lux range,
which is optimal for exhibition spaces, ensuring adequate visibility while avoiding damage to
sensitive artworks from excessive light exposure.
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3. Daylight Autonomy (DA)

The DA results also reflected a positive trend with the system’s operation. Without shading, high DA
values near openings indicated excessive daylight penetration, while deeper areas received
insufficient illumination. When the system was active, DA values remained high but more uniformly
distributed, meaning that a greater portion of the occupied area maintained sufficient daylight for a
longer period throughout the year. This indicates enhanced daylight availability and a potential
reduction in artificial lighting dependency.

4. Glare Autonomy (GA)

Regarding glare performance, the GA results (percentage of hours free from glare) significantly
improved when the shading system was activated. In the unshaded case, several zones near the
opening experienced discomfort due to high luminance contrast and direct sun penetration. With the
system engaged, the Glare Autonomy increased, showing that the adaptive fagade successfully
mitigated excessive brightness and improved visual comfort for users.

Overall Evaluation

Collectively, these results validate the effectiveness of the proposed dynamic shading system in
enhancing the daylighting performance. The system maintains high daylight autonomy while
minimizing glare and solar irradiance, achieving a balanced interior light environment suitable for
visitors. The comparative analysis clearly demonstrates that the integration of such a responsive
fagade contributes to energy efficiency, visual comfort, and sustainable design objectives in hot, arid
climates such as that of Biskra.
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General conclusion
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General conclusion:

This thesis explored the intersection of architectural design, environmental adaptability, and
technological innovation through the development of a dynamic smart shading system for an art
museum in Biskra’s hot and arid climate. It aimed to demonstrate how architecture can move beyond
static form to become an active mediator between light, climate, and human experience. The study
addressed the dual challenge of ensuring optimal daylighting quality (essential for art exhibition
environments) while maintaining visual comfort and energy efficiency in a region characterized by
intense solar radiation.

The research was structured across four main chapters, each contributing to the overall objective of
creating a responsive architectural facade capable of adapting to environmental variations in real time.

The first chapter, the Theoretical Framework, laid the foundation for understanding kinetic
architecture and advanced shading devices. It explored their evolution, typologies, control systems,
and integration with smart materials and parametric design. Through an in-depth literature review,
this chapter emphasized that dynamic facades (when equipped with feedback-based control
mechanisms) play a decisive role in improving building performance. It concluded that the future of
sustainable design lies in responsive and interactive architecture that not only reacts to but anticipates
environmental changes, thereby ensuring user comfort and energy optimization.

The second chapter, the Analytical Study, focused on the role of daylighting in museums and
examined the intricate balance between light, space, and conservation. Through analysis of
international case studies - such as the Louvre Abu Dhabi, Milwaukee Art Museum, and MAMA
Algiers -the chapter identified successful design strategies that harmonize natural and artificial
lighting to enhance both spatial quality and exhibit preservation. The site analysis of Biskra further
defined the local climatic, geographic, and environmental constraints that guided the design. The
chapter concluded that museum architecture must integrate environmental logic with cultural and
spatial identity, ensuring that light acts as a medium for both experience and preservation.

The third chapter, the Architectural Development, translated the theoretical and analytical findings
into a coherent architectural proposal. Grounded in deconstructivism principles, the design
synthesized form, function, and environmental responsiveness to produce a museum that is both
expressive and performative. The spatial program was developed through a synthesis of functional
requirements, regulatory standards, and climatic imperatives, while the conceptual approach
emphasized the dynamic interaction between form and environment. This chapter concluded that the
architectural envelope must not be a passive boundary but an intelligent interface-one that shapes the
building’s identity while responding to its environmental context.

