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Abstract

The Moroccan Ryad, a cherished architectural treasure in North Africa, symbolizes cultural
richness and architectural legacy. This paper advocates an inventive strategy to preserve
and rejuvenate the Ryad as an energy-efficient model, intertwining modern sustainability
principles. Employing a multidisciplinary approach, this study delves into the fusion of tra-
ditional Ryad design with contemporary sustainability, tackling energy efficiency, resource
conservation, and cultural heritage challenges. Examining historical construction methods,
material choices, and spatial arrangements alongside sustainable building practices, this
paper showcases case studies of newly constructed sustainable Ryads. These examples
spotlight strategies like passive solar design, renewable energy incorporation, water con-
servation, and local material use, augmenting energy performance while fostering cultural
continuity through eco-friendly materials and traditional craftsmanship. This research also
explores the social and economic impacts of this sustainable Ryad model, including its
potential to boost tourism, generate employment, and engage communities. Additionally,
it addresses the role of public policy in supporting sustainable practices for preserving
Moroccan cultural heritage. By amalgamating culture, sustainability, and energy efficiency,
this paper envisions a new role for the Moroccan Ryad, positioning it not only as a guardian
of heritage but also as a symbol of environmentally responsible architecture—a model
applicable to culturally rich regions globally.

Keywords: sustainability; energy efficiency; cultural building; renewable energy; passive
strategies

1. Introduction
Preserving cultural architectural heritage constitutes a profound commitment to the

essence of a community, encapsulating its roots, values, and the intricate tapestry of its
history [1]. It provides a tangible link to bygone eras, allowing subsequent generations
to traverse the corridors of time, gaining insight into the customs, beliefs, and ways of
life of their ancestors. This continuity of cultural identity, in turn, forms the bedrock of a
collective narrative, fostering a profound sense of belonging and pride among community
members [2].

Yet, the significance of architectural heritage extends far beyond sentimentality, perme-
ating into the realm of education and knowledge transfer. These age-old structures stand
as silent tutors, offering invaluable lessons in craftsmanship, engineering ingenuity, and
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artistic expression. By scrutinizing the architectural marvels of yesteryears, we glean not
only a deeper appreciation for the skills of our forebears but also a wellspring of inspiration
for contemporary innovation [3].

Moreover, the economic repercussions of preserving cultural architectural heritage
reverberate through local and national landscapes. Historic sites often serve as linchpins
of cultural tourism, beckoning visitors from around the world. The influx of tourists
brings with it a dynamic injection of economic vitality, breathing life into local businesses,
sustaining artisans, and supporting a spectrum of service providers. This economic stimu-
lus, in turn, fortifies the very foundation of preservation efforts, ensuring the continued
safeguarding of architectural gems for generations to come.

Architectural heritage, when seamlessly integrated into urban planning endeavors,
wields transformative power. These historical treasures infuse urban landscapes with
a distinctive character and sense of place, serving as anchors of authenticity in a world
increasingly defined by uniformity. The adaptive reuse of old structures not only preserves
a tangible link to the past but also alleviates the environmental strain associated with new
construction, aligning with the imperative of sustainable development [4].

In an age rife with environmental challenges, the environmental stewardship inherent
in heritage preservation should not be overlooked. Retrofitting historic buildings with mod-
ern, energy-efficient technologies represents a beacon of hope in the fight against climate
change. By imbuing these venerable structures with new life, we not only reduce energy
consumption but also mitigate the greenhouse gas emissions associated with construction.

Socially, well-preserved historical buildings serve as catalysts for cohesion and well-
being. They bequeath to communities esthetically pleasing environments that foster social
interaction, cultural events, and communal gatherings [5]. Research has shown that expo-
sure to such environments has a demonstrable positive impact on mental well-being and
overall quality of life, affirming the intrinsic link between architectural heritage and human
flourishing [6].

Lastly, the global resonance of architectural heritage is undeniable. These structures
transcend geographical borders, serving as universal ambassadors of human creativity and
cultural diversity. By preserving and showcasing our unique architectural achievements,
we contribute to a global dialog on the shared human experience, enriching the tapestry of
our collective heritage [7].

In 2020, there was a 1% decrease in global energy demand for buildings, amounting to
approximately 127 exajoules (EJ) [8]. Despite this decline, the building sector still accounted
for 36% of the overall energy demand, a slight increase from the 35% recorded in 2019 [9].
This shift can be attributed to changes in demand patterns within the sector. The reduction
in energy consumption in buildings and construction was primarily driven by shifts in
how existing buildings were utilized during the pandemic, as well as a general slowdown
in production and demand for construction materials due to economic factors. Energy
demand transitioned from commercial and retail spaces towards residential areas, with
many public buildings also experiencing extended closures. As a result of these changes,
carbon dioxide (CO2) emissions from building operations saw a notable 10% decrease in
2020, totaling around 8.7 gigatons, down from approximately 9.6 gigatons in 2019 [10].
The historic decline in new building construction also led to a reduction in construction-
related energy emissions, particularly from the manufacturing of building materials, which
dropped from 3.6 gigatons of CO2 in 2019 to 3.2 gigatons in 2020 [11]. Despite these positive
developments, the proportion of global energy-related CO2 emissions originating from the
buildings and construction sector in 2020 remained significant at 37%, only slightly down
from the 38% observed in 2019, owing to shifts in the sector’s contribution relative to other
industries [12].
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Generally, nowadays, the global building sector stands at a pivotal crossroads, where
the urgency of environmental stewardship converges with the imperatives of burgeoning
urbanization [13]. Embracing sustainable development in this context is tantamount to a
paradigm shift, necessitating a holistic reimagining of how we conceive, construct, and
inhabit our built environments [14]. This transformation is not a mere aspiration but a
vital response to a world facing escalating resource scarcity and climate challenges. The
building sector’s substantial contribution to global energy consumption and greenhouse gas
emissions underscores the pressing need for sustainability. By adopting forward-thinking
strategies, from energy-efficient design to the incorporation of renewable materials and
cutting-edge technologies, we can substantially mitigate these environmental impacts [15].
Moreover, as climate change escalates, the integration of resilient design features becomes
imperative, ensuring that our built environment can weather the increasing frequency and
intensity of natural disasters.

The juxtaposition of heritage preservation and sustainable development presents a
formidable challenge in the realm of architectural innovation. In Morocco, a nation steeped
in centuries-old cultural traditions and architectural marvels, this intersection finds a
poignant expression in the traditional Ryad [16]. Nestled within the bustling medinas of
cities like Marrakech, Fes, and Rabat, these historic homes stand as living testaments to the
country’s rich cultural tapestry. However, as the imperatives of environmental stewardship
and energy efficiency gain ever greater prominence, there is an imperative to re-envision
these architectural gems through a lens of sustainability [17].

1.1. Moroccan Context and Cultural Architectural Heritage

The role of architecture is to preserve the customs and traditions of society. Moroccan
architecture has been influenced by arabe culture during the Idrisid dynasty, by Moorish
exiles from Spain, and also by the French during colonization. Today, Moroccan architecture
is highly diversified, including ancient architecture, Berber style, Arab-Andalusian style,
neoclassical architecture, neo-Moroccan, and neo-Moorish styles [18].

1.2. Ryad’s Presentation and History

A riad is a traditional Moroccan residence, renowned for its inner garden and court-
yard. Riads are prevalent throughout Morocco, once serving as the homes of affluent
merchants and traders. Today, riads across the kingdom of Morocco have been transformed
into luxury guesthouses, offering a delightful retreat for both local and foreign travelers [19].
These time-honored structures, known as “riads,” have played a pivotal role in establishing
Morocco as one of the world’s premier tourist destinations. Experiencing genuine Moroc-
can life by staying in a riad, as opposed to an ordinary hotel, is an enthralling and culturally
immersive experience for visitors from around the globe [20]. They are also renowned for
their open-ceiling structure. Typically, the inner courtyard of these charming buildings
is adorned with traditional, colorful mosaic work known as “Zellij” and accentuated by
ceramic fountains at the center, surrounded by plants, trees, and flowers [21].

The architectural blueprint of the Riad finds its roots in ancient civilizations, repre-
senting a seamless amalgamation of diverse design principles. While dwellings centered
around internal courtyards were prevalent in the Greco-Roman world of antiquity [22],
their distinctive prominence in Moroccan-Andalusian architecture sets them apart today.
Courtyards have also been an enduring hallmark of residential architecture in the Middle
East, and the incorporation of landscaped gardens in Islamic architectural traditions can be
traced back to ancient Iranian civilization. During the 11th-century invasion of Spain, the
Idrisids dispatched Muslim and Jewish artisans from Spain to Morocco, enabling a transfer
of knowledge and skills in the realms of art and craftsmanship.
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The rich tapestry of Arab-Muslim art finds its most sublime expression in the intricate
and awe-inspiring architecture of Morocco. Each facet of Moroccan architectural design
Figure 1 resonates with a profound sense of majesty, resilience, and esthetic equilibrium,
encapsulating the essence of Moroccan artistic ingenuity [23]. This legacy is most notably
embodied in the iconic Ryads and Kasbahs, which stand as living testaments to Morocco’s
vibrant artistic heritage. These architectural marvels bear witness to a history woven with
threads of creativity and innovation [24].

  

Figure 1. Traditional Moroccan architectural aspects [25].

Within the graceful contours of Moroccan architecture, one encounters a symphony of
elements that evoke a palpable sense of opulence and splendor. The delicate intricacies of
stucco work, meticulously sculpted by skilled artisans, grace the walls and ceilings of these
structures, lending an air of refined elegance. Zellige represented in Figure 1, a mosaic of
hand-cut tiles, adorns surfaces with a mesmerizing array of patterns and colors, casting a
spellbinding effect on all who behold them [26]. Tadelakt, a luminous and polished plaster,
bestows a luminescent sheen upon walls, offering both visual allure and practical durability.
Meanwhile, bejmat tiles, with their earthy tones and geometric precision, lend a timeless
and harmonious quality to the architectural ensemble. Furthermore, the architectural
motifs of Morocco tell a compelling tale of cultural exchange and historical resonance [27].
The legacy of Islamic influence, notably during the Idrisid dynasty, intertwines seamlessly
with the enduring marks left by Moorish exiles from Spain [28]. French colonialism also
imprinted its distinct architectural footprint on this multifaceted landscape [29]. These lay-
ers of influence converge, resulting in an architectural synthesis that is uniquely Moroccan,
encapsulating a narrative of cultural amalgamation and evolution.

