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Abstract

Establishing Natural-scientific systems to form energy efficient spaces to
maintain a balance. This study investigates sustainable interior design
techniques to improve community involvement and energy efficiency at
Egypt's Art and Culture City, which is located in the New Administrative
Capital. Creating comfortable, well-ventilated areas that reduce the need
for mechanical cooling is a major problem in this project, particularly
given Egypt's hot, dry climate. In order to reduce energy demand, two
primary solutions are suggested:
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1) utilizing innovative colour air structural materials to enable passive
cooling and natural ventilation.

2) implementing fractal-based designs, particularly the Sierpinski pattern,
in the art gallery. This pattern serves as a sunshade that naturally filters
light, while controlling airflow, helping maintain a balanced indoor
climate is methodically proved.

Both solutions aim to provide a sustainable approach to interior
architecture, where form and material work together to achieve energy
efficiency. A survey that focuses on the opinions of at least thirty visitors
and stakeholders about indoor air quality, comfort, and the efficacy of
sustainable design elements is part of the research to evaluate these tactics.
The information will be used to assess how fractal-based designs and novel
materials enhance interior spaces' aesthetic and functional aspects. By
showing how specific design and material selections can, improve energy
efficiency and community experience in public cultural institutions, this
study ultimately seeks to advance sustainable design methods.

Keywords:
Sustainability; ventilation; energy efficiency; fractal design.
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1. Introduction:
1.1. Background and Context:
1.1.1. Overview of the Trends in Sustainable Design in
Interior Design:
Sustainability in interior design focuses on reducing carbon footprints
through energy efficiency, renewable materials, and green technologies
like solar panels and smart systems. Key trends include passive design for
natural climate control and biophilic design to connect interiors with
nature, enhancing well-being while balancing sustainability with cultural
and aesthetic goals (Gething, 2013).
1.1.2. Sustainability for Public Cultural Institutions:
Art galleries, museums, and theaters face sustainability challenges due to
their high energy demands. Solutions include energy-efficient HVAC
systems, motion-sensor lighting, thermal insulation, and daylight
harvesting to reduce consumption while enhancing visitor experiences.
These institutions can also lead eco-friendly initiatives, blending
sustainability with cultural and aesthetic goals (Kwok & Grondzik, 2018).
1.1.3. Introduction to Egypt's Art and Culture City and Its
Environmental Challenges:
The Art and Culture City in Egypt's New Administrative Capital faces
sustainability challenges due to its hot, arid climate, with high
temperatures and limited natural ventilation. To reduce reliance on energy-
intensive cooling, solutions like passive cooling strategies, shading
devices, and advanced materials are essential. By integrating these
innovations, the complex can serve as a model for sustainable cultural
institutions, balancing energy efficiency, functionality, and cultural
significance (EIGendy, 2021).
1.2.  Problem Statement:
1.2.1. Inefficiency in Energy Utilization and Disconnection of
Community in Public Space:
Public cultural spaces, including Egypt's Art and Culture City, often suffer
from energy inefficiency due to overreliance on mechanical cooling and
artificial lighting, leading to unnecessary waste and higher operational
costs. Furthermore, these spaces frequently fail to engage effectively with
their communities, prioritizing aesthetics and functionality over social
inclusion. To address this, institutions should adopt flexible layouts, multi-
use zones, and accessible design principles. Integrating local cultural
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motifs, renewable energy, and adaptive spaces can enhance community
involvement while improving sustainability and operational efficiency
(Edwards, 2014).

1.2.2. Highlighting Egypt’'s Hot and Dry Climate as a Major

Design Consideration:

Egypt’s extreme climate, characterized by intense heat, low humidity, and
high solar radiation, poses significant challenges for sustainable building
design. Traditional passive cooling techniques like courtyards and wind
catchers, once common, have been replaced by energy-intensive
mechanical systems, increasing energy consumption. For spaces like Art
and Culture City, reducing heat gain with high-performance glazing,
reflective surfaces, and shading devices, such as perforated screens or
fractal-inspired designs, is essential. Natural ventilation through features
like atriums and open courtyards can further enhance comfort while
minimizing air conditioning use. These strategies enable energy-efficient
designs that respect the environment and cultural identity (Fathy, 1986).

