IJRASET

International Journal For Research in
Applied Science and Engineering Technology

" INTERNATIONAL JOURNAL
FOR RESEARCH

IN APPLIED SCIENCE & ENGINEERING TECHNOLOGQGY

Volume: 14 Issue: II Month of publication: February 2026

DOIl: https://doi.org/10.22214/ijraset.2026.77493

www.ijraset.com
Call: (£)08813907089 | E-mail ID: ijraset@gmail.com




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 14 Issue Il Feb 2026- Available at www.ijraset.com

Biomimetic Adaptive Facades: Optimizing Energy
Efficiency through Natural Analogues

Aira Shet
Faculty of Architecture, PES University, Bangalore, Karnataka 562285, India

Abstract: This study deals with how biomimetic adaptive facade designs can improve energy efficiency by replicating natural
tactics. The study intends to create unique facade solutions that overcome both the issues of excessive energy consumption and
environmental impact in buildings by analyzing the energy optimization strategies of natural systems.

Cases of how biomimetic elements are used realistically include the Shanghai Tower, the Eastgate Center, and the St. Mary Axe
Building. Using daylighting and passive natural ventilation techniques, the St. Mary Axe Building can save up to 50% on energy
costs compared to traditional office buildings. The Eastgate Centre uses a passive cooling system that reduces dependency on
conventional air conditioning, drawing inspiration from termite mounds. With sustainable facade technologies that maximize
energy use and control wind loads in a high-rise setting, the Shanghai Tower is an excellent case of vertical urbanization. This
study uses case study analysis, physical prototyping, and computer modelling to find essential biomimetic techniques that greatly
enhance energy performance, such as ventilative cooling, dynamic insulation, and self- shading. The results offer innovative
methods to minimize energy use while improving the quality of life in the built setting by integrating biomimetic adaptive facades
into architectural design.
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L. INTRODUCTION
The importance of building facades has changed drastically over the last few decades as architects and engineers have been looking
for creative solutions to reduce building performance gaps. Facades are no longer just functional or aesthetic. They have turned into
active components which work automatically in controlling the interior climate of the building. Passive design strategies have been
the norm in the fabric of facade design which is why unnecessary, bulky mechanical systems such as heating, ventilation, and air
conditioning (HVAC), were needed to create a comfortable careful environment inside. However as new inventions were created
and architecture became of high order, so the idea of remodelling, expanding or changing the building skin resurfaced, so called the
idea of adaptive facades. Adaptive facades can change with time and again to wind and sun for instance making the building useable
on its own without the want to be further assisted much. In light of this context, there, however, is an interesting perspective
regarding how the facade as a component can be further developed with regard to biomimicry.
Biomimicry refers to the act of copying the means, methods and techniques derived from billions of years of natural evolution
directed at addressing complex environmental issues. The ability of nature to create advanced designs for energy management,
temperature control and physical alteration of environments is a productive source of looking for answers to Designing. Heat,
moisture, light, and other such factors, must be dealt with constantly in nature to enable good growth of organisms. Such adaptive
behaviour has also led to the emergence of a new trend in facade design whereby the envelope of the building is designed to imitate
biological systems in order to reduce energy consumption for the maintenance of building services.
Biomimicry inspired by nature and modern technology is what characterizes the process of creating adaptive facades.
Contemporary materials, sensors, and control units allow the facades to act as a responsive system similar to any living organism in
responding to the outer environment. For example, we can imagine a facade composed of thermochromic materials where colour
change occurs with a change in temperatures, similar to extreme animals that vary their colour to absorb sunlight or disguise. Such
materials have the ability to change in intensity and reduce solar incapacitance or withhold solar energy in hot weather and this helps
achieve quite stable internal temperatures without any mechanical aids.
Biomimetic adaptive facades open up new approach for re-imagining the interaction between structures and their surroundings.
With the provision of this adaptive process derived from natural elements, architects are able to create wall systems that not only
improve structures' performance but also provide a more engaging and proactive architecture. The blending of biology with
construction advances the concept of building envelops and advances towards building designs with self adaptive capabilities which
solves new challenges in design and performance enhancement.
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This research focuses on the practical applications of biomimetic adaptive facades in modern architecture. It examines how natural
analogues can inform front-end design to improve energy efficiency. Study through case studies and experimental analysis to reduce
reliance on more comfortable and efficient mechanical systems.

Exploring the potential of these fronts to create living and working space with complex adaptations found in nature Biomimetic
building walls hold promise for transforming the way buildings interact with their environment. And in doing so They lead to a new
paradigm for architectures that prioritize responsiveness, innovation, and efficiency.

1. LITERATURE REVIEW

A. Biomimicry in Architectural Design

Biomimicry and biophilic design are emerging approaches in architecture that draw inspiration from nature to create energy-
efficient and sustainable building facades. The study examines cutting-edge design concepts, materials, and designs in building
facades from the perspectives of biomimetics and bio-design. These strategies aim to reduce energy consumption and improve
occupant comfort by mimicking natural processes and incorporating biological elements [1]. Kinetic facades that use smart
materials are self-responding and do not require energy to operate, making them better at reducing energy consumption. - The paper
identified the basic types of kinetic facades and their characteristics in terms of materials and shading mechanisms, in relation to
biomimicry-inspired technologies [2]. Energy efficiency in biomimetic facade systems is achieved by regulating air, water, heat, and
light. Biological solutions from nature need to be well-defined and integrated into the facade design to address specific problems.
Energy simulation and performance calculation methods should be used to obtain reliable data when analyzing biomimetic facade
projects [3]. The study establishes three priority parameters (materials, practices, and thermal behavior) to analyze building fagades
on a scale from artificial to natural, local to distant, and insulation to inertia. Factors like shading, solar passive energy, and
renewable energy use affect the measurements of energy consumption. Modern high-tech insulation relates to biophilia, while
traditional local solutions have cultural aspects of biomimicry [4]. These approaches offer innovative and sustainable solutions for
energy-efficient building envelopes, addressing the growing demand for reduced carbon emissions in the built environment.