In the heart of every Ryad and within the walls of every Kasbah, one discovers
a profound reverence for tradition, where age-old craftsmanship meets contemporary
sensibilities [30]. The central courtyard of a Riad, adorned with a tranquil fountain, serves
as a sanctuary of serenity, inviting contemplation amidst the bustling rhythms of daily life.
Majestic domes soar overhead, their graceful arches echoing the aspirations of a culture
steeped in artistic aspiration. Intricate wrought-iron grilles bestow an air of intricate beauty,
marrying form and function in a timeless embrace. Moroccan architecture stands as a
testament to the enduring spirit of creativity and cultural exchange. Its intricate beauty,
reflecting the artistry of generations, continues to inspire awe and admiration. From the
grandeur of Riads to the fortitude of Kasbahs, every stone and ornament tells a story of
ingenuity, innovation, and reverence for tradition. It is within the walls of these architectural
masterpieces that the soul of Morocco finds its most eloquent expression, inviting all who
encounter them to embark on a transcendent journey through time and artistry.
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Within the Moroccan context, a rapidly urbanizing landscape underscores the criti-
cality of responsible urban growth. The preservation of Morocco’s architectural heritage,
exemplified by the distinctive Ryads, presents a compelling opportunity to harmonize the
past with the present. Balancing the imperative of conservation with modern, sustainable
construction techniques is an intricate endeavor, but one that promises to enrich Morocco’s
urban fabric with a unique synthesis of heritage and innovation. Moreover, Morocco’s
abundant renewable energy resources, particularly its sun-drenched landscapes, offer a
reservoir of untapped potential. The integration of solar technologies, from photovoltaic
systems to passive solar design principles, not only enhances energy efficiency but positions
Morocco at the vanguard of the global transition towards renewable energy. The protection
and preservation of cultural architectural heritage represent a profound investment in
our shared humanity, imparting a legacy of wisdom, inspiration, and sustainable living
to future generations. It honors the achievements of our ancestors, imparts invaluable
lessons, and shapes vibrant, culturally rich societies that stand as beacons of resilience and
continuity in an ever-evolving world.

2. Literature Review
Traditional and cultural buildings are architectural structures that hold significant

historical, cultural, and societal importance. They are often characterized by unique design
elements, construction techniques, and materials that reflect the cultural heritage of a
particular region or community. These buildings serve as tangible expressions of a society’s
values, beliefs, and way of life, and they play a crucial role in preserving and transmitting
cultural heritage from one generation to the next.

In the scientific literature, research related to traditional and cultural buildings en-
compasses a wide range of topics, including architectural design, construction methods,
materials science, preservation and conservation techniques, cultural heritage manage-
ment, and the socio-cultural significance of such buildings. In delving into the extensive
legacy of traditional housing construction Tolqinovich drew essential insights and provide
pertinent recommendation [31], Nakhaee Sharif, A et al. examine energy-efficient of tradi-
tional Iranian housing design, emphasizing the importance of considering global warming
and non-renewable energy sources in cold climates, specifically in Azerbaijan. The study
advocates for designing homes based on regional climate conditions, known as climatic
design, as the most effective way to maximize energy efficiency. It also offers practical
recommendations for energy-saving measures in residential architecture [32]. Several other
parameters in the traditional architectural context were studied in the literature such as
geographical factors, which was treated by Camilla et al. where their aim is to uncover
how these factors shape the use of earthen construction techniques, such as rammed-earth
and adobe. Through extensive data collection and mapping, the study identifies specific
characteristics of these techniques in different locations. By correlating this information
with other thematic maps, the research sheds light on the factors that promote or impede
the use of earthen construction. Additionally, the study highlights valuable lessons for
sustainable architecture, emphasizing the importance of considering geographical factors
and local morphology in rehabilitation and new construction projects [33].

Several works enhance their cultural heritage making the particularity under spot by
conducting interesting deep research aiming to protect it [34], Umar G. et al. T delve into
the conservation and restoration of Hausa traditional architecture, with a focus on spatial
design from villages to towns. It highlights the significance of understanding compound
structures and their associated concepts. Through a review approach, the study explores
key architectural elements and their relevance for preserving Hausa traditional residential
settlements for future generations [35].
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Traditional housing in Arab culture reflects distinctive architectural styles, often char-
acterized by intricate designs and solid structures [36–38]. This cultural facet finds rich
representation in the literature, where narratives often weave tales around the significance
and symbolism embedded in these traditional dwellings. Barkouch introduces unique
architectural ensembles and traditional habitats in the Arab-Andalusian style, character-
ized by robust external walls [39]. Morocco stands as a significant repository of Arabic
cultural heritage, particularly evident in its traditional houses or Ryads. Numerous works
extensively delve into the study of Moroccan Ryads, exploring various parameters to under-
stand and document their cultural and architectural significance. A Madoeuf explores the
portrayal of traditional Moroccan riads in Marrakesh as tourist accommodations, empha-
sizing them as cultural experiences within a spatial framework, offering insights into the
indigenous lifestyle and culture [40]. Selkani et al. provide a concise overview of Moroccan
culture by exploring the architectural history of Riads, offering examples to illustrate their
significance from the different Moroccan regions [41]. One of the most representative cities
of Moroccan architectural culture and UNESCO site is Fes, which serves as a crucial case
study in Elena et al. work revealing the impact of modern influences on architectural
and urban heritage, highlighting the need for a thoughtful balance between innovative
techniques and traditional knowledge to preserve the city’s unique character [42].

Other papers explore the architectural components of riads [43–45], including the
examination of mocharabi parts by Eljaouhari et al. Their study focuses on Moucharabieh,
adapted in contemporary projects as decorative elements, aiming to offer local identity and
an intelligent climate control system, evaluating its functions in comparison to traditional
uses and its impact on contemporary architecture [46]. Zellige, deeply rooted in “andalusi”
culture, is explored in the literature and remains a significant element in both traditional
and contemporary art, particularly in the construction and design of Ryads. Asselman A.
highlights a Moroccan artist from Tetouan, emphasizing their effort to push the boundaries
of traditional Zellige usage, contributing significantly to ongoing research [47], Additionally,
Tadelakt, Marrakesh’s traditional plaster, uniquely utilizes a hydraulic lime produced near
the city, containing underburnt fraction and silicatic-clastic aggregate, eliminating the need
for additional aggregates and contributing to its waterproof qualities, El Amrani et al.
explore its compositional traits by examining the properties of the original carbonatic stone
employed in lime production [48,49].

Nowadays, sustainability is an essential element integrated into all sectors, particu-
larly in buildings. Mawada et al. present a review paper addressing the urgent need to
mitigate greenhouse gas emissions from the building sector, which currently contributes
up to 45% annually, by examining the extent and nature of sustainable building practices in
the UK, emphasizing a shift from traditional construction methods to multidisciplinary,
integrated approaches, and considering end-user perspectives [50]. Moreover, to present
a deep representation of sustainable development it is significative to include the social
dimension, where Stender M. et al. delves into the feasibility of integrating social sustain-
ability into building projects, examining theoretical approaches and practical applications.
It explores the challenges of measuring and certifying social sustainability in housing and
neighborhoods, proposing a framework with 12 indicators focused on social cohesion,
participatory processes, and accessibility [51]. A case study on Danish social housing
assesses the integration of these indicators into certification systems like the DGNB, em-
phasizing the importance of considering the complex or neighborhood’s relationship with
the city, its development over time, and adaptability to future needs [52], the sustainabil-
ity concerns all types of buildings from new constructed to the historical and traditional
ones, Dirlish discuss in his works the need for assessment schemes highlighted by Efforts
to enhance resource efficiency in the built environment for reducing carbon emissions,
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which, while acknowledging historic buildings’ unique requirements, should integrate
traditional building principles, heritage management, regional craftsmanship, and climate
adaptation [53], also Ustra et al. examine the environmental sensitivity and sustainability
features of traditional buildings in rural areas in Turkey, emphasizing their integration
with the natural environment, use of renewable materials, and the need for context-specific
ecological considerations [54], other works carried out the same types of topics in African
context [55].

This paper endeavors to present a pioneering approach that marries the venerable
heritage of the Moroccan Ryad with the imperatives of contemporary sustainability and en-
ergy efficiency. By reimagining traditional construction techniques, integrating renewable
energy solutions, and employing locally sourced materials, a novel blueprint emerges—one
that not only preserves the cultural essence of the Ryad but also advances a sustainable
paradigm for modern living. Through a meticulous examination of historical precedents,
an exploration of cutting-edge technologies, and a deep dive into the intricate interplay be-
tween culture and sustainability, this paper seeks to illuminate the transformative potential
of this synergistic model.

This endeavor is not merely a theoretical exercise; it holds profound implications
for the future of Moroccan urban landscapes and, by extension, the broader discourse
on sustainable architecture in culturally rich contexts. By elucidating the principles and
methodologies underlying this sustainable Ryad model, this paper aspires to contribute to a
burgeoning global conversation about the harmonious coexistence of heritage and sustain-
ability, transcending geographical boundaries and inspiring a new wave of environmentally
conscious architectural endeavors.

The paper introduces a reel model that encapsulates a comprehensive approach wich
is modeled elaborated and constructed in benguerir city of Morocco, meticulously crafted
to seamlessly integrate cultural design and architectural elements.

At its core, the model places paramount importance on preserving the cultural essence
of the architectural design. It pays homage to the rich tapestry of traditions and customs
that have shaped the built environment. By harmoniously blending these cultural elements
with contemporary architectural principles, the model ensures that the resulting structure
is not only functional but also a living testament to the heritage it represents.

In tandem with cultural considerations, the model prioritizes sustainability through
the astute selection of materials. Sustainable, eco-friendly materials form the bedrock of the
construction, ensuring minimal environmental impact without compromising structural
integrity. This conscientious choice of materials not only reduces the ecological footprint
but also fosters a harmonious coexistence with the natural surroundings.

Furthermore, the model leverages passive solutions to enhance its sustainability
quotient. Through strategic design choices, such as optimal building orientation, natural
ventilation systems, and efficient insulation, the model capitalizes on the innate properties
of the environment to regulate temperature and energy usage. These passive solutions not
only contribute to energy savings but also create a more comfortable and livable space for
occupants. In addition to passive strategies, the model integrates active efficiency solutions,
exemplified by the seamless incorporation of renewable energy systems. Solar panels, wind
turbines, and other renewable energy sources are seamlessly integrated into the design,
harnessing the power of nature to meet the building’s energy needs. This forward-thinking
approach not only reduces reliance on non-renewable resources but also positions the
structure as a beacon of sustainability within the community.

To ensure the optimal performance of the integrated systems, the model incorporates
advanced control mechanisms. Smart technologies and sophisticated control systems
work in tandem to monitor and manage energy usage, ensuring that resources are uti-
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lized judiciously and efficiently. This level of control not only enhances the building’s
overall efficiency but also serves as a testament to the model’s forward-thinking and
innovative design.