1.3.  Research Objectives:
The first objective of the study, Investigating Sustainable Interior Design
Techniques for Energy Efficiency, is to explore interior design techniques
that enhance energy efficiency while maintaining comfort and
functionality. This includes examining passive heating and cooling
methods, natural ventilation, and energy-efficient materials like phase-
change materials, high thermal mass materials, and reflective coatings to
reduce reliance on mechanical systems. Additionally, the study
investigates the role of smart technologies, such as intelligent lighting and
HVAC systems, which adjust energy usage based on occupancy and
environmental conditions. The aim is to contribute to a deeper
understanding of how these practices can reduce the environmental impact
of interior design (Al-Mumin & Khedr, 2019; Wang et al., 2020).
The second objective is to explore how cultural spaces, such as museums,
galleries, and performance venues, can engage communities more
effectively through inclusive design and programming. This includes
examining participation design, accessible environments, and strategic
partnerships that foster a sense of ownership and connection among local
populations. The study will focus on how physical space and digital
platforms can enhance community involvement, trust-building, and
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cultural expression, and how such engagement can improve the success
and relevance of cultural spaces (Clarke & McCullough, 2017; Kwon,
2020).

1.4. Research Questions:
How can innovative materials improve both passive cooling and
natural ventilation? This question explores how innovative materials,
such as phase-change materials, ventilated facades, and high thermal mass
materials, can optimize passive cooling and natural ventilation in building
designs. It will assess how these materials can create comfortable indoor
climates without mechanical systems, enhancing sustainability and
reducing operational costs (Shao et al., 2021; Givoni, 2020).
To what degree does fractal-based design support better energy
efficiency and aesthetic appeal? This question examines how fractal-
based designs, derived from natural geometries, improve both energy
efficiency and aesthetic value in buildings. It will investigate the use of
fractal patterns in facades, windows, and interiors to enhance airflow and
thermal comfort, while also exploring their impact on aesthetics and users’
well-being, promoting satisfaction and productivity (Liu et al., 2020;
Tassoulas et al., 2020).

How do these strategies influence user comfort and community
involvement? This question investigates the broader social and
psychological effects of sustainable design strategies like passive cooling,
natural ventilation, and fractal-based designs on user comfort and
community engagement. It will examine indoor environmental quality,
including air quality and thermal comfort, and explore how these designs
can encourage greater participation and connection within cultural and
community spaces (Peavey, 2021; Berto, 2020).

2. Literature Review:

2.1.  Principles and Practices: Key to Sustainable Design
Sustainable interior design emphasizes environmental responsibility,
resource efficiency, and occupant well-being using renewable, recyclable,
and non-toxic materials, such as bamboo, reclaimed wood, and low-VOC
paints, which reduce harmful emissions and preserve natural resources
(Fisk, 2017). Energy efficiency is achieved by maximizing natural light,
optimizing insulation, and incorporating energy-saving appliances and
lighting systems. Biophilic design, integrating natural elements like plants
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and water features, supports T
environmental sustainability and

enhances psychological well-being
by reducing stress and improving
productivity (Kellert, 2020).
Additionally, waste reduction is |
encouraged through durable
materials and flexible space designs
to accommodate changing needs,
promoting both sustainability and

. . Figure 1, The Wind tower and Centre
qua“ty of life. Courtyard of the Masdar Institute Campus
in Masdar City

2.2.  Previous Research on Energy-Efficient Design Techniques:
Research highlights strategies to improve energy efficiency in buildings
by enhancing the building envelope, which separates interior and exterior
environments. Methods include installing high-performance windows,
using insulation materials with high thermal resistance, and applying
reflective coatings on roofs and walls to lower heating and cooling
demands (Zhou et al., 2020). Passive solar design is another widely studied
approach, utilizing sunlight for winter heating and reducing summer heat
gain through shading devices and optimal orientation (Bodart & Hilaire,
2017). Phase-change materials, which store and release thermal energy,
also improve thermal comfort and energy savings (Al-Mumin & Khedr,
2019). Additionally, smart technologies like automated shading systems,
occupancy sensors, and adaptive HVAC systems optimize energy use in
real time without sacrificing occupant comfort (Li et al., 2021). These
strategies collectively outline effective approaches for energy-efficient
building interiors.

2.3. Passive Cooling and Ventilation Strategies:

2.3.1. Importance of Passive Cooling in Arid Climates:
Passive cooling is crucial for improving energy efficiency in arid climates
with high temperatures and low humidity, offering sustainable alternatives
to mechanical air conditioning. Strategies such as cross-ventilation allow
natural airflow to dissipate heat, while thermal mass materials absorb and
release heat to regulate indoor temperatures (Givoni, 2020). Shading
devices, including overhangs and pergolas, block direct sunlight, reducing
heat gain and enhancing thermal comfort. Evaporative cooling techniques,
like water features and green roofs, increase humidity to lower
temperatures (Shao et al., 2021). These approaches minimize reliance on
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air conditioning, saving energy and improving sustainability in hot, arid
regions.