The fourth and final chapter, the Practical and Experimental Phase, presented the design,
configuration, and simulation testing of the proposed dynamic shading system. Developed using
Rhino and Grasshopper, and evaluated through Ladybug and Honeybee simulations, the system
demonstrated a marked improvement in daylight autonomy, useful daylight illuminance, and glare
control. The simulation results validated the research hypothesis, proving that a well-designed
adaptive fagade can significantly enhance visual comfort, reduce solar heat gain, and optimize
daylight distribution, thus minimizing dependence on artificial lighting and cooling loads. The
chapter concluded that integrating smart materials and responsive mechanisms offers a sustainable
and context-sensitive solution for museum design in hot climates.
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In summary, this thesis reaffirmed that the integration of kinetic architecture and advanced shading
technologies is not merely a technical exercise but a profound shift in architectural thinking. It
promotes a design paradigm where buildings evolve with their environment balancing aesthetics,
performance, and user well-being. The proposed system not only enriches the architectural character
of the museum but also demonstrates how responsive fagcades can reconcile artistic expression with
environmental stewardship.

Future research could expand this work through real-scale prototyping, sensor-based optimization, or
integration with renewable energy systems to further enhance the autonomy and intelligence of
adaptive fagades. Ultimately, the findings of this thesis contribute to the broader discourse on climate-
responsive architecture, offering a replicable model for designing sustainable cultural spaces in hot
and arid regions like Biskra.
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Annex 1: programmatic approach

1- Examples surface programs:

The Louvre Abu Dhabi Museum

Main entrance 890.45
information 586.24 m?
Ticketing 483.16 m?
Administration 1092.72 m?
Museum shop 1398.79m?
Grand vestibule 708.54 m?
Permanent gallery 11346.75m?
Restroom 215.71 m?
Temporary exhibition 3629.11m?
Amphitheatre 539.34 m?
cafe 1574.52 m?
Children museum 482.54 m?
Auditorium 3559.06 m?
Restaurant 1278.66m?

Eli and Edythe Broad Museum

Reception and loby 406.27 m?
One est gallery 1073.43 m?
Café /shop 139.14 m?
Edication wing 210.81
Courtyard 117.39m?
Bathroom 55.87 m?
Mechanical room 516.47 m?
Art handling 142.52 m?
Study collection 160.62 m?
Collection study center 50.55 m?
Benefactors’ gallery 48.11 m?
New media gallery 126.52 m?
Administration wing 273.23m?
Electrical room 397.62 m?
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Milwaukee Art Museum (MAM)

Photography and media arts 1348.99m?
Restroom 223.81m?
technical part 236.60 m?
Museum café 253.18 m?
lobby 608.80 m?
Lockers 50.46 m?
Museum store 402.86 m?
Windhover hall 435.85m?
entrance hall 309.96 m?
Exhibition hall 2477.87 m?
Auditorium 666.06 m?
Restroom 284.75 m?
European exhibition 1311.22m?
Contemporary exhibition 4553.43m?
Technical spaces 580.66 m?
Mezzanine 1258.28 m?
Technical spaces 156.96 m?
Exhibition 5923.39
Technical spaces 136.98 m?
restroom 87.84 m?
UCCA Clay Museum
Shared lobby 208.96 m?
Permanent exhibition hall | 344.50 m?
Meeting room 35.83 m?
Coffee shop 110.04 m?
Multi-functional hall 136.81 m?
Toilets 87.24 m*
Temporary exhibition 373.72m?
Multifunctional stage 139.89 m?
Small lecture hall 59.26 m*
Official program:
DESIGNATION SURFACE m2
A- ACCUEIL, ANIMATION, INITIATION 1080
-Hall dégagement 515
-Accueil général du public 110
-Accueil groupe et scolaire 82
-Réception des officiels 60