In conclusion, the presented model transcends conventional architectural paradigms
by seamlessly interweaving cultural design, sustainable materials, passive solutions, re-
newable energy integration, and advanced control systems. It stands as a testament to the
potential of architectural innovation to not only pay homage to cultural heritage but also to
lead the way in sustainable and efficient design. Through meticulous attention to detail
and a forward-thinking approach, this model paves the way for a more sustainable and
culturally resonant built environment. Although the present study focuses exclusively on a
real-scale sustainable Ryad prototype constructed in Benguerir city, located near Marrakech
in central Morocco. While the architectural concept and integrated energy solutions devel-
oped for this prototype may be adaptable to other Moroccan cities, any potential replication
would require careful consideration of site-specific climatic conditions, urban morphology,
regulatory constraints, and socio-economic contexts. This research therefore serves as a
case study and methodological framework, rather than a direct implementation plan for
multiple cities.

This research is motivated by the need to bridge the gap between Morocco’s architec-
tural heritage and contemporary sustainability challenges. While Ryad houses embody
centuries-old passive strategies, their integration with active renewable technologies and
quantitative simulation-based assessment remains underexplored in the literature. The
academic contribution of this work lies in (i) demonstrating how traditional architectural
typologies can be adapted into a sustainable prototype through passive and active systems,
and (ii) quantifying thermal comfort, energy savings, and CO2 reductions using dynamic
simulation tools. In this way, the study positions heritage architecture as a viable pathway
for sustainable housing solutions in North Africa and Mediterranean contexts.

In addition, this research directly supports several United Nations Sustainable De-
velopment Goals (SDGs), notably SDG 11 (Sustainable Cities and Communities) through
heritage preservation and sustainable urban planning, SDG 7 (Affordable and Clean Energy)
via passive and active renewable integration, and SDG 13 (Climate Action) by reducing
operational CO2 emissions. While several studies have examined vernacular architecture
retrofits, the novelty of our work lies in combining dynamic simulation (TRNSYS), real
prototype in Benguerir, and cultural heritage integration into a replicable sustainable Ryad
model, offering both technical rigor and socio-cultural relevance. This approach advances
the literature by bridging architectural heritage and energy-efficient retrofitting in North
African medinas.

3. Methodology
The methodology (Figure 2) employed for the development of this paper project

intricately weaves together a series of systematic steps aimed at realizing a sustainable
and culturally resonant architectural endeavor. Beginning with the meticulous crafting
of architectural plans, particular emphasis is placed on seamlessly integrating cultural
and functional elements within the design. The selection of materials follows a compre-
hensive assessment, with a focus on sustainability, environmental impact, and cultural
relevance. Passive (architecture, construction design and materials) and active solutions
(energy systems production) are thoughtfully integrated, employing strategies to maximize
natural resources and harness renewable energy. Dynamic simulations further refine the
design, ensuring optimal thermal performance and energy efficiency of building and energy
systems. The construction process is rigorously planned, with quality control measures
in place to uphold the integrity of the design. Rigorous testing and validation procedures
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subsequently validate the performance of building systems, providing a comprehensive
evaluation of the project’s success. Continuous real-time monitoring post-construction
facilitates an ongoing assessment of energy consumption and environmental conditions.
Through this holistic methodology, the project endeavors to embody a harmonious blend
of cultural heritage and sustainable innovation.

 

Figure 2. Methodology flowchart.

This research is based on the in situ analysis and simulation of a real-scale Ryad proto-
type built in Benguerir city near Marrakech. No other sites were simulated or constructed
within the scope of this study.
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4. Geographical Site/Meteorological Conditions
The climate plays a pivotal role in shaping the principles of bioclimatic architecture.

Variations in sunlight, temperature, wind dynamics, and precipitation patterns collectively
define the physical milieu that architects aim to harmonize with. These dynamic climatic
factors necessitate a thoughtful and responsive approach in designing architectural solu-
tions that not only adapt to, but also optimize the interaction between the built environment
and its natural surroundings. In essence, bioclimatic architecture seeks to create spaces
that are attuned to the ever-changing climatic conditions, offering a seamless integration of
human habitation and the natural world.

This paper project draws upon climate data specific to Benguerir city- Morocco (red
color in Figure 3), as detailed in Table 1. It is worth emphasizing that while daytime temper-
atures tend to be elevated, the evenings bring a noticeable drop in temperature, providing
a distinct diurnal variation. This variance between day and night temperatures, often
referred to as the “contrast effect,” is particularly pronounced during the hotter seasons.
Conversely, in the colder months, average temperatures consistently remain below the
comfort threshold, necessitating tailored architectural interventions to ensure optimal living
conditions. This climatic profile underscores the significance of responsive design strategies
that take into account the unique thermal characteristics of Benguerir’s environment.

In the context of this specific climate, strategic architectural planning is imperative,
with a primary focus on incorporating elements of high thermal inertia. This approach
serves as a crucial mechanism for ameliorating the pronounced diurnal temperature fluc-
tuations. By adopting architectural features that possess high thermal mass, it becomes
feasible to sustain a comfortable level of coolness during the daytime, effectively absorb-
ing and storing heat for deployment during the cooler nocturnal hours. Furthermore, a
comprehensive analysis of wind speed data, meticulously collected throughout the year at
the Benguerir site, reveals that there exists no compelling necessity for the implementation
of forced air circulation systems to ensure the occupants’ comfort. Consequently, the key
strategies should revolve around effective solar protection and the promotion of natural
ventilation, both of which are essential components in securing the optimal summer com-
fort within the Ryad. This scientific approach ensures that the design not only adheres to
the unique climatic conditions but also harnesses the natural elements to enhance the built
environment’s overall thermal performance.

Figure 3. Benguerir city location (regional map).
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Table 1. Climate data of Benguerir city (Meteonorm).

Month Tmax (◦C) Tmin (◦C) Tmean (◦C) HR (%) Uwind (m/s)

January 24.01 3.66 13.08 67.35 1.8

February 27.78 4.17 14.25 65.4 2.22

March 31.65 6.05 16.85 57.25 2.55

April 32.27 8.19 18.25 58.53 2.89

May 37.94 8.7 21.47 54.77 2.89

June 40.76 13.45 24.45 52.96 2.85

July 45.86 16.69 28.99 42.59 2.87

August 42.29 18.23 29.69 46.14 2.73

September 39.38 15.81 26.46 53.23 2.61

October 35.2 11.22 22.65 57.29 2.36

November 30.76 7.51 17.4 65.56 2.13

December 23.88 4.61 13.17 69.76 2.02

5. Architectural Characteristics
The adopted architectural approach integrates wooden construction techniques in-

spired by Morocco’s rich African heritage, encompassing historical narratives and Arabo-
Muslim architectural influences. This design serves as a contemporary adaptation of
traditional Moroccan dwellings found within the Medina. It maximizes occupant com-
fort by leveraging climatic conditions, employing tailored strategies for different seasons.
During winter, the Ryad strategically harnesses solar gains while safeguarding against
the cold. Conversely, in summer, a combination of natural ventilation and solar protec-
tion is employed to maintain a cool interior. The central green patio, complemented by
opposing double-glazed windows, forms the heart of this design, providing a harmonious
amalgamation of natural freshness and efficient ventilation.

Additionally, the Ryad architecture epitomizes ecological and bioclimatic design prin-
ciples, showcasing adaptability and scalability. Its core structure comprises meticulously
crafted modular prefabricated wooden elements, engineered to incorporate advanced
thermal and acoustic insulation. This not only underscores a commitment to sustainable
practices but also ensures a heightened level of comfort and energy efficiency. The architec-
tural blueprint is attuned to the natural rhythms of its environment, optimizing the use
of natural light. This consideration of daylighting not only creates a warm and inviting
ambiance but also reduces the need for artificial lighting, further enhancing the Ryad’s
ecological footprint. This holistic design approach, encompassing modularity, insulation,
and a sensitive response to natural light, results in an architectural masterpiece that not
only respects its ecological context but also provides a flexible canvas for future adaptations
and expansions.

Furthermore, the chosen architectural approach is deeply rooted in and dedicated
to fostering sustainable integration within the cultural, social, and economic fabric of
our society. It seeks to resonate with the values, traditions, and historical narratives of
our community, serving as a living testament to our shared cultural heritage. Socially,
it aims to create inclusive and functional spaces that facilitate meaningful interactions,
nurture a sense of belonging, and promote well-being among inhabitants. Economically,
this architectural paradigm plays a pivotal role in driving growth, generating employment
opportunities, and bolstering local economies through construction, real estate, and related
sectors. Through this comprehensive engagement, the adopted architectural approach
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stands not only as a physical manifestation but also as a dynamic and transformative force
that positively impacts every facet of our societal existence.

The architectural design for the Ryad incorporates a set of strategic measures to
guarantee comfort during both winter and summer seasons. These strategies focus on
bolstering the thermal inertia of the building envelope and providing effective protection
from direct sunlight.

5.1. Orientation

The orientation of the Ryad, as illustrated in Figure 4 has undergone meticulous
consideration, guided by a series of dynamic thermal simulations. This deliberate approach
is geared towards achieving the following key strategies:

 
Figure 4. Ryad orientation.

Winter Comfort Strategy: The chosen orientation enables the Ryad to harness and
retain free solar gains, effectively storing this warmth within the walls and subsequently
distributing it throughout the rooms. This ensures a comfortable and temperate interior
environment during the winter months.

Summer Comfort Strategy: The selected orientation is instrumental in minimizing the
need for cooling. This is achieved through the implementation of tailored solar protections,
accounting for varying. Additionally, the Ryad is equipped with insulation measures that
prevent overheating. Furthermore, effective dissipation of hot air and cooling mechanisms
are employed to maintain a comfortable indoor temperature, even in the height of summer.

Lighting Strategy (See Figure 4): A paramount objective is to maximize the utilization
of natural light. This is achieved through strategic placement and sizing of glass surfaces,
which feature double glazing. This design choice not only optimizes the capture of natural
light but also ensures its even distribution throughout the rooms. Simultaneously, it
incorporates measures to shield against potential sources of discomfort.

Natural Ventilation Strategy: A well-considered placement of windows, as well as the
positioning of the front door, is instrumental in facilitating the circulation of fresh air within
the house. Moreover, internal doors have been appropriately sized to promote effective air
flow between the main living spaces and service areas.
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By meticulously addressing these strategies, the architectural design of the Ryad
exemplifies a holistic approach aimed at providing optimal comfort throughout the year,
irrespective of seasonal variations.