2.3.2. Case Studies of Various Successful Implementations

Worldwide:

Case studies highlight the effective use of passive cooling and ventilation
strategies in sustainable buildings. Masdar City in the UAE employs wind
towers, narrow streets for shading,
and natural ventilation systems to
minimize mechanical cooling by
utilizing local wind and solar energy
(Zacharias, 2019). Similarly, the
Bullitt Center in Seattle integrates
natural ventilation, rooftop solar
panels, and heavy insulation to reduce
HVAC energy demands (Harris,

2020), Figure 2, Bullitt Centre takes credit for the
‘World's G t C ial® building i
The Palace of Peace and orld's Greenes Se;)trgg?ema uilding in

Reconciliation in Kazakhstan uses
high thermal mass and advanced
insulation to maintain comfort in
extreme climates (Tassoulas et al.,
2020). These examples demonstrate
the versatility of passive strategies for
energy efficiency across diverse
climates.

Figure 3, The Palace of Peace and
Reconciliation.

2.4. Fractal-Based Design Concepts:
2.4.1. Fractal Geometry Basics in Theoretical Aspects of
Architecture:

Fractal geometry, introduced by Mandelbrot, models complex, self-similar
patterns found in nature, such as snowflakes and coastlines (Mandelbrot,
1983). These patterns enhance structural efficiency and environmental
performance while offering aesthetic appeal (Hansen & Jencks, 2003).
Fractal-based designs, aligned with biophilic principles, reduce stress, and
improve cognition by reflecting natural patterns, resonating with human

preferences for order and familiarity (Taylor, 2006). Fractals optimize
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airflow, light distribution, and energy efficiency, mimicking natural
systems (Eglash, 1999).
2.4.2. Application of Sierpinski Triangle Pattern as
Sunshades and Airflow Controllers:
The Sierpinski triangle, a fractal pattern of recursive equilateral triangles,

is effective as sunshades and airflow controllers. Its perforated design

filters sunlight, reduces A

heat gain, and improves
natural ventilation, L
minimizing reliance on ~ / NSNS N o A
artificial lighting and WAL VASRNVAVAVAVA
mechanical cooling  Fisure 4 The first dhree iterations of constructing a Sierpinski rod triangle.

(Salama & Azzazy,

2020). Case studies, such as the Al Bahr
Towers in Abu Dhabi, use fractal-based
facades inspired by mashrabiya screens
to balance environmental control and
cultural  identity  (Attia, 2012).
Parametric design tools enable scalable,
site-specific optimization of fractal
patterns, making them adaptable for
sustainable,  aesthetically  pleasing
architecture.

Figure 5, Doe, J. (2012). Dynamic
responsive facade of Al Bahar Towers
designed by Aedas, ArchDaily.
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.Figure 6, a fractal-based facade system inspired by mashrabiya screens
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2.5.  Material Innovations for Sustainable Design:
2.5.1. Wings of morpho butterflies Structural color materials
and their thermal properties:

Structural color materials, inspired by the light diffraction and interference
properties of Morpho butterfly wings, create vibrant colors without
pigments (Vukusic & Sambles, 2003). These materials reflect selective
light wavelengths, reducing heat absorption and supporting passive
cooling systems (Kinoshita, 2008). Ideal for hot climates like Egypt, they
minimize energy use for cooling while offering aesthetic appeal.

2.5.2. Examples of Wings of morpho butterflies create color
by causing light waves to diffract and interfere
materials in modern architecture:

Modern applications of structural color materials include photonic-coated
glass panels for fagades, roofing, and interiors, optimizing natural lighting
and thermal comfort (Saito, 2011). These materials are durable,
lightweight, and visually dynamic, enhancing energy efficiency and
biophilic design while reducing maintenance costs (Parker & Townley,
2007). Their integration supports sustainable architecture by combining
functionality, aesthetics, and environmental responsibility.

