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Abstract

Enhancing the thermal performance of building façades is vital for reducing energy de-
mand in hot desert climates, where envelope heat gain increases cooling loads. This study
investigates the integration of biomimicry into opaque ventilated façade (OVF) systems
as a novel approach to reduce façade surface temperatures. Thirteen bio-inspired façade
configurations, modeled after strategies observed in nature, were evaluated using com-
putational fluid dynamics simulations to assess their effectiveness in increasing airflow
and reducing inner skin surface temperatures. Results show that all proposed biomimetic
solutions outperformed the baseline OVF in terms of thermal performance, with the wide
top mound configuration achieving the greatest temperature reduction—up to 5.9 ◦C below
the baseline OVF and 16.4 ◦C below an unventilated façade. The study introduces an
innovative methodology that derives façade design parameters from nature and validates
them through simulation. These findings highlight the potential of nature-based solutions
to improve building envelope performance in extreme climates.

Keywords: building façade; CFD simulation; building performance simulation; biomimicry;
opaque ventilated façade; ventilated façade; hot arid climate

1. Introduction
In the absence of intervention, energy use for space cooling could more than double

by 2050; however, implementing passive design strategies—such as improved insulation,
natural ventilation, and solar shading—can play a critical role in curbing demand and
relieving stress on electricity systems [1]. Façades serve as a link between the building’s
inner spaces and the surrounding environment, which in turn influences the amount
of energy that is consumed. In this context, the efficiency of a building’s façade is an
important factor to consider. Numerous studies have demonstrated that applying specific
architectural concepts to the façades of a building plays a crucial role in regulating the
building’s internal temperature.

In hot desert climates, heat gain via the façade can be especially problematic during
the summer months, when it can lead to a large rise in the demand for air conditioning
systems [2]. This can put a strain on the building’s ability to maintain a comfortable
temperature. Various factors, including direct sunlight, ambient temperature, and wind,
can cause heat gain through the façade. Research has shown that lowering the exterior
façade surface temperature of buildings in hot desert locations significantly lowers the
façade inside surface temperature, influencing internal thermal comfort [3]. Therefore,
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through the reduction in the façade surface temperature, we are able to minimize the
requirement for mechanical cooling, which in turn leads to a reduction in the amount of
energy that is consumed [4].

In spite of the variety of research and development in façade design strategies to
save energy, there is still a lack of attention paid to sustainable bio-inspired solutions that
emulate the flora, fauna, or ecosystems. Biota at any location live in perfect harmony
without causing adverse impacts on the environment. It is evident from such designs
and studies that nature serves as an inspiring and unlimited source of knowledge [5–7].
Millions of biota use smart strategies to adapt to their environments, but the number
of practical applications emulating them is few. Therefore, it is important to investigate
bio-inspired façades to reduce façade surface temperature. Therefore, the proposed façade
seeks solutions from nature to protect the building against heat gain.

When considering façade design systems, opaque ventilated façades are among the
most effective to consider. The opaque ventilated façade is a double-skin façade that is
industrialized and consists of two layers of opaque material with a ventilation channel
in between them [8]. An opaque ventilated façade is selected and investigated in this
research among all façade solutions as it shows a significant reduction in heat transfer
through the building envelope and can save from 20% to 55% of energy consumption in
the summer [8–11]. Furthermore, an opaque ventilated façade system can be applied not
only to new construction; it can also be a façade retrofit solution for existing buildings [12].

Researchers have conducted a variety of studies to evaluate the effectiveness of opaque
ventilated façades in various climatic regions [8–11,13–21]. Surprisingly, despite signif-
icant advancements in opaque ventilated façade research, the potential for integrating
biomimicry into these systems remains largely unexplored. Addressing this gap presents
an exciting opportunity offering the potential to unlock new levels of efficiency, sustain-
ability, and innovation in the fields of architectural design and building performance. This
research will investigate opaque ventilated façade solutions based on bio-inspirations
gleaned from nature to effectively lower the façade surface temperature, which in turn
leads to a reduction in energy consumption.

2. Literature Review
2.1. Biomimicry in Architecture

In the 1950s, Otto Schmitt coined the term ‘biomimetics’ to name the transfer of
nature’s strategies from biology to technology [22]. The term was added to the dictionary
for the first time in 1974 as “the study of the formation, structure, or function of biologically
produced substances and materials (as enzymes or silk) and biological mechanisms and
processes (as protein synthesis or photosynthesis) especially for the purpose of synthesizing
similar products by artificial mechanisms which mimic natural ones” [23].

There are many terms related to designs inspired by nature, such as synthetic bi-
ology, biodesign, bionic, and biophilia, as defined in Table 1. The most common terms
are biomimicry and biomimetics. Some pioneers of the discipline, such as Göran Pohl
and Werner Nachtigall, believe that the term biomimicry is not the same as biomimet-
ics. Biomimicry is a mere imitation of nature, while in biomimetics, biological structures
and processes are understood along with their comparable technological applications
or methods. By contrast, Michael Pawlyn considers biomimicry and biomimetics to be
synonymous [6]. The current study will use both terms interchangeably.
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Table 1. Definition of terms.

Term Definition
Biodesign The term emerged in the medical field to refer to the creation of new biomedical

technologies and robotics and as a broad definition [6].
Biomimetics “biomimetics implies the understanding of biological structures and processes and their

comparable technological applications, methods, or procedures” [7].
Biomimicry Is a mere imitation of nature [7].
Bionic Jack Steele defined it in 1960 as “the science of systems which have some function copied

from nature, or which represent characteristics of natural systems or their analogues” [22].
Biophilia The term refers to “the urge to affiliate with other forms of life” [24].
Synthetic biology This is “The design and fabrication of living components and systems that do not already

exist in the natural world and the redesign and fabrication of existing living systems” [6].