-Café/salon de thé 110
-Librairie d'art 90
-Infirmerie 13
-Vestiaire et consigne 15
-Téléphone public 15
-Bloc sanitaire principal 70
B° ACTIVITES DE BASE 3210
-Présentation collection temporaire 780
-Présentation collection permanente 1260
-Auditorium 675
-Médiatheque publique 210
-Atelier d'initiation et d'animation 285
C° ADMINISTRATION & CONSERVATION 290
-Acces de service 14
-Direction/gestion/administration 216
-Conservation 45
-Logistique/maintenance 15
D° LOGISTIQUE 920
-Logistique muséographie 80
-Aire de chargement 40
-Réception des oeuvres 40
-Archivage & consultations spécifiques 40
-Réserves 80
-Stockage 80
-Logistique batiment 20
-Acces de service 12
-Locaux personnels 100
-Maintenance batiment 58
-Stockage concessionnaire 30
-Locaux techniques 120
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-Locaux entretien 100
-Poste de sécurité 120
TOTAL SURFACE UTILE 5.500 m2

2- Organizational Standards for Museum Spaces in Algeria

Space / Zone Requirements / Standards
Public Reception - Ground ﬂqor, only pubh‘c entry point- Accessible to all (1ncludmg
Area disabled visitors)- Clear signage and routes- Independent operation from

the rest of the museum

Entrance & Exterior

- Public transport access & parking signage- Protected queueing areas-

Access Seating and shade near entrance
Wayfinding & - Continuous, homogeneous signage- Easy orientation and emergency
Signage exit info throughout the museum
- Multiple, comfortable rest points- May include info kiosks or café
Rest Areas

integration

Sanitary Facilities

- Toilets near reception & throughout- Must include accessible toilets
for disabled and elderly

Infirmary

- For visitors taken ill; should be near main entrance and accessible

Cloakroom / Lockers

- Easily accessible- Explosion-proof locker zones- Anticipate peak
periods (entry/exit)

Ticketing

- Manual and/or automated systems- Design for queue flow

Info Devices

- Digital & physical maps, collection guides- Optional audiovisual
room- Reception desk staffed with hostesses

Bookstore / Gift - Close to reception- Independent stock area- Adapted to museum
Shop themes
Cafeteria / - Located before or after control points- Careful ventilation, smell
Restaurant evacuation, and access planning
Adult Groups - Separate queueing & seating areas- Dedicated passageways and rest
Reception points- Special room for guides
School Groups - Separate entrance if possible- Own cloakroom, toilets, and lunch
Reception room- Preparation and activity rooms
Accessibility - Reserved parking and ramps (max slope 5%)- Accessible doors,
(Disabilities) elevators, rest areas- Adapted signage (visual/audio)
- Controlled lighting (50-200 lux depending on object sensitivity)-
Permanent

Exhibition Spaces

Humidity: 55 + 5% RH; Temp: 18 £ 2 °C- No re-entrant corners; avoid
dead ends- Flexible space layout

Temporary - Separate and accessible from reception- Modular, with proper lighting
Exhibition Area and climate control- Includes prep/storage rooms
. . - Fire-rated materials- Automatic detection/extinguishing systems-
Security & Fire . . . .
Safety Compartmentahzqd areas- Secure exits and anti-theft barriers- Alarm
systems and surveillance
Library / - Nearby reading/media rooms- Includes storage and multimedia zones-
Documentation Informative about museum and beyond
Center
Auditorium / - Ideally at ground level or basement- Controlled access and
Multipurpose Hall | sound/acoustic treatment- Includes control room and technical backstage

Conservation &
Restoration Labs

- Near storage/reserves- Isolated for fire, humidity, chemical safety-
Natural light avoided- Spaces for diagnostics, testing, and treatment
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Storage / Reserves

- Controlled climate & restricted access- Underground preferred-
Reinforced walls and handling space- Includes quarantine room for
incoming works

- Near conservation labs- Used for documentation, education, and

Photography Studio promotion
Administration - Separate from public areas- Independent entrance with strict control-
Offices Must include all management departments
Staff Facilities - Changing rooms, break rooms, rest areas, showers, sanitary facilities
Technical & - Include heating/cooling, power, waste management, extinguishing

Maintenance Areas

systems- Strict isolation and noise control

Vehicle Zones &

- Separate loading zones for works and supplies- Connected directly to

Delivery Docks storage or technical areas
Director’s Residence | - Optional functional apartment for director and head of security
(Optional)
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Annex 2: compression of the systems