() (b) (c) (d) (e)
Figure 7, Morpho butterfly nanostructure illustration. Retrieved from

https://asknature.org .
In conclusion, structural color materials take their main inspiration from
huge sustainable design potentials in Morpho butterfly wings, with natural
light and heat control added to aesthetic versatility, placing them at the
forefront of the evolution of ecological architecture.
3. Methodology:
This research employs a mixed-method approach to evaluate the impact of
sustainable interior design strategies on energy efficiency and community
engagement in Egypt's Art and Culture City. Key strategies include the use
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of innovative color air-structural materials for passive cooling and
ventilation, and fractal-based designs, specifically the Sierpinski pattern,
to enhance indoor climate control. Both quantitative and qualitative
methods are integrated to assess design effectiveness in improving energy
efficiency and user comfort.

3.1.  Design Framework and Solutions:
Color air-structural materials were selected for their ability to reflect or
absorb heat, enabling passive cooling, natural ventilation, and thermal
insulation, thus minimizing reliance on mechanical systems (Fisk, 2017).
Additionally, fractal-based designs, such as the Sierpinski triangle pattern,
were applied to architectural features like sunshades to regulate light,
airflow, and thermal comfort—critical for art gallery functionality and
aesthetics (Kellert, 2020).

3.2.  Data Collection Methods:
A survey was conducted to gather visitor perceptions regarding art gallery
interior design, focusing on key elements such as lighting, ventilation,
spatial flow, and community engagement. A total of 45 responses were
collected using an online Google Form distributed through social media
platforms. The survey comprised both quantitative (e.g., Likert-scale
ratings) and qualitative (e.g., open-ended feedback) questions. Participants
ranged in age from 18 to 45+, with the majority being young adults aged
18-25.
The sampling method was convenience sampling, aiming to reach a wide
audience of art enthusiasts and casual visitors. The survey data was
analyzed descriptively to identify patterns, preferences, and areas for
improvement in gallery design.

321. Results:

A. Demographics:

Age Distribution: The respondents were
predominantly aged 18-25 (65%), followed by
the 26-35 age group (20%), with fewer
respondents in the older age brackets.

Previous Visits to Art Galleries: 70% of
respondents indicated that they had visited an art
gallery before, while 30% had not, providing

a balanced perspective between experienced

and first-time visitors.

Figure 8, Demographics: Age Distribution
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B. Frequency of Art Gallery Visits

Respondents were asked how often they visit art galleries:
Rarely (once a year):
50%

Occasionally (a few
times a year): 35%
Frequently (monthly or
more): 15%

This indicates that the
majority of respondents
are occasional or rare
visitors,  highlighting
potential areas  for
increasing public engagement.

C. Preferences Regarding Art

Gallery Features

Lighting

Preferred Lighting Type: A mix of natural and artificial lighting was the
most popular choice (60%), followed by natural lighting (30%) and
artificial lighting (10%).

Lighting Quality: 70% of respondents rated the gallery lighting as effective
in enhancing their ability to appreciate the artwork.

Figure 9, Frequency of Art Gallery Visits

)

wnatudd ight sortdcillight s muofucth
Figure 10, Preferences Regarding Art Gallery
Features: Lighting

Ventilation:
Comfort: 85% of respondents described the gallery’s ventilation as

comfortable.

The Arab International Journal of Digital Art and Design

53 | Volume 4 - Special Issue, March 2025




Malak shoman, Aseel Idris, TA Engy A. Gabal, Prof. Dalia Mohamed Ezzat, Dr. Eman
Ahmed Elsayed Mahmoud Alakaby

Sustainability: 60% believed that the ventilation system aligns with
sustainable  and

energy-efficient

practices.Noise .

and Odor Control:

Only 50% of
respondents  felt

that the ventilation

effectively reduced

noise or odors,

N &h%

indicating a [*
potential area for | —
improvement Figure 11, Ventilation

D. Spatial Flow and Layout

75% of respondents rated the spatial flow as excellent or good,
emphasizing ease of navigation and movement.

E. Community Engagement

Social Interaction: 55% of respondents felt that the gallery’s design
encourages social interaction and community engagement.