The ever-increasing demand for sustainable design solutions has driven architects and
engineers to explore novel frontiers. Biomimetic designs can be seen in various disciplines,
such as architecture, material science, and mechanical and structural engineering [25].
Biomimetic architecture goes beyond simply drawing aesthetic influence from nature. It is
a scientific approach that entails a thorough examination of natural structures, materials,
and processes, with the goal of converting what is learned into practical and sustainable
architecture design [5,6].

All architectural biomimetic designs mimic nature on three levels: organism, behav-
ioral, and ecosystem [26]. These levels are important for selecting the aspect of biology that
needs to be mimicked. The organism level refers to the creature itself—flora or fauna—in
whole or in part. The behavior level refers to emulating how an organism behaves in its en-
vironment. The ecosystem level involves mimicking the whole interconnected processes of
an ecosystem. Each of these levels has five more dimensions: form, material, construction,
process, and function [26].

Mazzoleni states that the “Skin is a complex organ that performs a multitude of
functions; namely, it serves as a link between the body and the environment. Similarly,
building envelopes act as interfaces between their inhabitants and external elements” [27].
In architectural design, understanding the similarities between skin and building envelopes
is critical. Building envelopes, in the same way that skin protects the body from the
environment, play an essential part in ensuring that people are protected from outside
factors and that the inside of a building is comfortable.

Biomimetic approaches to constructing building façades have emerged as a potential
path for sustainable and smart design solutions. Biomimicry provides a fundamental
change in thinking by using biological systems as inspiration to develop building envelopes
that are more adaptable and effective. An example of a bio-inspired design that has been
inspired by the behavior of an organism is the kinetic façade system of the Thematic
Pavilion, South Korea. The pavilion’s envelope design was inspired by the natural dynamic
principles that govern the opening and closing of flowers as well as leaf orientations,
allowing it to control the amount of sunlight entering the building [28].

Sheikh and Asghar [29] performed research in which they explored the design of
a responsive façade that was inspired by the leaf of the Oxalis oregana plant. The pur-
pose of this study was to address the issue of reducing energy consumption in build-
ings that are located in hot and humid climates. The façade’s goal is to reduce solar
heat gain while ensuring that users remain visually comfortable. This novel façade de-
sign provides a solution for balancing energy consumption and user comfort in high-rise
commercial buildings.
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In a hot desert climate, many recent studies have mimicked nature to create high-
performance façades [30–33]. Although opaque ventilated façades have been studied, their
biomimetic adaptation remains largely unexplored. This represents a significant gap in
the literature, particularly regarding the integration of biomimicry into opaque ventilated
façade designs.

2.2. Frameworks and Methodology for Bio-Inspiration

An overview of the most widely used biomimetic frameworks and methodologies is
provided in this section. Numerous studies have been published over the course of the past
twenty years in an effort to determine techniques and frameworks that may be utilized
in the process of designing and inventing bio-inspired products and buildings [34]. In
spite of the fact that there are a variety of methodologies and frameworks, the majority
of biomimetic designers and researchers are in agreement that there are two primary
approaches to the development of biomimetic products. These approaches are the bottom-
up (solution-based) and top-down (problem-based) approaches [5,26,35–39]. The bottom-
up approach, also called the solution-based approach, begins with nature observation
by biologists or ecologists who identify the interesting biological properties that lead to
technical design. The top-down approach, also known as the problem-based approach,
starts with an engineering problem and then seeks solutions from nature.

3. Methodology
Smart and novel approaches are necessary for the development of biomimetic opaque

ventilated façade solutions that may effectively reduce façade surface temperature in hot
desert regions. This study represents a novel methodology within the current state of
the art, developed from the biomimetic top-down approach from the literature to create
bio-inspired opaque ventilated façade solutions. To meet the research aim, the study was
divided into three main phases, as seen in Figure 1.

Figure 1. Research design and methodology.

Phase 1: Baseline opaque ventilated façade
This phase is based on the authors’ previous study, which aimed to systematically

create a prototype to explore and determine the most influential design parameters impact-
ing the performance of opaque ventilated façades in hot desert climates [40]. The insights
gained from the baseline opaque ventilated façade study served as a crucial starting point
for subsequent phases of this study.

Phase 2: Biological phase
This phase of the study entails a thorough exploration of biological solutions aimed

at addressing the technical challenges identified in the baseline opaque ventilated façade
phase. Through an extensive review of literature, various biological features are analyzed
to understand their potential applicability in enhancing the performance of the opaque
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ventilated façade system. The objective is to uncover insights that could inform the de-
velopment of innovative strategies leveraging nature-inspired solutions to improve the
efficiency and sustainability of the opaque ventilated façade in a hot desert climate.

Phase 3: Concept and Sensitivity analysis
During this phase, bio-inspired features that have the potential to reduce opaque

ventilated façade temperatures are extensively examined. These features are imitated and
implemented in a test cell comparable to the baseline façade. Each bio-inspired solution
undergoes individual testing to assess its effectiveness in addressing the technical challenge
highlighted during the baseline façade phase. The behavior of every bio-inspired solution
was evaluated by the implementation of computational fluid dynamic (CFD) simulations.

Regarding the CFD setup, the present study followed the exact process from the
authors’ previous study [40]. Ansys Fluent was selected to conduct the CFD simulation
in this research; simulations were performed using Reynolds-Averaged Navier–Stokes
(RANS) equations at steady state mode; for the turbulence model, the RNG k–ε turbulence
model was selected and the enhanced wall treatment was enabled; with regard to the
radiation model, the DO radiation model was selected. During the concept and sensitivity
analysis phase, an identical test cell of the baseline façade was used with similar boundary
conditions. Boundary conditions were set, and solution tasks were prepared with appropri-
ate convergence criteria, ensuring consistency in temperature and airflow velocity during
simulation. All setup details are identical to those in the authors’ previous study and can
be referred to for further information [40].