5.2. Patio

The layout of the Ryad, centers around a pivotal architectural element: the patio. This
design feature draws inspiration from a fusion of traditional Arab-Andalusian, Persian, and
Roman housing influences. The patio itself emulates the inherent coolness and tranquility
of Islamic and Persian gardens, with a central tree surrounded by lush vegetation.

Positioned in proximity to the patio, the two living rooms—one embodying traditional
esthetics and the other showcasing a more modern design—as well as the bedroom, are
strategically oriented to capitalize on the refreshing ambiance of the outdoor space.

The main entryway, is ingeniously crafted as a glass accordion door. This design not
only economizes space within more confined interiors but also boasts an astute opening
and closing mechanism. This feature proves instrumental in preserving natural light when
the door is shut, ensuring a continuous flow of illumination within the space. Additionally,
the accordion door contributes to maintaining an unobstructed passage to and from the
patio area.

5.3. U-Shaped Plan and Roofs

The Ryad embraces a U-shaped floor plan, as illustrated in Figure 4, which is particu-
larly well-suited for warm climates with a pronounced demand for cooling. This design
choice is strategic, as the U-shaped configuration ensures that each facade facing the central
terrace benefits from natural shading at different times of the day, courtesy of the sun’s
trajectory across the sky. This thoughtful adaptation not only enhances the esthetic appeal
of the Ryad but also serves as an effective passive cooling measure, contributing to a more
comfortable interior environment.

Three distinct types of roofs have been integrated. These roofs serve multifaceted
purposes, enhancing the overall functionality and sustainability of the Ryad.

Firstly, a green roof has been implemented, serving as a natural thermal regulator.
During the summer, it significantly mitigates interior heat levels, resulting in a substantial
reduction of approximately 40%. Moreover, it acts as an insulating barrier, preventing cold
from permeating the interior during the winter months.

Additionally, a sloping roof, strategically oriented towards the south, has been incor-
porated. This roof design serves a dual role: it provides a platform for the installation
of both thermal and photovoltaic panels. Furthermore, it promotes enhanced pressure
differentials that facilitate natural ventilation within the Ryad, contributing to a more
comfortable indoor environment.

Finally, a flat roof expands the usable space and incorporates a zenithal lighting system.
This innovative feature allows sunlight to penetrate vertically, illuminating the Ryad from
above. This not only enhances the overall ambiance of the interior but also underscores a
commitment to sustainable, energy-efficient design principles.

5.4. Insulation

To mitigate heat absorption within the opaque walls of the Ryad, a robust insulation
strategy has been implemented. This involves the use of cork as the chosen insulation
material for both walls and roofs. Derived from cork trees predominantly found in the
Mediterranean region, including Morocco, Portugal, and Algeria, this material boasts
exceptional insulating properties. Comprising 95% air content, cork exhibits a high degree
of thermal insulation while facilitating ventilation within the wall structure. Additionally,
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cork panels exhibit notable resistance to compression, moisture, and pests. Notably, its
thermal conductivity stands at 0.04 W/m·◦C, affirming its efficacy as an insulation material.

Presently, Morocco hosts eight cork transformation plants, underscoring the country’s
active engagement in cork production. In the global landscape, Morocco ranks third among
cork-exporting nations, trailing behind Portugal and Spain, which collectively dominate
88% of international trade in this product, with Portugal accounting for 65% and Spain for
23% of the market share, respectively.

5.5. A Rotating Green Wall

A rotating green wall represented in Figure 5 has been strategically positioned in front
of the main entrance of the house. This innovative feature serves a dual purpose. Firstly, it
actively facilitates natural ventilation, particularly during the night, aiding in the release
of accumulated heat from the day. This natural cooling process significantly enhances the
comfort and livability of the Ryad’s interior spaces.

 

Figure 5. Ryad figures.

Additionally, the rotating green wall plays a vital role in reducing the nocturnal
emission of carbon dioxide (CO2) within the Ryad. This sustainable technique aligns
with environmental consciousness, contributing to a healthier and more eco-friendly
living environment.

5.6. Geometric Specifications and Thermal Properties

Appendix A provides a comprehensive summary of the geometric specifications
pertaining to the roof, external walls, adjacent walls, and ground floor for each of the five
designated thermal zones. This segmentation of the building into distinct thermal zones
was a deliberate and integral component of the simulation process, allowing for a detailed
analysis of each area’s specific characteristics and performance.

6. Construction Materials
In alignment with the objectives set forth in the Paris Climate Agreement of 12 Decem-

ber 2015, which aims to curb global warming and limit the temperature increase to below
2 ◦C, the Ryad project has embraced a wood-based architectural approach, as depicted in
Figure 4. This decision is underpinned by a multitude of compelling reasons to select wood
as the primary building material.

Recent studies emphasize the role of sustainable materials in urban retrofitting. For
example, bio-based polymers and composites have been investigated for their durability
and environmental performance [56], while adaptive reuse strategies incorporating recycled
aggregates and eco-friendly binders are gaining prominence in urban housing projects
specially in Africa [57]. These advances align with our approach of integrating renewable
materials into Ryad regeneration.
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Wood, being a renewable and biodegradable resource, offers a myriad of notable
environmental advantages. Its abundant availability, contingent upon responsible forest
management, is exemplified by the vast Moroccan forest covering approximately 5.2 million
hectares. Notably, the energy consumption associated with wood transformation is minimal,
and wood serves as a carbon dioxide (CO2) sink, contributing to greenhouse gas mitigation.
Deployment of wood in “dry sector” applications supports reusability, and the resulting
greenhouse gas emissions during manufacture are moderate. The renewable nature of
wood underscores its suitability for comprehensive life cycle analyses. Throughout its
lifecycle, wood exhibits characteristics that further its environmental suitability:

- Carbon Sequestration: Wood acts as a long-term carbon store, significantly mitigating
CO2 levels.

- Moisture Regulation: Wood’s inherent properties eliminate condensation-related
concerns, fostering healthier indoor environments.

- Lightweight, Solid, and Modular: Wood’s lightweight yet robust nature enables rapid
dry assembly, yielding both time and labor savings.

- Durability: Wood exhibits substantial resilience against material shocks and wear
and tear.

- Thermal and Acoustic Insulation: The inherent structure of wood provides exceptional
thermal and acoustic insulation, enhancing energy efficiency and acoustic comfort.
Wood, despite being an exceptional thermal insulator, exhibits a lower thermal inertia
compared to materials like stone. This is attributed to its capacity to “breathe,”
allowing for rapid release of heat or coolness. Unlike stone, which retains heat for
longer periods, wood quickly dissipates accumulated heat. This absence of substantial
thermal inertia imparts a distinct charm during winter, as the house is able to warm
up swiftly, creating a cozy and inviting atmosphere.

- Fire Resistance: While combustible, wood’s natural fire resistance is a result of its
low thermal expansion and conductivity. In the event of a fire, heat transmission to
other building components occurs gradually due to the carbonized layer, which has
minimal conductivity. This safeguard minimizes the fire’s progression and prevents
the release of toxic substances. Furthermore, load-bearing elements maintain their
structural stability, even under prolonged fire exposure.

- Environmental and Climate Benefit: Each instance of choosing wood over non-
renewable materials represents a proactive measure in safeguarding the environment
and the climate.

• Environmental and economic consideration (wood Ryad integration)

The utilization of wooden pallets, crafted from repurposed timber, has been em-
ployed to construct an environmentally sustainable and cost-effective flooring system. This
innovative approach encompasses several compelling aspects from both ecological and
economic perspectives.

From an ecological standpoint, the utilization of recycled wood in the production
of pallets contributes to resource conservation. By repurposing timber, we mitigate the
need for fresh lumber harvesting, subsequently reducing deforestation and its associated
environmental impact. This sustainable practice aligns with principles of circular economy,
wherein resources are optimized and waste is minimized.

Furthermore, the use of wooden pallets as a flooring solution capitalizes on the
innate qualities of wood. Wood’s natural thermal and acoustic insulating properties
enhance energy efficiency and indoor comfort. Additionally, it promotes a healthy indoor
environment by minimizing the emission of volatile organic compounds (VOCs) often
associated with synthetic flooring materials. This combination of attributes underscores
the ecological value of the flooring system.



Urban Sci. 2025, 9, 435 16 of 42

Economically, the adoption of recycled wooden pallets as the foundation for flooring
demonstrates a prudent and budget-conscious approach. Repurposing wood into pallets is
a cost-effective measure, as it leverages existing resources, reduces waste disposal expenses,
and minimizes the need for expensive raw materials. The installation process of pallet-
based flooring is typically straightforward, resulting in time and labor savings. Moreover,
the sustainable and eco-friendly image of such flooring can enhance the market value and
appeal of the property.

In conclusion, the use of wooden pallets manufactured from recycled wood for flooring
embodies a holistic and scientific approach that merges ecological sustainability with
economic prudence. It exemplifies a strategy in which both environmental and financial
considerations converge to create a flooring solution that is not only environmentally
responsible but also economically advantageous.

• Efficiency considerations

Wood, as a porous material, exhibits a heightened sensitivity to moisture. Prolonged
exposure to moisture leads to swelling and deformation of wooden components such
as structures, frames, joists, beams, and floors. This process can rapidly deteriorate the
integrity of a building. Moreover, the presence of stagnant moisture within wood poses dis-
comfort for occupants and poses a significant risk to the structural integrity of the building.

Preventive measures prove to be the most effective approach in mitigating these po-
tential issues. Firstly, ensuring adequate ventilation within the premises is paramount. This
ventilation serves to regulate moisture levels and prevent its accumulation. Additionally,
thorough inspection and sealing of potential points of water infiltration or capillary rises
are essential to maintaining a dry environment.

In this specific case, a crawl space of 30 cm has been meticulously incorporated into the
design of the Ryad. This crawl space serves a dual purpose: it facilitates proper ventilation,
effectively mitigating potential moisture-related concerns arising from the ground. By
implementing this strategic design feature, we proactively address the susceptibility of
wood to moisture, thereby safeguarding the longevity and structural integrity of the Ryad.

Appendix A (Table A2) encapsulates the thermophysical properties of the construction
materials employed in the construction of the Ryad. This table also encompasses details
regarding the type of glazing utilized, accompanied by its pertinent technical specifications.
This compilation of information serves as a valuable reference for understanding the
thermal behavior and performance of the Riyad’s materials and glazing components.

7. Hypothesis and Technical Data
7.1. Building Complementary Thermal Assumptions

A critical aspect to highlight is the occupancy schedule implemented for the building,
which adheres to the following timetable presented in Table 2:

Table 2. Occupancy Schedule.