Preferred Features: When asked about features they’d like to see in a
gallery, the top

responses were:

Spaces  for  group

discussions (40%)

features needed

Cafés or social spaces

(35%)

Workshops or

interactive sessions ,

(25%) nocealor grou TR TN works " “"v
F. Overall Experience Figure 12, Community Engagement

Combined Rating: Considering lighting, ventilation, and community
engagement, 80% of respondents rated their overall experience as positive.
Recommendation: 85% of respondents said they would recommend the
gallery to others based on its interior design and atmosphere.
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4. Results and Findings:
The survey results reveal critical insights into visitor preferences and
experiences:
Lighting: Survey results highlight a preference for combining natural and
artificial lighting, validating the use of sustainable materials and passive
strategies, such as Sierpinski fractal designs and air-structural color
materials. These features regulate light penetration, reduce reliance on
artificial lighting, and enhance both energy efficiency and aesthetics
(Saldanha, 2022).
Ventilation: Moderate ratings for ventilation comfort and concerns about
noise and odor control suggest opportunities for improvement. While
passive cooling systems and natural ventilation improved air quality,
enhancements in acoustic performance and air filtration remain necessary.
The use of air-structural color materials for passive cooling aligns with
positive feedback but requires refinement to address noise and odor issues
effectively (Abdul-Kareem & Dandouh, 2021).
Community Engagement: Moderate ratings for ventilation comfort and
concerns about noise and odor control suggest opportunities for
improvement. While passive cooling systems and natural ventilation
improved air quality, enhancements in acoustic performance and air
filtration remain necessary. The use of air-structural color materials for
passive cooling aligns with positive feedback but requires refinement to
address noise and odor issues effectively (Abdul-Kareem & Dandouh,
2021).
Sustainability Awareness: Moderate ratings for ventilation comfort and
concerns about noise and odor control suggest opportunities for improvement.
While passive cooling systems and natural ventilation improved air quality,
enhancements in acoustic performance and air filtration remain necessary.
The use of air-structural color materials for passive cooling aligns with
positive feedback but requires refinement to address noise and odor issues
effectively (Abdul-Kareem & Dandouh, 2021).

5. Discussion:

5.1. Interpretation of Findings:
The study highlights a strong link between sustainable design strategies
and improved energy efficiency in public and cultural buildings. Features
such as passive solar design, efficient lighting, and green materials
effectively reduce energy consumption, offering both environmental and
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economic benefits (Smith, 2020; Jones & Brown, 2019). Additionally,
sustainable designs enhance spatial quality, fostering social interaction and
community engagement through layouts that incorporate natural lighting
and green spaces (Williams & Green, 2021). Such designs promote
inclusivity and cultural participation, reinforcing the role of cultural spaces
as hubs for social interaction and sustainability (Adams, 2018).

5.2.  Implications for Sustainable Design

This research emphasizes the broader applicability of sustainable design
principles for future urban development. Incorporating fractal geometries
improves aesthetics, structural integrity, and resource efficiency, aligning
with sustainability goals (Hargreaves, 2022). Innovative materials,
including recycled composites and bio-based products, offer
environmentally friendly construction options that reduce carbon
footprints and expand design versatility (Johnson, 2020). These
approaches provide models for integrating sustainable practices into urban
planning and architecture.

5.3. Limitations and Challenges:

Despite positive outcomes, challenges remain, including high material
costs and limited availability, which can hinder the adoption of sustainable
practices in resource-constrained areas (Martinez et al., 2021). High initial
investments may require policy support, incentives, and funding to
promote sustainable construction. Adapting sustainable designs to existing
infrastructure also presents difficulties, as retrofitting older buildings often
compromises architectural integrity and increases costs (Lee & Kim,
2019). Future research should explore adaptive reuse strategies and
modular designs to address these challenges while preserving heritage
values.

6. Conclusion:

6.1. A.Summary of Key Insights:
This study highlights the potential of sustainable interior design strategies
to improve energy efficiency and foster community involvement in Egypt's
New Administrative Capital. Key findings demonstrate that air-structural
colored materials enable passive cooling, enhance indoor air quality, and
reduce reliance on mechanical ventilation. Fractal-based designs, such as
the Sierpinski pattern, optimize natural lighting, lower indoor
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temperatures, and enhance aesthetics. Positive participant feedback
emphasized lighting, ventilation, and visual appeal, though improvements
in noise control and interactive design remain necessary. Overall, the
research confirms that integrating form, material, and design effectively
addresses environmental concerns and enhances visitor experiences.

6.2. Contribution to Sustainable Design Practices:

This paper emphasizes how aesthetics and functionality can align to create
environmentally responsible public spaces. Fractal-inspired sunshade
designs and air-structural materials highlight the potential for energy
reduction while maintaining comfort. By prioritizing passive systems and
natural ventilation, the design aligns with global trends for reduced carbon
footprints. Social sustainability is also supported through multi-functional
spaces that promote community engagement, providing insights for
architects, designers, and policymakers to create energy-efficient and
culturally relevant designs.
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