Mid-August is the hottest time of the year, so this date was selected accordingly [41].
The opaque ventilated façade was set to face east to simulate the highest temperature a
façade can reach. Performing the CFD simulation for the building’s façade during the peak
heat period in Riyadh is crucial for several reasons. First, designing for the worst-case
scenario ensures that the façade will perform efficiently even under the most extreme
conditions. This not only enhances the resilience of the building but also provides a mar-
gin of safety for unexpected temperature spikes. Second, the warmest time indicates the
maximum thermal stress that the façade will experience. Simulating over this time period
allows for the evaluation of maximal thermal loads and comprehension of how the façade
design will function when subjected to excessive heat. Third, by running CFD simulations
throughout this time, it is possible to pinpoint the locations with the greatest heat gains and
adjust the design of the opaque ventilated façade to reduce them. This has the potential
to result in large reductions in energy usage as well as operational expenses, particu-
larly considering that Riyadh requires cooling equipment for almost eight months out of
the year [41].

4. Baseline Façade Phase
A comprehensive study to define the baseline opaque ventilated façade in a hot arid

climate [40]. The study progressed to the development of a baseline opaque ventilated
façade tailored specifically for hot desert climates. This study involved the creation of a
prototype to systematically explore and determine the most influential design parameters
affecting the performance of such a façade system. An in-depth examination was conducted
of different design parameters affecting the opaque ventilated façade, which were the outer
skin materials, joint configuration, air cavity width, wind direction and velocity, and solar
exposure. The study yielded some significant findings, as follows:

• The inner skin surface and the average air temperature within the cavity were reduced
more effectively by selecting the autoclaved-aerated concrete panel for the outer skin.
Furthermore, as the airflow velocity inside the cavity drops, the outer skin material
type parameter becomes more effective.
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• Closed-joint opaque ventilated façades reduced inner skin surface temperature more
than open-joint ones because they allowed faster air circulation.

• In the CFD simulation of four cavity widths, the impact of the 10 and 20 cm cavities
on the average inner skin surface temperature was nearly identical. Meanwhile, the
5 cm and 30 cm cavities cause a higher average inner skin surface temperature.

• Regardless of wind speed, the lowest average inner skin surface temperature can be
achieved when the wind is facing a ventilated façade.

• When the wind velocity increases during the hours when the façade is fully exposed
to sunlight, the inner skin heat reduction is more noticeable.

The following list presents the maximum average inner skin surface temperature
reduction that was attained, arranged from highest to lowest, based on the CFD results of
all the tested parameters:

1. Increasing the airflow velocity inside the cavity can lead to a 6.0 ◦C reduction in the
average inner skin surface temperature.

2. Shading the opaque ventilated façade can lead to a 4.1 ◦C reduction in the average
inner skin surface temperature.

3. Changing the opaque ventilated façade’s outer skin material can lead to a 3.3 ◦C
reduction in the average inner skin surface temperature.

4. Closing the opaque ventilated façade’s joint configuration can lead to a 2.1 ◦C reduc-
tion in the average inner skin surface temperature.

5. Adjusting the cavity width can lead to a 0.9 ◦C reduction in the average inner skin
surface temperature.

As a result of the study, it has been found that the most influential design parameter
was increasing the airflow velocity inside the cavity, so in the current study, it became the
technical challenge to reduce the inner skin surface temperature, which in turn leads to a
reduction in energy consumption.

5. The Biological Phase
This phase explores biological solutions in order to achieve a similar function to the

identified technical challenge in the baseline façade phase. This phase’s purpose is to reveal
insights that might influence the creation of novel techniques that leverage nature-inspired
solutions to increase the efficiency and sustainability of the opaque ventilated façade in
a hot desert climate. A comprehensive literature analysis is carried out to explore and
comprehend the potential of different biological features to solve the technical challenge of
the opaque ventilated façade.

It has been found during the baseline façade phase that the most influential design
parameter was increasing the airflow velocity inside the cavity, which then became the
technical challenge to reduce the inner skin surface temperature, which in turn leads to a
reduction in energy consumption. For millions of years, organisms have shown a variety
of successful examples of dealing with air movement. A large number of organisms were
explored and reviewed from biological books, academic journals, articles, websites, and
documentary films. Many of them have shown great adaptation to their environment, and
many lessons can be learnt from each of them.

Sorting out the features and mechanisms of the relevant organisms with the identified
challenges requires a deep contemplation of nature. Since increasing the airflow velocity
inside the cavity reduces the inner skin surface temperature, nature’s mechanisms with
features of airflow utilization were investigated. In order to explore the biological solutions
to the identified technical challenge, organisms that look promising to solve this challenge
are listed in Table 2.
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Table 2. The organisms that correspond to the identified challenges.

Technical Challenge Organism Feature/Mechanism

Airflow utilization Sundevall’s jird (Meriones crassus) The burrows with multi-entrances take
advantage of wind-induced ventilation
[42–46].

the banner-tailed kangaroo rat
(Dipodomys spectabilis)
the cavy (Microcavia australis)
the european mole (Talpa europaea)
the black-tailed prairie dog
(Cynomys ludovicianus)

Rodent Burrows

Rodent burrows play a significant role in rodents’ adaptation to the environment and
can be considered an “extended organism” [47]. Burrows, especially in hot, arid regions,
provide shelter from extreme temperatures and predators. Furthermore, they are used
for hibernating, food storage, and nesting [48]. Air movement through the tunnels of
rodents’ burrows has been extensively studied. Biologists have found that air circulation
through burrows is caused by wind-induced pressure differences and steady or quasi-
steady gradients in partial pressure or air density [49]. In Turner and Pinshow’s study [49],
additional dimensions of gas exchange in burrows were examined. The study explored and
tested two mechanisms, pendelluft flow and eddy capture, and the authors believe there
are even more possibilities for novel mechanisms of burrow ventilation to be explored [49].

Sundevall’s jird (Meriones crassus) is one of the most common rodents that live in hot
deserts across North Africa to Pakistan [43]. The multi-entranced Sundevall’s jird burrows
are ventilated even at low wind speeds [50]. The banner-tailed kangaroo rat (Dipodomys
spectabilis), the cavy (Microcavia australis), and the European mole (Talpa europaea) are
also species of rodent that dig their burrows with multi-entrances and take advantage of
wind-induced ventilation [42,44,45].