Energy Efficienc Daylighting
System / Study [lustration Consumption &y Y Performance Movement Type
(Stats)
(Stats)
\ i——t« x> o
Jayathissa et al. (2018) — w;f:?:f Enerev- Reduced energy Maiﬁ:la;::;irlzgoor
Adaptive Solaire PV - &y demand by 35% J Rotating PV panels
facade \:Q ‘ generating for cooling around 300-500
x % lux
’Q *
Hosseini et al. (2019) — == Reduced lighting | Improved daylight 2D & 3D
Interactive fagade Low energy use by 25~ | autonomy (DA) by responsive shape
30% 28%
Im et al. (2019) — Oculi So}ar. irradiance .Dayhght factor Rotating circular
kinetic facade Moderate optimized to stay | increased by 15— modules
below 400 W/m? 20%
Daylight reduction
.. Nakapan & Not quantified near fagade: 30— .
Siripattanamongkol Low . o . Rotating fins
(2019) — Aluminum fins numerically 45% during peak
sun hours
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Variable

performance,
Passive Potential cooling illuminance .
Yoon (2019) — SMP . Heat-induced cell
responsive facade (thermp- load reduction: | fluctuated between deformation
responsive) 10-15% 200-700 lux
depending on
morphology
Colored glass
Hosseini et al. (2020) — Low Reduced glare improved daylight | Movement based
Colored glass facade risk by up to 40% | uniformity; sDA | on time + occupant
increased by ~20%
Karaseva & Cherchaga Estimated energy Daylight reduction Horizontal and
(2021) — Fin systems Low savings of 10— during summer up vertical fins
18% to 50%
Hosseini et al. (2021) — Reduced solar | Enhanced daylight | 5. ohooirog
Biomimetic tree form Low exposure by 4.5 %o | uniformity and DA adaptive panels
during hot periods by 30%
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. Very low Reduced lighting Maintained .
Ellﬁntlr&lfrl agli(2(l)22) _r (optical power density uniform 300—400 Elecgr(itcilrllromlc
cetrochromic fouvers control) (LPD) by 12-15% | lux indoor lighting &
10
Reduced solar Achieved
Khidmat et al. (2022) - Passive radiation by up to acceptable glare Static mesh pattern
Expanded metal shading 6 Oo/y p control and sDA > p
° 55%
11
Daylight
Sankaewthong et al. autonomy (DA) | Balanced lighting Bio-inspired
(2022) - DNA Low up to 68%, levels between movement based
biomimicry compared to 51% 250-500 lux on stimuli
for static
12
. Energy demand | sDA increased by | Adjustable static
R;Ifgtéi% l(ozlf’vz;z - Low reduced by 15— | ~10-15% with (optimized
22% based on city | optimized angles orientation)
13
Kahramanoglu & Alp Improved daylight Reduced UDI Origami-based
(2023) — Miura-ori Low availability by overexposure by )
folding panels
facade 32% 40%
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14

o df;?giy 15.2 Indoor daylight
Choi (2023) — Kinetic PV ' Energy- P T levels remained | Foldable PV panels
\ g MWh/year; . .
facade generating . within LEED (angle shifts)
\ improved self- comfort range
\ sufficiency
15 Increased useful Annual daylight | Vertical, horizontal,
Kim et al. (2024) — / Low daylight simulations and
Dynamic shading panels illuminance (UDI) | showed sDA up to multidirectional
by 20-25% 80% motion
5 23
: R | W Hybrid system Average UDI: )
Jiang et al. (2024) - e - reduced HVAC & | Rotation (67%), | L hree modes:
PVSDs _ < Moderate C L o rotational, sliding,
(rotation/sliding/hybrid) | il lighting energy by | Sliding (71%), and hybrid
i 28.7% yearly Hybrid (75%)

110




Annex 03: Architectural documents
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Principal facade (Est)
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