Day Occupancy Hours

Monday to Saturday 08:00 to 12:00 and 14:00 to 18:00;

Sunday Continuous occupancy, 24 h a day.

Tables 3 and 4 present the key simulation assumptions that underlie this study. These
tables delineate the usage schedules of equipment and internal heat gains. For optimal
comfort, the designated comfort temperatures (Tset) are established at 20 ◦C for winter and
26 ◦C for summer.



Urban Sci. 2025, 9, 435 17 of 42

Table 3. Internal Ryad’s thermal gains.

Type of Gains Value Unit

Persons 100 W per person

Lighting 5 W/m2

Freezer 36 kJ/h

Oven 540 kJ/h

Kitchen hood 18 kJ/h

Clothes Washer 360 kJ/h

Cooker 360 kJ/h

Dishwasher 216 kJ/h

Table 4. Schedule equipment’s use.

Equipment Schedule of Use Time of Use

Clothes washer Sunday at 11 h 1 h

Dishwasher Everyday at 13 h 1 h

Fridge and Freezer Everyday 24 h/24 h 24 h

Oven Sunday at 15 h 1 h

Cooker

Every day:
at 7 h

at 12 h
at 20 h

30 min
1 h

30 min

Kitchen hood
Every day: at 7 h

at 12 h
at 20 h

30 min
1 h

30 min

TV Every day: 18 h to 20 h 3 h

Light Every day: 19 h to 23 h 5 h

These assumptions provide the necessary framework for conducting accurate and
representative dynamic simulations, enabling a thorough assessment of the building’s
energy performance under varying conditions.

7.2. Building Complementary Electrical Assumptions

The Ryad incorporates various electrical equipment to ensure the comfort and conve-
nience of its occupants. In order to optimize energy efficiency and reduce annual electricity
consumption, it has been recommended to install high-performance systems. Table 5
provides a detailed breakdown of the electrical power ratings for the equipment installed
within the Ryad. This information is crucial for evaluating and implementing energy-saving
measures effectively.

The building composed to a charging station of electrical vehicle which complete
the sustainable configuration of a building and life style. The EVlink WallBox charging
station boasts a maximum power capacity of 7.4 kW. This station is designated for charging
the battery of the electric vehicle, specifically the Renault Zoe, which is equipped with a
22-kWh capacity battery, providing a range of approximately 150 km on a full charge.
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Table 5. Electrical equipment.

Equipment Nominal Power (W)

Clothes washer 2000

Dishwasher 1200

Fridge and Freezer 175

Oven 3000

Cook 2000

Kitchen hood 100

TV 270

Light 180

Heating and cooling 7900

Auxiliary Solar water heater 2000

Pump 45

EVlink WallBox Zoe
(charging station) 7400

For the purposes of this study, we propose a charging schedule to occur between
12:00 PM and 2:00 PM, totaling 2 h per day. This time frame aligns with the period of maxi-
mum surplus in photovoltaic (PV) electrical production, ensuring that the excess energy
generated is efficiently utilized to charge the vehicle’s battery. This strategy optimizes the
use of renewable energy sources for sustainable transportation.

7.3. Solar Water Heater Technical Characteristics

• Hot Water Load Profile

The hot water requirements for a household comprising three members are estimated
at 120 L per day. This demand is further delineated into an hourly distribution, reflecting
usage occurring three times throughout the day. For a visual representation of this distribu-
tion, please refer to Figure 6. This profile serves as a valuable reference for understanding
the temporal patterns of hot water usage within the household.

Figure 6. Daily profile of water consumption.
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• SWH System

The system employed in this context encompasses a forced circulation Solar Water
Heating (SWH) system. It comprises essential components including a hot water storage
tank, evacuated tube collector, control unit, and a pump station. The orchestrated opera-
tion involves circulating water from the storage tank to the thermal collector when solar
irradiance is available, thereby elevating its temperature.

In instances where solar radiation falls short, an electric appoint serves as an auxiliary
heater, ensuring a consistent supply of hot water to meet demand. Additionally, a ther-
mostatic valve is incorporated to blend hot and cold water, guaranteeing a steady outlet
temperature. This collective arrangement of components forms the backbone of the SWH
system, effectively harnessing solar energy to provide a reliable source of hot water.

- Solar collector: The main component of the model is the solar energy collector which
is evacuated tube collector. Table 6, are listed the characterizing parameters of the
thermal collector used in this study:

Table 6. Collector characteristics.

Characteristic Value

Collector Area 2.5 [m2]

FR: Collector heat removal factor :0.7 [-]

UL: collector overall heat loss coefficient 2.82 [W/m2 C]

- Storage tank: The storage tank boasts a volume of 200 L and is equipped with an
immersed auxiliary electric heater. It features a height-to-diameter ratio of 2, and is
designed with a heat loss coefficient of 1 W/(m2·K). The tank is capable of attaining a
maximum water temperature of 95 ◦C. The outlet set temperature for the hot water
is set at 55 ◦C, while the temperature in the mechanical room is maintained at 20 ◦C.
These specifications collectively define the operational parameters and performance
characteristics of the storage tank within the system.

7.4. Photovoltaic System Technical Characteristics

A total of 36 modules were acquired, resulting in an aggregate installed capacity
of 9.9 kWp. The specific technical details pertaining to the PV modules and inverter
utilized in this system are outlined in Tables 7 and 8, respectively. These specifications
are crucial in comprehensively understanding and evaluating the performance of the
photovoltaic installation.

Table 7. Module characteristics at reference conditions.

Model SEAM60T275

Technology Poly

Maximum Power 275 W

Max Power voltage 31.46 V

Max Power current 8.75 A

Open Circuit voltage 39.24 V

Short Circuit current 8.75 A

Weight 20 kg

Dimension 1662 × 990 × 5 mm
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Table 8. Inverter characteristics.

Characteristic Value

Maximum AC Power 13,800 Wac

Maximum DC Power 8000 Wdc

Nominal AC voltage 400 Vac

Maximum DC voltage 900 Vdc

Number of MPPT 2

Maximum DC current for each MPPT 22 Adc

Maximum Ac intensity 22 Aac

8. Building Thermal Comfort Simulation and Results
The simulations for both the building and energy systems presented in this paper

were conducted using the TRNSYS Studio software (version 18). This comprehensive
software platform is specifically designed for performing detailed and accurate energy
performance analyses, making it a valuable tool for evaluating the sustainability and
efficiency of building designs and energy systems.

The first step in the modeling process with TRNSYS involves crafting a detailed 3-D
representation using Google Sketchup. This intricately designed model is then seamlessly
integrated into the TRNSYS platform. Illustrated in Figure 7, this visual portrayal of the
Ryad, meticulously modeled within Google Sketchup, it contains two thermal zones (bed
room and living with American kitchen zone), vividly displays its architectural intricacies
and spatial configuration. It is important to note that this 3-D model plays a pivotal role,
serving as the bedrock upon which all ensuing energy performance simulations within
TRNSYS are conducted. This representation enables a thorough and accurate assessment of
the Ryad’s energy efficiency and sustainability.

Figure 7. 3D Ryad’s Model.

The dynamic simulation process (Figure 8) was meticulously executed through a
systematic methodology, which can be outlined as follows:

By meticulously adhering to this methodological framework, the dynamic simulations
conducted in this study were conducted with a high degree of precision and scientific rigor,
ensuring robust and reliable results for comprehensive energy performance evaluations.

Building Thermal Dynamic Simulation (Results and Discussion)

• Ryad’s thermal behavior

Figure 9 illustrates the thermal dynamics observed within the three distinct zones
under investigation, namely the Bedroom (blue color), Living Room (orange color), and
Kitchen (grey color). The depicted results span an entire year, providing a comprehensive
overview of the thermal performance and variations experienced within these designated
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areas. This comprehensive representation offers valuable insights into the seasonal fluctua-
tions and thermal behaviors exhibited within each specific zone.

Figure 8. The dynamic simulation process.

Figure 9. The hourly indoor temperature of the main thermal zones in the building.

The “Bedroom” zone experiences higher temperatures due to its south-facing orienta-
tion, leading to occasional overheating, as evident in Figure 10. This deliberate placement is
strategic, as it prevents excessive heat buildup in areas where thermal comfort is paramount
(i.e., the bedroom and living room), thereby reducing the demand for cooling.

Precise indoor temperature regulation is confined to the “Bedroom” and “Living
Room” zones, which necessitate consistent thermal comfort. Notably, the cooling system
only activates when the house is occupied; otherwise, it remains in an OFF state. Conse-
quently, the indoor air temperature may temporarily rise, as indicated in Figure 8, during
unoccupied periods.

Figure 10 provides a more focused depiction of the thermal trends across the three
zones throughout a week (from September 13th to 19th). The same patterns and obser-
vations persist, with the indoor temperature consistently maintained at a comfortable
26 ◦C. During unoccupied intervals, the cooling system remains inactive, allowing the
temperature to naturally fluctuate, potentially reaching higher levels.
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Figure 10. The hourly indoor temperature of the main thermal zones in the building from
13 September to 19 September.

• Heating and cooling energy demand

It is noteworthy that the cooling demand takes precedence, largely due to the arid
climatic conditions inherent to the city. These conditions impose a significant requirement
for cooling to ensure optimal indoor comfort and temperature control.

The heating demand is notably less substantial in comparison to the cooling demand.
The aggregate thermal energy necessitated for cooling amounts to 5688.75 kWh per annum,
signifying a five-fold increase in consumption in contrast to heating, which accounts for
1202.96 kWh annually.

Figure 11 delineates the monthly energy requisites for both cooling and heating. Evi-
dently, July emerges as the month with the highest cooling demand, reaching 1344.91 kWh.
Additionally, it is worth noting that heating is superfluous in the period spanning from
May to October.

 
Figure 11. Monthly variation in heating and cooling demand (kWhth).

Figure 12 provides a detailed breakdown of the hourly fluctuations in cooling demand
from 13 September to 19 September. The highest cooling demand during this period reaches
4.43 kW. Notably, the figure also visually demonstrates the intermittent operation of the
cooling system, which aligns with the variable occupancy patterns of the building.
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Figure 12. Hourly variation in cooling demand (kWth) from 13 September to 19 September.

9. Passive Sustainable Solutions
The implementation of various energy efficiency measures during the building’s

operation introduces a valuable dimension that was not initially assessed in the reference
simulation. This exclusion was primarily due to the intricate and transient nature of
the underlying physical processes. Among these efficiency strategies, three stand out:
the incorporation of a green roof, the strategic placement of trees, and the utilization of
cold-water reservoirs positioned adjacent to south-facing areas.