The black-tailed prairie dog is a burrow maker whose tunnels can be found across
North America. Even though these creatures do not live in hot, dry regions, they show a
great mechanism of utilizing wind power. The burrow of the black-tailed prairie dog has
entrances that are at opposite ends and surrounded by mounds of different heights. When
the wind blows over the mounds, air flows into the lower entrances of the burrow and exits
through the higher entrance (Vogel et al., 1973) [46].

Two physical principles, Bernoulli’s principle and “viscous sucking”, describe the
phenomenon of air circulation through these burrows. “Bernoulli’s principle describes
pressure differences generated by variations in velocity along a streamline,” while viscous
sucking “depends on the resistance of real fluids to rapid shear rates and the consequent
attraction of stagnant fluid by adjacent rapidly moving fluid” [46]. Therefore, a change in
air pressure gives the higher burrow’s entrance greater air velocity, which in turn decreases
the air pressure and allows the air to draw from the lower entrance (which has higher
pressure) towards the higher entrance.

Vogel, Ellington, and Kilgore [46] conducted an experiment to measure the passive
ventilation in prairie dogs’ burrows. They filled a 20-m-long burrow with smoke to measure
the direction the smoke moved whenever a local breeze occurred and how long it took
until the smoke was completely discharged from the burrow. They found that the smoke
was released from the higher entrance of the burrow, and that a breeze just over 1 mph was
required for the air to exchange completely in ten minutes [46].

In addition, throughout the experimental investigation, the authors found that “a
sharp rim on a mound improves its performance as an exit hole over a similar mound
with a rounded top” [46]: the raised crater mound accelerates the wind velocity, leading to
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pressure differences and faster flow rates. Furthermore, the airflow through the Burrows
performs better when their diameter expands as they meet free streams.

Two bio-inspired features that might lead to an effective solution for enhancing the
airflow velocity inside the cavity of the opaque ventilated façade should be investigated
in the subsequent phase. Analysis of the wind-induced flow mechanism through rodent
burrows has led to this determination. First, the raised air outlet in the burrow entrance of
the black-tailed prairie dog, which looks similar to a crater mound, increases wind velocity.
Second, the multi-entranced feature present in many rodents’ burrow systems enables
ventilation of the tunnel, even during low wind speeds.

6. Concept and Sensitivity Analysis
The design of the opaque ventilated façade is based on biomimicry, drawing inspira-

tion from the features of selected creatures during the biological phase. During this phase,
the rodent burrows’ features that show potential for reducing heat gain in the opaque
ventilated façade were carefully analyzed. These features were then mimicked and imple-
mented in a test cell similar to the baseline façade. Each bio-inspired solution was tested
independently to see how successful it is in increasing the airflow velocity inside the cavity,
which reduces the inner skin surface temperature, as shown in Figure 2. The proposed
design must fulfil certain fundamental goals. First, the opaque ventilated façade should be
a passive design that requires zero energy. Second, it should achieve a lower façade surface
temperature than both the baseline façade and an unventilated façade during the hottest
time of the year.

Figure 2. Bio-inspired solutions mimic process hierarchy.



Buildings 2025, 15, 2491 9 of 31

6.1. Top Mound Feature

The first solution emulates the wind-induced flow mechanism through rodent burrows.
Like the black-tailed prairie dog’s burrow entrances, the opaque ventilated façade has a
cavity with two openings at different heights to allow the air to circulate. One opening
is on the bottom as an air inlet, and the second one is on top as an outlet. When a breeze
occurs, the raised top hole that mimics the high entrance shape of the black-tailed prairie
dog’s crater mound, as seen in Figure 3, accelerates the wind velocity when it passes over it
and allows the air to draw faster from the bottom entrance.

Figure 3. The raised top hole that mimics the high entrance shape of the black-tailed prairie dog’s
mound compared to the baseline façade.

The results of the simulations for an autoclaved-aerated concrete panel outer skin are
presented in Table 3. The simulation was performed at three different times of the day
and under three different wind speeds. The shaded top mound opaque ventilated façade
solution exhibited significantly lower average inner skin surface temperature compared
to the sun-exposed façade, similar to the baseline façade. Under a calm 5 km/h breeze,
the variation in average inner skin surface temperature was 2.5 ◦C between 11:00 a.m. and
4:00 p.m. scenarios. This difference was reduced to 1.7 ◦C when the wind speed was
increased to 10 km/h, and further decreased to 1.1 ◦C when the wind speed reached
20 km/h.

The results show that the mimicked crater mound solution of the black-tailed prairie
dog accelerates the average air velocity within the cavity by up to 350% more than the
baseline façade. In other words, the ventilated cavity of the baseline façade reduces the
average airflow inside the cavity compared to the wind velocity by about 70%, while the
biomimetic top mound solution only decreases the airflow by about 12% compared to the
wind speed. For example, during a 10 km/h light wind, the average air velocity inside
the cavity of the baseline façade was approximately 2.7 km/h, whereas the biomimetic
top mound solution experienced an average air velocity of approximately 8.8 km/h. This
resulted in a significant decrease in the average air temperature inside the cavity for this
solution, which in turn led to a lower average inner skin surface temperature, as illustrated
in Figures 4 and 5.
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Figure 4. The air velocity and temperature inside the cavities of the baseline façade and the top
mound solution.

Figure 5. The baseline façade and the top mound solution comparison during a 10 km/h light wind.
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Table 3. The CFD results of the top mound solution.

Variables
Average Inner
Skin Surface
Temperature

Average Outer
Skin Surface
Temperature

Average Air
Temperature Inside

the Cavity

Average Air Velocity
Inside the Cavity

Wind
Velocity Solar Exposure (◦C) (◦C) (◦C) (km/h)

(5 km/h)
Windward

Full sun
(11:00 a.m.) 58.5 86.7 48.3 4.8

Partial shaded
(01:00 p.m.) 60.1 72.0 48.2 4.7

Fully shaded
(04:00 p.m.) 56.0 63.2 47.1 4.5

(10 km/h)
Windward

Full sun
(11:00 a.m.) 54.9 80.2 47.4 8.8

Partial shaded
(01:00 p.m.) 56.4 66.8 47.3 8.8

Fully shaded
(04:00 p.m.) 53.2 58.0 46.5 8.7

(20 km/h)
Windward

Full sun
(11:00 a.m.) 51.6 71.4 46.6 17.5

Partial shaded
(01:00 p.m.) 52.9 60.4 46.6 17.6

Fully shaded
(04:00 p.m.) 50.5 54.2 46.0 17.4

When comparing the results of this solution with the baseline façade and an unventi-
lated façade, several findings can be noticed. Figure 6 displays the effect of 10 km/h light
windward on the inner skin surface temperature of these façades when they were fully
exposed to sunlight. The average inner skin surface temperature of the opaque ventilated
façade with the top mound solution, when it is fully exposed to solar radiation and during
windward, was 54.9 ◦C, which is 5.4 ◦C lower than the baseline façade and 15.9 ◦C lower
than the unventilated façade, as seen in Table 4. The difference between the top mound
solution and the baseline façade, when they were fully shaded, decreased to 3.6 ◦C, and
only 0.5 ◦C between this biomimetic top mound solution and the unventilated façade.

Table 4 demonstrates that, in the majority of situations, the top mound solution had
superior performance in decreasing the average inner skin surface temperature, with only
a few exceptions. The baseline façade performance was better only during the leeward
wind, when the façades were partially shaded, with 0.6 ◦C lower average temperature
on the inner skin surface than the top mound solution. Additionally, the average inner
skin temperature in the unventilated façade was lower than the top mound solution when
they were fully shaded and during leeward and side winds, with a maximum difference
of 3.3 ◦C.

The 30 cm raised top outlet that mimics the high entrance shape of the black-tailed
prairie dog’s mounds showed an effective solution to reduce the inner skin surface temper-
ature; however, the height of a real crater mound is not always 30 cm; it can range from
30 cm to 100 cm [46]. Therefore, further simulations for 60 cm and 100 cm mound heights
were conducted to discover the effect of the height parameter on the thermal performance
of the top mound solution, as seen in Figure 7. In addition to the mound height, Vogel,
Ellington, and Kilgore [46] discovered that a sharp rim on a mound and the expansion
of the burrow diameter as it meets the free stream improve its performance. As a result,
narrow, wide, and extra-wide angles of the top mound width were examined to find the
impact of the expansion of the cavity width as it meets the free stream, as shown in Figure 7.
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Figure 6. Comparison of the inner skin surface temperature and the cavity performance of
the façades.
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Table 4. Comparison of the unventilated façade, baseline façade with the top mound solution.

Variables Solar Exposure
Unventilated Façade Baseline Façade Top Mound Solution

Wind
Direction

Full Sun
(◦C)

Partial
Shaded

(◦C)

Fully
Shaded

(◦C)

Full Sun
(◦C)

Partial
Shaded

(◦C)

Fully
Shaded

(◦C)

Full Sun
(◦C)

Partial
Shaded

(◦C)

Fully
Shaded

(◦C)
leeward 74.8 63.6 56.2 63.9 63.1 59.4 62.0 63.7 59.4

Windward 70.8 60.1 53.7 60.3 59.8 56.8 54.9 56.4 53.2
Side 77.4 66.5 57.1 65.2 66.0 60.6 62.7 65.4 59.8

Figure 7. The tested heights and angles of the biomimetic top mound solution.

For the top mound height solutions, three CFD simulations were conducted for each
height. For the top mound angle solutions, four CFD simulations were performed with
30 cm high mounds. All these top mound solution options were tested only during a
10 km/h light windward as an indicator of the impact of these changes on their performance.
It is not necessary to simulate every option under all scenarios in this study, as the purpose
of these simulations is to determine whether changes in the top mound solution affect its
performance, thereby defining them as input parameters for a future optimization study.

6.1.1. Top Mound Height

Increasing the top mound height is important to be tested to determine the optimal
design. Figure 8 displays the CFD simulation results of 30, 60, and 100 cm mound heights
under light windward conditions when they were fully exposed to sunlight. The results
indicate that an increase in mound height leads to an increase in the average air velocity
inside the cavity, which in turn causes a decrease in the average temperature of the inner
skin surface. For example, the difference in the average air velocity inside the cavity
between the 30 cm and 100 cm mounds was 0.8 km/h and 0.5 ◦C in the average inner
skin surface temperature, as shown in Table 5. It can be noticed from the results that the
thermal performance difference is not considerable, especially when it is compared against
the buildability and the material quantity required to build it, which will be discussed in
more detail in a future optimization study. Accordingly, the next step, which investigates
the top mound angles, was carried out with a mound height of 30 cm.
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Figure 8. The air velocity and temperature inside the cavities of the three top mound height solutions.

Table 5. CFD simulation results for the top mound height solutions.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Top Mound
Height (◦C) (◦C) (km/h)

(10 km/h)
Windward

30 cm 54.9 48.0 8.8
60 cm 54.6 47.9 9.3

100 cm 54.4 47.5 9.6

6.1.2. Top Mound Angles

The burrow performance of the black-tailed prairie dogs is improved when the burrow
diameter increases upon meeting the free stream, so the proposed biomimetic top mound is
expanded to wide and extra-wide angles. A narrow-angle investigation was also conducted
to determine whether this bio-inspired feature is applicable to the opaque ventilated façade,
Table 6 illustrating the CFD simulation results of all tested top mound angles.



Buildings 2025, 15, 2491 15 of 31

Table 6. CFD simulation results for the top mound angle solutions.