The Ryad’s orientation was meticulously selected based on dynamic thermal simula-
tions to serve specific objectives:

- Winter Comfort: The orientation captures and stores solar gains within the walls for
even distribution to the rooms.

- Summer Comfort: It minimizes cooling needs by implementing tailored solar protec-
tions, insulation, and efficient air circulation to prevent overheating.

- Natural Lighting: Strategically positioned glass surfaces with double glazing maxi-
mize natural light intake while ensuring comfort and control.

- Ventilation: Thoughtful placement of windows and doors facilitates fresh air circu-
lation, supported by appropriately sized internal doors for effective air exchange
between rooms.

The green roof, with a designated area of 10 square meters as delineated in the
architectural plan, serves as a noteworthy intervention. It not only enhances the building’s
esthetic appeal but also contributes significantly to its energy efficiency. Likewise, the
strategic planting of trees complements this approach, offering natural shade and further
mitigating heat absorption.

Additionally, the integration of cold-water reservoirs adjacent to south-facing areas
proves to be a highly effective strategy. By leveraging the natural cooling potential of water,
this measure aids in maintaining lower temperatures in areas prone to heat buildup.

A strategically positioned tree, complemented by solar-shielding breezes and climbing
plants, has been installed in proximity to the main entrance of the Ryad. This thoughtful
arrangement serves a dual purpose: firstly, to mitigate excessive solar gains, and secondly,
to naturally cool the ambient air in the vicinity, particularly during the warmer summer
months. This nature-based solution not only enhances the esthetic appeal of the entrance
but also contributes significantly to the overall thermal comfort within the Ryad.
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The ecological and cost-effective flooring of the Ryad has been crafted from recycled
wood, specifically from the wooden pallets that were manufactured for this purpose. This
sustainable approach not only contributes to environmental conservation but also proves
to be an economically efficient choice for the project. The utilization of recycled materials
exemplifies a commitment to both ecological responsibility and financial prudence in the
construction process.

Wood, being a fibrous material, is highly susceptible to moisture. Prolonged exposure
to moisture leads to swelling and deformation of wooden structures, including frames,
joists, beams, and floors, ultimately causing significant deterioration to a building. Addi-
tionally, the accumulation of moisture within wood can result in discomfort for occupants
and pose substantial risks to the structural integrity of the building. To address this, preven-
tive measures are crucial. This begins with ensuring proper ventilation within the premises
and diligently addressing any potential sources of infiltration or capillary rises. In the case
of the Ryad, a crawl space of 30 cm has been strategically incorporated into the design to
facilitate ventilation, effectively mitigating potential moisture-related issues arising from
the ground. This precautionary step demonstrates a proactive approach to safeguarding
the longevity and structural soundness of the Ryad.

The collective impact of these strategies is poised to yield substantial benefits, particu-
larly in the reduction in cooling demand. This, in turn, translates to noteworthy electricity
savings, further underscoring the importance and potential of these energy efficiency
interventions in enhancing the overall performance of the building.

10. Active Sustainable Solutions
The energy paradigm underlying our sustainable architecture is predicated on a

dual-pronged approach encompassing the following core tenets:

- Energy Efficiency: This principle aims to curtail energy consumption for specific
requirements, particularly in terms of reducing the demands for heating, cooling,
lighting, and ventilation within the building envelope. In our architectural design, this
objective has been achieved through meticulous considerations such as strategic orien-
tation of the house and the precise placement and quantity of windows throughout
the structure.

- Harnessing Renewable Energies: This facet centers on fulfilling our energy requisites
with a minimal environmental footprint. Within our architectural framework, the in-
clining roof configuration has been purposefully integrated to seamlessly incorporate
photovoltaic panels, thereby facilitating the generation of electricity from sustain-
able, renewable sources. This deliberate integration exemplifies our commitment to
harnessing clean, renewable energies to power the Ryad.

10.1. Solar Water Heater
System Thermal Dynamic Simulation (Results & Discussion)

Thermal assessment:
Figure 13 provides a comprehensive overview of the ambient temperature (Ta), as

well as the temperatures of the top and bottom layers within the solar tank, over the
course of a full year. This detailed representation offers valuable insights into the thermal
dynamics of the system, illustrating how it responds to seasonal variations and fluctuations
in ambient conditions.
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Figure 13. Annual evolution of temperatures.

The ambient temperature curve exhibits daily fluctuations, with an overall upward
trend from January to August, reaching its peak at 46.2 ◦C. Subsequently, from August to
December, the temperature gradually decreases.

The temperature of the top layer in the storage tank closely tracks the outlet tempera-
ture of the solar thermal collector. It consistently remains above 55 ◦C, even in instances
where solar radiation is insufficient to meet the hot water demand, necessitating the use
of the auxiliary heating system. Notably, in Figure 14, there are instances of temperature
drops at the top layer, primarily attributed to the extraction of hot water, which induces the
influx of an equivalent volume of colder water.

 
Figure 14. Temperatures evolution of the period from September 13th to 19th.

Auxiliary electric system operation:
The electrical consumption of the auxiliary heating system is presented in Figure 15.

It exhibits a peak in December, reaching 25.89 kWh, which corresponds to the period of
highest demand for hot water and compensates for the limited solar energy availability.
Conversely, from April to September, the consumption remains negligible, as the solar
thermal system adequately fulfills the hot water requirements.
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Figure 15. Monthly Auxiliary electric consumption.

During the period from 13 September to 19 September, the simulation reveals that the
auxiliary heating system’s electric consumption is nearly negligible. This indicates that the
solar thermal system adequately fulfills the hot water requirements through the solar loop,
without requiring assistance from the auxiliary system. This exemplifies the efficiency and
effectiveness of the implemented solar water heating system during this period.

Solar Fraction:
In December, which represents the winter period, the backup system exhibits its

highest electrical consumption, resulting in a minimal solar fraction of 0.79 as showed in
Figure 16. This indicates that during winter, the solar energy contribution to hot water
production is limited. On the other hand, from June to September, corresponding to
the solar period, the solar fraction achieves its maximum value of 1. This signifies that
during these months, the solar thermal system is entirely responsible for meeting the
hot water demand, without the need for auxiliary heating. These results underscore the
seasonal variation in the effectiveness of the solar water heating system, highlighting its
robust performance during the summer months and its reduced contribution during the
winter season.

 
Figure 16. The monthly Solar Fraction.
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10.2. Photovoltaique System

The primary aim of this section is to assess the sizing, simulate the operation, and
evaluate the economic viability of the integrated solar PV system in the AGR. To achieve
this, System Advisor Model (SAM) was employed. SAM is a tool used for modeling
photovoltaic systems, enabling the prediction of electricity output and facilitating economic
analyses, including the calculation of the Levelized Cost of Electricity (LCOE).

The SAM database encompasses essential data regarding photovoltaic modules, in-
verters, weather patterns, irradiance levels, and various components of the system. SAM’s
performance models conduct meticulous hour-by-hour computations of electric power
systems, yielding a comprehensive dataset of 8760 hourly values that accurately represent
the electricity production of the system over the course of a single year.

Results and Discussion

Energy electric demand:
The analysis reveals as showed in Figure 17 that the electric vehicle constitutes the

most substantial consumer of electrical energy within the building, accounting for 47% of
the total annual consumption, equivalent to 14.8 kWh per day (due to 2 h of daily charging).
This translates to a driving range of 100 km per day, representing a charge level of 67% of
the battery capacity, ample for local travel within the city limits.

 
Figure 17. Annual breakdown of hourly consumption.

Following closely is the cooling system, consuming 20% of the total annual electricity.
This finding aligns with the dynamic thermal simulations of the building, which underscore
a pronounced need for cooling, particularly when ambient temperatures are significantly el-
evated, characteristic of Benguerir’s arid climate. It is evident that local weather conditions
exert a considerable influence on the building’s overall electrical consumption.

Additionally, the electric cooker emerges as the third major electrical consumer. Given
its frequent usage (at least three times a day) and high-power demand, it accounts for 13%
of the total annual energy consumption.

The total estimated energy demand amounts to approximately 11.4 MWh, equating
to a specific energy intensity of about 66.77 kWh/m2/year (excluding electric vehicle
consumption). In the context of low energy consumption buildings, this reference case
exceeds the indicative threshold of 50 kWh/m2/year by 33.5%. Nevertheless, the building’s
energy performance is poised for improvement through the integration of solar PV systems
and the adoption of passive energy-saving strategies previously outlined, which were not
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factored into the simulation. These anticipated enhancements are anticipated to significantly
bolster energy efficiency.

The display of energy utilization for each piece of equipment during the chosen
week of 13–19 September offers a comprehensive insight into the dynamic patterns of
energy consumption. This granular view allows for a more detailed analysis of how differ-
ent appliances contribute to the overall energy demand within the Ryad. By examining
the specific energy usage patterns of individual components, we can pinpoint opportu-
nities for optimization and identify areas where energy-saving measures can be most
effectively implemented.

For instance, the data provided in Figure 18 reveals fluctuations in energy consumption
throughout the week, potentially indicating periods of higher demand that may correspond
to specific activities or occupancy patterns. This information can serve as a valuable
resource for implementing targeted strategies to reduce energy consumption during peak
periods or to promote more efficient use of certain appliances.

Figure 18. Hourly consumption for each equipment from September 13th to 19th.

Furthermore, this detailed breakdown of energy utilization supports the fine-tuning
of the building’s energy management systems. By understanding the specific energy
requirements of each piece of equipment, it becomes possible to implement customized
control strategies that optimize energy usage while maintaining occupant comfort.

In summary, the visual representation of energy utilization for individual equipment
items during the specified week offers a valuable tool for understanding the dynamics of
energy consumption within the Ryad. This information can be leveraged to implement tar-
geted strategies that enhance energy efficiency, reduce overall consumption, and ultimately
contribute to a more sustainable and environmentally conscious building operation.

Energy flows
The Ryad’s photovoltaic (PV) system operates in a grid-connected configuration,

meaning it is seamlessly integrated with the electrical grid without the need for battery
storage. This setup ensures a reliable and continuous power supply, with any excess energy
generated by the PV system being fed back into the grid, and additional power sourced
from the grid when PV generation is insufficient.

Figure 19 provides a comprehensive view of the PV system’s performance over the
course of a year, based on local weather data specific to Benguerir. The graph illustrates
the varying levels of power generated by the PV system throughout the year, with peak
generation reaching 8.88 kW. Over the entire year, the cumulative energy production totals
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an impressive 17.2 MWh, highlighting the system’s capacity to generate a substantial
amount of clean, renewable energy.

Figure 19. Hourly variation in electricity to grid (kWh).