Variables
Average

Inner Skin
Surface Temperature

Average Air
Temperature Inside

the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Top Mound Angle (◦C) (◦C) (km/h)

(10 km/h)
Windward

Narrow 55.1 47.7 8.2
No-tilt 54.9 48.0 8.8
Wide 54.4 47.5 10.6

Extra wide 55.4 47.9 10.1

The findings confirm that, as the morphological feature of the prairie dog’s
mound, the wider outlet of the opaque ventilated façade accelerates the airflow velocity
through the cavity, while the narrow outlet reduces the airflow speed, as displayed in
Figures 9 and 10. Compared to the no-tilt mound, whose average air velocity inside the
cavity was 8.8 km/h, the wide mound boosted the airflow speed to 10.6 km/h, which
in turn reduced the average inner skin surface temperature by 0.5 ◦C. Nonetheless, the
extra-wide outlet tended to perform less effectively than the wide outlet.

Figure 9. The air velocity and temperature inside the cavities of the four top mound angle solutions.
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Figure 10. Comparison of the inner skin surface temperature and the cavity performance of the
four top mound angle solutions.

6.2. Multi-Entranced Feature

The multi-entranced feature can be found in many rodents’ burrow systems, which
allow the burrow to be ventilated even at low wind speeds. The front and side faces of the
opaque ventilated façade were examined for potential aperture designs because rodents
often build their burrow entrances in various places and positions. In order to create multi-
entrances without allowing solar radiation to reach the inner skin surface, extra surfaces
that shade the apertures should be made. The number of design possibilities that can be
made is uncountable, so only three designs in the front face and three in the side faces were
investigated to find whether the multi-entranced solution is effective. All multi-entranced
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solutions were created by using the baseline façade as a base and modifying it solely by
adding extra apertures to the outer skin.

6.2.1. Front Face Multi-Entranced Solution

In the baseline façade, the airflow streamlines in the first meter from the ground
head down to the bottom inlet, as can be seen in Figure 11. The remainder of the airflow
streamlines move adjacent to the outer skin to move towards the top of the building.
Consequently, several design tweaks have been investigated to make the most of airflow
streamlines entering the cavity as they go up and adjacent to the outer skin. The first design
idea involves incorporating an additional entrance in the middle, enabling the airflow that
travels upwards and alongside the outer skin to smoothly access the cavity, as illustrated
in Figure 12.

 

Figure 11. The streamlines pattern in the baseline façade.

 

Figure 12. Smooth front multi-entrance solution compared to the baseline façade.

The CFD simulation results of this smooth front entrance solution, which are illustrated
in Table 7, show some interesting findings. As can be seen in Figure 13, the airflow velocity
through the lower part of the cavity until the additional entrance declined to 1.6 km/h,
compared to the baseline façade, which was 2 km/h. As a result, the temperature of the
lower area of the inner skin surface in the baseline façade was lower than that of this smooth
front multi-entrance solution, as can be seen in Figure 14. In contrast, the upper part of the
cavity in this smooth front multi-entrance solution showed better thermal performance.
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The overall average inner skin surface temperature of the smooth front multi-entrance
solution was 60.1 ◦C, which was only 0.2 ◦C lower than the baseline façade.

Table 7. The CFD simulation results of the smooth front multi-entrance solution compared to the
baseline façade.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Façade Type (◦C) (◦C) (km/h)

(10 km/h)
Windward

Smooth 60.1 47.7 2.3
Baseline façade 60.3 48.7 2.7

 
Figure 13. The cavity thermal performance of the smooth front multi-entrance solution compared to
the baseline façade.

The second multi-entrance solution on the front face was similar in appearance to the
smooth entrance solution except for the presence of a box over the extra aperture, as shown
in Figure 15. The reason for this geometrical change is to direct the airflow when it enters
the cavity to be closer to the inner skin instead of being adjacent to the inner surface of the
outer skin, as in the case of the smooth entrance solution. Although this solution showed
only a 0.1 difference in both airflow velocity inside the cavity and the average inner skin
surface temperature compared to the smooth entrance solution, it leads to an additional
front entrance modification that allows the airflow to enter the box from both the bottom
and the top, as displayed in Figure 15, to further direct the airflow streamlines to travel
adjacent to the inner skin, as illustrated in Figure 16.
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Figure 14. The inner skin surface temperature of the smooth front multi-entrance solution compared
to the baseline façade.

Figure 15. Box front multi-entrance solution compared to the baseline façade.

The CFD simulation of this top-opened box solution shows that the additional cover to
the aperture that is open from the top and the bottom allowed the air to enter from opposite
directions, which caused an increase in the velocity when they meet and pushed the airflow
to be near the inner skin surface. Despite the fact that the average airflow velocity inside
the cavity increased by almost 0.4 km/h compared to the other front face multi-entrance
solutions, the average inner skin surface temperature remained the same, as seen in Table 8.
The reason was that this solution directed the airflow straight away to hit the inner skin
with very high speed, then dramatically declined while it travelled up to the outlet, as
shown in Figure 17.
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Figure 16. Cross sections of the airflow pattern and velocity for all front multi-entrance solutions.

Table 8. The CFD simulation results of top-opened box compared to the other solutions and the
baseline façade.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Façade Type (◦C) (◦C) (km/h)

(10 km/h)
Windward

Top-opened box 60.0 49.0 2.7
Box 60.2 49.0 2.4

Smooth 60.1 47.7 2.3
Baseline façade 60.3 48.7 2.7
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Figure 17. The air velocity and temperature inside the cavities of the top-opened box solution
compared to the baseline façade.

All three front face multi-entrance solutions showed very slight improvements in the
overall thermal performance of the opaque ventilated façade. The modifications that were
made to the geometry of the additional entrance did not appear to have a significant impact.
Therefore, a further test was carried out to investigate the impact of adding an additional
entrance to the front face, as shown in Figure 18. The results of this solution showed an
improvement in the overall thermal performance, as shown in Table 9. Compared to the
baseline façade, the average airflow speed through the cavity in this solution was 3 km/h,
which is 0.3 km/h higher, as displayed in Figure 19. Furthermore, the average inner skin
surface temperature also showed a decrease of 1 ◦C, from 60.3 ◦C in the baseline façade to
59.3 ◦C in this two-front multi-entrance solution.
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Figure 18. Two-front multi-entrance solution compared to the box front multi-entrance solution.

Table 9. The CFD simulation results of the two-front multi-entrance solution compared to the
baseline façade.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Façade Type (◦C) (◦C) (km/h)

(10 km/h)
Windward

Two-front
multi-entrance 59.3 48.8 3.0

Baseline façade 60.3 48.7 2.7

 

Figure 19. The air velocity and temperature inside the cavities of Two-front multi-entrance solution
compared to the baseline façade.
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6.2.2. Side Multi-Entranced Solution

The position and geometry of the built side multi-entrance solution are comparable to
the two-front face multi-entrance solution, since it was the highest multi-entrance solution
that contributed to lowering the average inner skin surface temperature. This side multi-
entrance solution is shown in Figure 20. The results of the simulation reveal a pattern of
airflow that is different from the one anticipated by the front face solution. The mechanism
of a side multi-entrance solution functions in a manner that is completely different from
that of front face solutions, as seen in Figure 21, which displays a front elevation of the
façade to illustrate the point. In particular, these entrances act as additional outlets for the
air rather than inlets, as is the case with front face solutions.

 

Figure 20. The geometry of the side multi-entrance solution.

 
Figure 21. Airflow pattern of the side multi-entrance solution.

The reason that these side apertures act as outlets is because of the consequent attrac-
tion of slower fluid by adjacent rapidly moving fluid. This is because when the air hits
a building, the air turbulence that is created by sudden corners can produce a noticeable
increase in velocity that is higher than the air velocity inside the cavity. This consequent
attraction of slower fluid by adjacent rapidly moving fluid made these side apertures act
as outlets.
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Chart comparisons of the average airflow velocity and temperature inside the cavity
of the baseline façade, the front multi-entranced solution, and the side multi-entranced
solution are presented in Figure 22. The average airflow speed inside the cavity was
highest for the side multi-entrance solution at 5.8 km/h in the first meter from the ground,
compared to 4.4 km/h for the baseline façade and 3.6 km/h for the front multi-entrance
solution. In the second meter up until the top of the cavity, the average airflow speed in the
front multi-entrance solution had a higher velocity than the side multi-entrance solution by
a difference of 0.3 km/h.

Figure 22. The air velocity and temperature inside the cavities of front and side multi-entrance
solutions compared to the baseline façade.

Table 10 displayed that when the side multi-entrance solution was compared to the
baseline façade’s effect on the average temperature of the inner skin surface, the side multi-
entrance solution achieved a reduction of 0.6 ◦C. None of the tested side or front multi-
entrance solutions could significantly lower the average inner skin surface temperature. As
a result, one final attempt was made to combine the front and side multi-entrances into a
single design, as shown in Figure 23.
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Table 10. The CFD simulation results of the side multi-entrance solution compared to the
baseline façade.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Façade Type (◦C) (◦C) (km/h)

(10 km/h)
Windward

Side multi-entrance 59.8 48.3 2.6
Baseline façade 60.3 48.7 2.7

Figure 23. The geometry of the combined front and side multi-entrances solution.

Figure 24 presents a chart that compares the average airflow velocity and tempera-
ture inside the cavity of the baseline façade, the front multi-entranced solution, the side
multi-entranced solution, and the combined front and side multi-entranced solution. The
combined front and side multi-entrance solution resulted in the cavity having the coolest
average air temperature overall, as illustrated in Table 11. The combined front and side
multi-entrance solution had the highest average airflow speed inside the cavity compared
to any other multi-entranced solution. This was due to the fact that it utilized both the
mechanism of the consequent attraction of slower fluid by adjacent rapidly moving fluid
from the side and the utilization of airflow streamlines to enter the cavity that were travel-
ling up and adjacent to the outer skin from the front, as can be seen in Figure 25. The results
of the investigation were that the combined front and side multi-entranced solution had an
average inner skin surface temperature that was 1.5 ◦C lower than the baseline façade.

Table 11. The CFD simulation results of the baseline façade, the front multi-entranced solution, the
side multi-entranced solution, and the combined front and side multi-entranced solution.

Variables Average Inner Skin
Surface Temperature

Average Air Temperature
Inside the Cavity

Average Air Velocity
Inside the Cavity

Wind Velocity Façade Type (◦C) (◦C) (km/h)

(10 km/h)
Windward

Combined front
and side 58.8 48.1 2.9

Side multi-entrance 59.8 48.3 2.6
Two-front

multi-entrance 59.3 48.8 3.0

Baseline façade 60.3 48.7 2.7
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Figure 24. The air velocity and temperature inside the cavities of the baseline façade, the front
multi-entranced solution, the side multi-entranced solution, and the combined front and side multi-
entranced solution.

 

Figure 25. The airflow pattern of the combined front and side multi-entranced solution.
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7. Discussion
Within the concept and sensitivity analysis phase, thirteen bio-inspired solutions were

individually examined using CFD simulations to determine their efficiency in boosting
airflow velocity within the cavity, which in turn reduces the inner skin surface temperature.
All the proposed bio-inspired solutions were successful in achieving better thermal perfor-
mance than the baseline façade. The average inner skin surface temperature, the average
air temperature, and the velocity inside the cavity all showed considerable improvements
because of some of these solutions. In comparison to the baseline façade, Table 12 shows
the average inner skin surface temperature, average air temperature, and velocity inside
the cavity for each proposed solution. It also highlights the positive impact in green, the
negative impact in red, and the slight improvement in pale green.

Table 12. The proposed solutions in comparison to the baseline façade.