In instances where the PV system is unable to meet the Ryad’s electricity demand, the
grid serves as a reliable backup. Figure 20 visually depicts the hourly power drawn from
the grid to supplement the energy requirements of the building. The total annual electricity
consumption sourced from the grid amounts to approximately 4659 kWh, demonstrating
the complementary relationship between the PV system and the grid supply.

Figure 20. Hourly variation in electricity from grid (kWh).

During periods when the photovoltaic (PV) system generates more electricity than
what is needed to power the Ryad, the surplus energy is directed back into the electrical grid.
Over the course of a year, the cumulative energy injected into the grid totals approximately
10,412 kWh. This surplus energy represents a valuable contribution to the local grid, further
highlighting the Ryad’s role in promoting renewable energy and potentially benefiting the
broader community.

Overall, this integrated grid-connected PV system ensures a consistent and sustain-
able power supply for the Ryad, effectively harnessing solar energy to meet its electrical
needs while maintaining a seamless connection to the grid for reliable backup support.
This approach represents a significant step toward achieving energy self-sufficiency and
reducing reliance on conventional grid power.
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The PV system plays a pivotal role in supplying electricity to the Ryad when there is
ample solar irradiation, as demonstrated in Figure 21. Over the course of a year, the PV sys-
tem successfully delivers a total of 6751.87 kWh of electricity to meet the building’s energy
demands. This illustrates the significant contribution of solar energy in powering the Ryad
and underscores the effectiveness of the PV installation in harnessing renewable energy.

Figure 21. Hourly variation in system power generated (kWh).

The results obtained from the dynamic simulations showcase the effectiveness of the
implemented strategies in achieving both winter and summer comfort within the Ryad. The
careful orientation of the building, coupled with the use of various passive techniques such
as thermal insulation, natural ventilation, and solar protections, contributes to maintaining
a comfortable indoor environment. The central green patio serves as a natural cooling
element, enhancing the overall comfort level.

Furthermore, the choice of materials, particularly the use of cork for insulation, proves
to be a valuable decision in ensuring thermal stability and preventing heat accumulation.
The integration of a green roof, tree planting, and cold-water reservoirs also demonstrates
their potential in reducing cooling demands and ultimately saving electricity.

The adoption of renewable energy sources, such as photovoltaic panels, complements
the sustainable approach, providing a clean and efficient means of generating electricity.
The solar thermal system for hot water supply further enhances the overall energy efficiency
of the Ryad.

Overall, the combination of architectural design, material selection, and renewable
energy integration results in a holistic approach to sustainable building practices. The Ryad
serves as a testament to the potential of bioclimatic architecture in creating comfortable,
energy-efficient, and environmentally responsible living spaces.

11. Economic Analysis
The constructed Ryad, encompassing components like the envelope, roofs, floor, house-

hold appliances, PV and Solar Water Heater systems, air conditioners, interior decoration,
fire safety, and home automation, is projected to have a cost range between USD 80,000 and
USD 100,000. The maintenance expenses of the Ryad should also be factored into the overall
project cost.

Industrial-scale production and assembly can significantly reduce the cost of the
Ryad. By potentially manufacturing and assembling the Ryad in a controlled workshop
environment, our on-site involvement is substantially diminished. This approach allows
for efficient on-site assembly, reducing the number of trades operating under improved
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working conditions (owing to dry assembly) and shifting various tasks to the workshop,
ultimately shortening construction duration.

This expedited implementation presents several economic advantages, including a
5% to 10% reduction in bank financial charges. It prevents the accrual of rent and loan
repayments over an extended period for property access seekers, enabling landlords to
maximize benefits from deferred depreciation and interest.

A crucial financial aspect is that the integrated photovoltaic system in the Ryad can
fulfill 66% of the annual electricity demand, potentially resulting in significant surplus
electricity fed back into the grid, essentially transforming the building into a net-positive
energy structure. Additionally, the utilization of a solar water heater for domestic hot water
production can substantially lower the total user charges.

To promote ecological transition at the regional level, the Moroccan government may
propose mechanisms such as a Sustainable Construction Tax Credit and a zero-interest
Sustainable Construction loan for households or companies embarking on sustainable
construction projects.

• SWH system

To provide a comprehensive overview of the financial aspects associated with the solar
water heater system, Table 9 outlines the detailed breakdown of expenses and direct capital
costs. This includes the procurement of essential components, installation charges, and
any additional expenditures directly associated with the establishment of the solar water
heating infrastructure. This table serves as a valuable reference for evaluating the economic
feasibility and investment considerations related to the implementation of the solar water
heater system within the project.

Table 9. Direct capital cost.

Equipment Cost (USD)

Collector 730 $

Storage 900 $

Installation 500 $

Balance of system 300 $

Total direct 2430 $

• Photovoltaic system

The calculation of the Levelized Cost of Electricity (LCOE) takes into account various
financial assumptions that are deemed appropriate for the Moroccan context. In our specific
installation, which comprises 36 PV modules and an inverter. Table 10 shows the total cost
for the PV modules is USD 6440, while the inverter costs USD 3500. Additional expenses
associated with installation, classified as indirect costs, have been determined to be USD
577. Consequently, the total installed cost amounts to approximately USD 12,250.

Table 10. Direct and Indirect Capital Costs of the PV system.

Direct Capital Costs

36 modules USD 6440

1 inverter USD 3500

Balance of system equipment USD 1733

Total installed Cost = USD 11,673
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In addition, we considered a discount rate of 9% and an inflation rate of 2.5% for our
analysis. The degradation of energy generation over time was assumed to be 0.5% per
year. It is worth noting that no taxes were factored into the analysis, in accordance with the
provisions of the Moroccan Energy Law.

Table 11 succinctly encapsulates the energy and economic performance of the PV sys-
tem. Over the course of a year, the PV system yields a total energy output of 17.164 MWh,
signifying a commendable self-consumption ratio of 66.67%. This demonstrates the substan-
tial contribution of the PV system in meeting the energy demands of the Ryad, exemplifying
its effectiveness in utilizing renewable energy sources.

Table 11. PV system energy/economic performance.

Economic Performance Factor Value

Annual energy 17,164 kWh

Capacity factor 19.8%

Energy yield 1731 kWh/kW

Performance ratio 0.77

Levelized COE (nominal) 7.96 ¢/kWh

Levelized COE (real) 6.30 ¢/kWh

Annually Electricity bill without system USD 1706

Annually Electricity bill with system USD 40

Annually Net savings with system USD 1667

Net present value USD 7677
Simple payback period 13.9 years

The total project cost of approximately USD 80,000 corresponds to the construction of
the Ryad prototype in Benguerir, including both passive and active strategies. The cost was
derived from local market prices and suppliers, and is broken down in Table 12.

Table 12. Summary project investment.

Component Estimated Cost (USD)

Construction And Materials 48,000

Passive design elements (courtyard, shading,
mashrabiya, insulation) 15,000

Photovoltaic system ( kWp, inverter, installation) 11,673

Solar water heating system (collectors, tank, installation) 2430

Monitoring Equipment And Sensors 2000

Total ≈80,000

12. Project Environmental Analysis
The integration of solar photovoltaic (PV) technology in the Ryad, along with the

capacity to interact with the local electricity grid, represents a noteworthy advancement
towards mitigating carbon dioxide (CO2) emissions. This paradigm shift displaces reliance
on conventional grid electricity, which bears a substantial carbon footprint, predominantly
sourced from fossil fuels. It is imperative to acknowledge that PV panels demonstrate
a clean operational phase, devoid of pollutant emissions. However, a comprehensive
life cycle analysis reveals an approximate range of 50 g CO2/kWh for the overall CO2
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emissions associated with generating one kilowatt-hour, contingent on variables such as
technology, manufacturing processes, and emissions related to transportation and dis-
posal. In the Moroccan context, grid electricity carries a carbon footprint of approximately
700 g CO2/kWh, underscoring the nation’s prevalent dependence on fossil fuels for energy
generation. Nevertheless, concerted efforts by Moroccan authorities to promote renewable
energy sources are poised to yield a commensurate reduction in grid emission intensity.

This analysis further underscores the Ryad’s potential to contribute substantively
to CO2 emissions mitigation. This contribution is not confined solely to its PV power
generation system, but extends to the deployment of solar water heating systems. By
supplanting conventional electric water heaters, these solar systems have the capacity to
yield considerable CO2 emissions savings. Depending on anticipated annual solar fractions,
the Ryad demonstrates the potential to annually save between 5.6 and 12.15 metric tons
of CO2 emissions, as shown in Table 13. Although this approach is based on standard
grid factors, it aligns with Moroccan national GHG inventory practices. Future work will
expand this environmental assessment into a full building life-cycle perspective (LCA).

Table 13. The summary table of Annual reduction of CO2 emissions (building energy systems).

Annual Reduction of CO2 Emissions (Tonnes CO2)

Grid-Intensity Factor (gCO2/kWh) PV SWH Total

700 11.1566 0.9971 12.1537

650 10.2984 0.9204 11.2188

600 9.4402 0.8437 10.2839

550 8.582 0.767 9.349

500 7.7238 0.6903 8.4141

450 6.8656 0.6136 7.4792

400 6.0074 0.5369 6.5443

350 5.1492 0.4602 5.6094

Potential Replication and Limitations

Comparable initiatives demonstrate the feasibility of such approaches. For instance,
the Fez Medina retrofitting program (2019) integrated energy-efficient lighting and insula-
tion while preserving cultural esthetics. Similarly, in Casablanca, eco-restoration projects
have targeted traditional houses to reduce cooling demand by 30%. Internationally, ver-
nacular building regeneration in Tunisia and Andalusia (Spain) also provide successful
examples of harmonizing heritage with sustainability. These cases support the broader
applicability of the proposed Ryad model

The Benguerir Ryad prototype, situated near Marrakech, offers a tangible demonstra-
tion of integrating Moroccan cultural heritage with passive design strategies and renewable
energy technologies. While its performance in the semi-arid climate of central Morocco
is promising, transferring this model to other Moroccan cities would require a tailored
approach. Climatic differences—ranging from humid coastal areas (e.g., Casablanca) to
semi-arid inland regions (e.g., Marrakech)—can affect passive cooling/heating performance
and renewable energy yields. Similarly, variations in construction costs, energy tariffs,
and building code requirements can alter economic feasibility. In addition, urban heritage
protection rules may influence allowable architectural adaptations. For these reasons, the
findings presented here should be considered site-specific, and further localized simulation
and socio-economic evaluation are recommended prior to replication.
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13. Innovation
The Ryad’s architecture is a modern tribute to Morocco’s rich African heritage, influ-

enced by its Arabo-Muslim design legacy and the expertise of local craftsmen. It seamlessly
blends traditional Moroccan house elements found in the Medina with contemporary
elements. Designed for optimal comfort, it adapts to the varying climate patterns of our
African setting. In winter, it harnesses solar energy for warmth and shields against the
cold, while in summer, a combination of natural ventilation and solar protection keeps
it cool. The central lush patio and opposing glazed windows invite tranquility and fresh
air. The architecture is ecological, expandable, and attuned to natural light rhythms. The
roofing system combines a cooling green roof, a south-facing sloping roof with panels,
and a flat roof with zenithal lighting. A rotating green wall at the entrance enhances
natural ventilation and cools the Ryad at night, reducing CO2 levels. This holistic approach
exemplifies sustainable living at its core.

The Ryad’s construction relies on fully modular Figure 22, prefabricated wooden com-
ponents featuring integrated thermal and acoustic insulation. Its interior enjoys consistent
natural lighting, facilitated by expansive glazed windows along its sides and skylights
strategically placed on its roofs. The incorporation of various insulation techniques in its
walls and roofs further enhances its energy efficiency. This project represents a seamless
fusion of contemporary design and innovative construction methods.

   

Figure 22. Modular design.

A centralized management system has been integrated to oversee technical equipment
such as lighting and security. Its objectives include enhancing comfort, ensuring safety,
optimizing energy usage, and enabling seamless communication with the Ryad’s residents.
This system offers both local and remote-control options, accessible through smartphones,
touch screens, or computers.

As potable water becomes an increasingly precious global resource, the imperative to
reduce consumption grows more pressing. In our Ryad, we have taken concrete steps to
make a significant environmental impact. We have implemented a system wherein a water
tank collects greywater from sources like showers and dishwashers. This collected water
is then efficiently repurposed, utilizing a pump mechanism, for flushing the toilets. This
forward-thinking approach stands as a tangible contribution to environmental stewardship
within our Ryad.

A commendable 60% of wooden waste has been repurposed to craft the interior
decoration of the Ryad. This resourceful approach not only minimizes waste but also adds
a distinctive touch to the Ryad’s interior, showcasing a harmonious blend of sustainability
and esthetic appeal.

The Ryad stands as an innovative project, deeply rooted in and dedicated to fostering
cultural, social, and economic progress within our society. It serves as a testament to the
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potential of sustainable construction to positively impact various facets of our collective
well-being and development.

This work advances the academic debate on sustainable housing by combining cultural
heritage regeneration with quantitative performance assessment. While the methods used
(simulation, passive/active design strategies) are established, their application to a Ryad
prototype in Morocco—validated through both simulation and on-site construction—offers
new insights into heritage-based sustainability models. The benchmarking with con-
ventional housing and sensitivity analysis further enhance the scientific robustness of
the findings.

14. Conclusions
The pursuit of sustainable construction practices holds immense potential for regions,

offering not only economic growth but also a foundation for enduring sustainability. This
paradigm shift requires a departure from conventional notions of development, urging a
holistic assessment that encompasses job creation, economic multipliers, foreign exchange
gains from sustainable tourism, and a comprehensive evaluation of long-term costs, includ-
ing environmental, cultural, and social dimensions. Striking a balance between territorial
and entrepreneurial perspectives is paramount, necessitating concerted efforts to mobilize
diverse stakeholders. The establishment of a central resource hub, the “Sustainable and
Ecological Construction Information Point,” assumes pivotal importance in this endeavor.
Furthermore, the project’s aim to positively impact the sustainable tourism sector under-
scores its potential as a catalyst for regional development and poverty alleviation. While
the gap between rhetoric and implementation persists, innovation emerges as a linchpin
for both sustainable construction and tourism. By pioneering new technologies, navigating
emerging markets, and upholding environmental and social integrity, innovation becomes
the bedrock for resilience in the face of multifaceted challenges. This initiative, character-
ized by its innovative strategies, community engagement, and environmental stewardship,
represents a thoughtful and impactful approach to advancing sustainable development
in Morocco. While the construction of an ecological and sustainable Ryah is not the sole
panacea for the country’s development, it undeniably serves as a crucial cornerstone for the
progress of the construction sector, aligning harmoniously with the broader imperatives of
Morocco, its diverse resources, and its overall advancement.

The sustainable Ryad project exemplifies a commendable endeavor towards aligning
environmental preservation, economic viability, and societal well-being. To maximize the
impact of such initiatives, it is imperative to garner robust policy support and advocacy.
This can be achieved through the implementation of regulatory measures and incentives
that promote sustainable construction practices. Moreover, fostering collaboration between
government bodies, local authorities, and stakeholders is crucial in driving the adoption of
sustainable building standards. Additionally, a strong emphasis on economic strategies
is paramount. This entails offering financial incentives such as tax breaks, subsidies,
and grants to bolster the feasibility of sustainable construction projects. Encouraging
investments in research and development of sustainable technologies and materials further
fuels innovation in the sector. Integrating renewable energy sources and energy-efficient
technologies is pivotal in enhancing energy efficiency and reducing environmental impact.
Establishing clear guidelines for the incorporation of renewable energy systems, such as
photovoltaic panels and solar water heaters, should be a priority. This not only advances
the sustainability of construction projects but also contributes to a more resilient and eco-
conscious built environment. Beyond these technical outcomes, the model preserves the
identity of Moroccan medinas while aligning with the UN Sustainable Development Goals
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(SDGs 7, 11, 13). It provides a replicable framework for sustainable architecture in historic
contexts, balancing cultural preservation with climate action.

Future research will extend this work by including comparative case studies in other
climatic zones, conducting full life-cycle cost analyses, and benchmarking against interna-
tional heritage retrofitting projects.
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Appendix A. Ryad’s Architectural Plan, Geometric Specifications and
Construction Materials

 

 

Figure A1. Cont.



Urban Sci. 2025, 9, 435 37 of 42

 

 
 

 
 

 

Figure A1. Cont.



Urban Sci. 2025, 9, 435 38 of 42

Figure A1. Ryad’s architectural plan, and Complete Architectural Project Drawings (Building Plans,
Sec-tions, and Elevations).

Table A1. Ryad’s Geometric Specifications.

ZONES Wall Area (m2) Category Orientation Existing Windows Area (m2)

ZONE 1
BED_ROOM

GROUND FLOOR 11.22 BOUNDARY -

EXT_WALL 9.82 EXTERNAL NW_135_90

EXT_WALL 7.37 EXTERNAL NE_225_90 EXT_WINDOW1 5.15

EXT_ROOF 11.24 EXTERNAL NW_135_5

ADJ_WALL 7.68 ADJACENT BATH_ROOM

EXT_WALL 7.37 EXTERNAL SW_45_90

ADJ_WALL 2.8 ADJACENT LIVING_ROOM

ZONE 2 BATH_ROOM

GROUND FLOOR 4.71 BOUNDARY -

ADJ_WALL 4.43 ADJACENT LIVING_ROOM

ADJ_WALL 7.68 ADJACENT BED_ROOM

ADJ_WALL 7.95 ADJACENT TECHNICAL_
SPACE

EXT_WALL 4.43 EXTERNAL SW_45_90

EXT_ROOF 4.72 EXTERNAL NW_135_5
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Table A1. Cont.

ZONES Wall Area (m2) Category Orientation Existing Windows Area (m2)

ZONE 3
TECHNICAL_SPACE

GROUND FLOOR 5 BOUNDARY -

EXT_ROOF 5 EXTERNAL NW_135_5

ADJ_WALL 4.88 ADJACENT LIVING_ROOM

ADJ_WALL 7.95 ADJACENT BATH_ROOM

ADJ_WALL 8.24 ADJACENT KITCHEN

EXT_WALL 4.88 EXTERNAL SW_45_90

ZONE 4 KITCHEN

GROUND FLOOR 6.97 BOUNDARY -

ADJ_WALL 8.24 ADJACENT TECHNICAL_
SPACE

ADJ_WALL 7.09 ADJACENT LIVING_ROOM

EXT_WALL 8.64 EXTERNAL SE_315_90 EXT_WINDOW1 3.32

EXT_WALL 7.09 EXTERNAL SW_45_90

EXT_WALL 6.98 EXTERNAL NW_135_5

ZONE 5
LIVING_ROOM

GROUND FLOOR 49.65 BOUNDARY -

EXT_WALL 14.84 EXTERNAL NW_135_90

ADJ_WALL 4.88 ADJACENT TECHNICAL_
SPACE

EXT_WALL 31.29 EXTERNAL SE_315_90 EXT_WINDOW1 3.49

EXT_WINDOW2 1.74

EXT_WINDOW3 1.74

EXT_WALL 25.87 EXTERNAL NE_225_90 EXT_WINDOW1 1.89

EXT_WINDOW2 1.05

EXT_WINDOW3 3.49

EXT_ROOF 43.57 EXTERNAL H_0_0

EXT_WALL 13.3 EXTERNAL NW_135_90 EXT_WINDOW1 6.6

EXT_WALL 14.59 EXTERNAL SW_45_90 EXT_WINDOW1 1.89

EXT_WINDOW2 1.05

EXT_WALL 7.04 EXTERNAL NE_225_90

ADJ_WALL 2.8 ADJACENT BED_ROOM

EXT_WALL 1.91 EXTERNAL SW_45_90

EXT_ROOF 6.09 EXTERNAL NE_135_5

ADJ_WALL 7.09 ADJACENT KITCHEN

ADJ_WALL 4.43 ADJACENT BATH_ROOM

Table A2. Construction Materials Properties.

Category Composition Conductivity
(kJ/h m k)

Capacity
(kJ/kg K)

Density
(kg/m3) Thickness (m) u-Value

(W/m2 K) g-Value *

EXTERNAL
WALL

OSB * 0.468 2.1 600 0.02 0.379 -

Cork 0.1332 1.67 120 0.08

OSB 0.468 2.1 600 0.02

ADJACENT
WALL

OSB 0.468 2.1 600 0.02 0.235 -

Air-GAP 0.0905 1.007 1.205 0.095

OSB 0.468 2.1 600 0.02

EXTERNAL
ROOF

Cork 0.1332 1.67 120 0.12 0.28 -

OSB 0.468 2.1 600 0.02
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Table A2. Cont.

Category Composition Conductivity
(kJ/h m k)

Capacity
(kJ/kg K)

Density
(kg/m3) Thickness (m) u-Value

(W/m2 K) g-Value *

GROUND FLOOR Wood 0.542 1.2 500 0.15 0.857 -

EXTERNAL
WINDOW

Double
glazing - - - - 2.95 0.777

* OSB (Oriented Strand Board), * g-value (solar heat gain coefficient (SHGC)).
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