Feature Solution

Average Inner
Skin Surface

Temperature Difference
(◦C)

Average Air Temperature
Difference Inside

the Cavity
(◦C)

Average Air Velocity
Difference Inside

the Cavity
(km/h)

30 cm −5.4 −0.7 +6.1

60 cm −5.7 −0.8 +6.6Top mound height

100 cm −5.9 −1.2 +6.9
Narrow −5.2 −1.0 +5.5

Wide −5.9 −1.2 +7.9Top mound angle

Extra wide −4.9 −0.8 +7.4
Smooth −0.2 −1.0 −0.4

Box −0.1 +0.3 −0.3
Top-opened box −0.3 +0.3 0.0

Front multi-entrance

Two-front −1.0 +0.1 +0.3
Side multi-entrance Two side −0.5 −0.4 −0.1

Front and side
multi-entrance

Combined front
and side −1.5 −0.6 +0.2

According to the findings, all of the top mound solutions were successful in achieving
the greatest reduction in the average inner skin surface temperature, by at least 5 ◦C lower
than the temperature of the baseline façade. Regarding the multi-entranced solutions, the
findings indicate that each of these solutions showed slight improvements in lowering
the average inner skin surface temperature by no more than one degree Celsius. The only
solution that can be considered noteworthy is the combined front and side solution. This
solution contributed to lowering the average temperature of the inner skin surface by 1.5 ◦C.
As a result, the wide top mound solution offered the best thermal performance compared
to all of the other solutions, including top mound solutions.

This research presents a novel biomimetic opaque ventilated façade solution in a hot
desert climate. It serves as evidence that biomimicry is a very efficient problem-solving
approach, leveraging nature’s designs and strategies to develop novel and sustainable
opaque ventilated façade solutions. Comparing the results, the wide mound solution
significantly reduced the average inner skin surface temperature compared to both the
baseline and unventilated façades. The average inner skin surface temperature of the
opaque ventilated façade with the wide mound solution, when it is fully exposed to solar
radiation and during light windward, was 54.4 ◦C, which is 5.9 ◦C lower than the baseline
façade and 16.4 ◦C lower than the unventilated façade.

In comparison with previous studies on opaque ventilated façades, such as those by
Ibañez-Puy et al. [8], Fantucci et al. [9], and Gagliano and Aneli [10], which demonstrated
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energy savings between 20% and 55% in summer climates, the bio-inspired enhancements
proposed in this study provide an additional layer of innovation through nature-based op-
timization. While earlier work primarily focused on wall layer configurations and material
properties to reduce thermal gain, this research demonstrates how geometric manipula-
tion inspired by natural forms, such as termite mounds or burrow structures, can drive
passive air movement to enhance convective cooling within ventilated cavities. This study
introduces a design methodology derived from biomimicry that strategically addresses
aerodynamic flow and surface temperature regulation. These additions complement and
extend the thermal performance findings of the aforementioned literature.

Although the findings of this study are promising, there are some limitations that
should be considered. First, this research focused on studying the effects of a biomimetic
opaque ventilated façade on the thermal performance of building façades in hot desert
climates. This implies that the study’s proposed biomimetic opaque ventilated façade is
not applicable in other climate zones. However, the approach and framework that were
created can be used in other climates. Second, the installation of the proposed biomimetic
opaque ventilated façade onto a real building façade could offer significant benefits for
studying its life cycle assessment. Nevertheless, limitations in time and budget currently
impede this exploration. Finally, the proposed biomimetic opaque ventilated façade was
evaluated for its applicability for a low-rise building façade. Whether or not this façade
solution is suitable for mid-rise and high-rise buildings is unknown.

8. Conclusions
This study developed and evaluated a novel biomimetic opaque ventilated façade

system specifically designed for hot desert climates. Through a sensitivity analysis and
CFD simulations, thirteen distinct bio-inspired configurations were explored to assess their
impact on enhancing airflow within the façade cavity and reducing inner skin surface
temperature. All proposed designs achieved measurable improvements in thermal perfor-
mance compared to a conventional unventilated façade, with the most effective being the
wide top mound solution, which achieved a reduction of 16.4 ◦C in average inner surface
temperature and significantly enhanced airflow velocity within the cavity compared to the
baseline ventilated façade.

The results highlight the effectiveness of integrating biomimicry into opaque ventilated
façade systems—an approach that remains largely underexplored in existing literature. By
mimicking natural forms such as termite mounds and burrows, the study demonstrates
that airflow and thermal behavior can be optimized not only through material selection
and traditional passive design strategies but also through geometry inspired by biological
systems. This positions biomimicry as a promising design methodology that complements
and enhances current approaches to sustainable architecture.

The study also introduced a unique methodology that combines parametric de-
sign, performance-based analysis, and biological analogies to generate façade solutions.
This framework offers a replicable process for architects and engineers to derive high-
performance, climate-responsive designs across various contexts. The approach can be
adapted to other climates by modifying design parameters and drawing inspiration from
locally adapted species, thereby expanding the relevance of the findings beyond hot
desert regions.

The research’s findings and limitations identify several recommendations and oppor-
tunities for future work. First, while the current study focused on hot desert climates, the
framework developed for the biomimetic opaque ventilated façade can be adapted for
other climate zones. Future research is recommended to investigate the necessary modifi-
cations for the façade to function effectively in temperate, humid, or cold climates. This
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could involve finding different effective parameters for the thermal performance, defin-
ing other bio-inspired solutions, and overall developing other novel biomimetic opaque
ventilated façade solutions. Second, future research should prioritize the installation of
this façade on a low-rise building to gather real-world data on its thermal performance,
durability, and maintenance requirements. This data can then be used to conduct a com-
prehensive life cycle assessment, considering environmental impact, energy consumption,
and cost-effectiveness over its lifespan. Third, the current study evaluated the biomimetic
façade for low-rise buildings. Future research should investigate its applicability for mid-
rise and high-rise buildings. This may involve analyzing wind loads, structural support
requirements, and potential modifications needed to maintain effectiveness at different
heights. Finally, due to time constraints, this study did not delve into the tectonics of
the façade, which explores how individual design elements come together as a cohesive
system. Future research should develop a detailed tectonic design demonstrating how each
component integrates to create a functionally pleasing whole. This exploration can inform
the construction process and ensure optimal performance of the façade. By addressing
these limitations and recommendations, future research can broaden the applicability of
the proposed biomimetic opaque ventilated façade, establish its viability in real-world
settings, and contribute to the development of more sustainable and high-performing
building envelopes.
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