B. Adaptive Facade Innovations in Architecture

Energy efficiency in biomimetic facade systems is achieved by regulating air, water, heat, and light. Biological solutions from
nature need to be well-defined and integrated into the facade design to address specific problems. Energy simulation and
performance calculation methods should be used to obtain reliable data when analyzing biomimetic facade projects [3]. Biomimicry
and bio-design approaches can be used to develop energy-efficient building facades. Natural processes can be leveraged to improve
the energy efficiency of building facades.

Biomimetic concepts should be at the center of the design of energy-efficient building facades [1]. Inspired by biological systems,
phase change materials and solar concentrators can be integrated into building envelopes to improve thermal energy storage and
utilization [5]. These bio-inspired approaches align with the principles of Nearly Zero Energy Buildings (NZEB) and passive solar
design. The application of biomimicry extends beyond facades to overall architectural composition, including structural
morphology, green roofs, and urban planning [6]. By adopting nature's time-tested strategies, architects can create more sustainable,
efficient, and resilient buildings that respond effectively to environmental challenges.

C. Energy-Efficient Facade Design

Energy efficiency in biomimetic facade systems is achieved by regulating air, water, heat, and light. Biological solutions from
nature need to be well-defined and integrated into the facade design to address specific problems. Energy simulation and
performance calculation methods should be used to obtain reliable data when analyzing biomimetic facade projects [3]. Biomimicry
and bio-design principles can be used to develop more sustainable and energy-efficient building facades. The study examines
cutting-edge design concepts, materials, and designs in building facades from the perspectives of biomimetics and bio-design. To
achieve energy-efficient facade solutions, biomimetic concepts must be at the center of the design [1]. he solar thermal facade
system developed in the study improved energy efficiency, reduced heat losses, and reduced CO, emissions, demonstrating its
suitability for domestic heating in building envelopes. Aerogel was a key material in the solar facade model, with experiments
showing it had beneficial thermal and optical properties, and thermal insulation was vital for the energy conservation and reduced
energy loss of this system. Both Fresnel lenses and poly-methyl methacrylate acrylic glass were effective at concentrating solar
energy and gathering light, with similar performance results between the two materials [5].
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Biomimicry was used to design building envelope elements, drawing inspiration from the adaptive strategies of the African reed
frog and Hercules beetle. The specific strategies used were heat regulation through reflective skin pigment and moisture control.
These biomimetic design strategies were implemented through techniques like high albedo materials, hydrogel chambers, phase
change materials, and an adaptive HVAC system, which were evaluated through thermal simulation modeling [7].

1. SECONDARY DATA

Biomimetic adaptive facades are a new approach to sustainable architecture that addresses modern buildings' major energy
efficiency problem by drawing inspiration from natural systems. Such innovative ideas improve environmental and urban livability
while reducing energy consumption by mimicking biological processes. The increasing need for “green” buildings has revealed
creative strategies to control environmental damage while promoting energy efficiency. The modern performance-based challenges
addressed by biomimetic adaptive facades-with inspirations from natural strategies of adaptation-make them a true innovation,
which redesigns the facade to become nothing more than a continuation of the sensibility between practicality and environmental
maintenance by protecting fundamental principles like natural ventilation, thermal regulation, and energy efficiency. The case
studies presented here illustrate the potential of a biomimetic adaptive facade to alter architectural design in conserving energy,
perfecting indoor environmental conditions, and assisting with generally complex tasks of sustainable global policy. It outlines the
implications of such facades in contemporary design through discussions about their advantages, applications, and foundational
principles.

A. Case Study 1: 30 St Mary Axe, ‘The Gherkin’, London, UK

The St. Mary Axe building is designed with continuing environmental development. Its absolute pace and commitment to
environmentally sensitive performance well represent these objectives. The building is estimated to consume 50 per cent less energy
than a conventional luxury office building that is air-conditioned due to an array of ecological solutions. Fresh air in the building is
ensured through spiralling light wells for natural ventilation within the workspace, thus reducing the dependency on artificial
heating and cooling. The configuration of the building and the inclusion of light wells augment the provision of natural lighting,
reduce dependence on artificial lighting, and provide scenic views from within the bowels of the structure. The balconies along the
edge of each light well enable powerful visual relations between the floors while at the same time delineating attention for the
collective office zones. The characteristic spiral elements, composed of grey glazing, articulate the interior atria of the building from
the exterior. [8]

< .tw i e

Fig 1 : The Gherkin, London Source : P. Pintos, 2019 [8]

1) Facade Design

The cladding on the outside comprises 5,500 flat triangular and diamond-shaped glass panes, differing at each level. The glazed
units forming the areas of offices are separated by a solar-control blind-fixed central ventilated space from a double-glazed outer
layer and a single-glazed inner screen.
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The exhaust air from the offices was used to ventilate the cavities, which served as buffer zones that supposedly reduced the need
for supplemental heating and cooling. Glazing for the light-wells on each tower's elevations is formed using operable double- glazed
panels of grey-tinted glass combined with a high-efficiency solar gain-reducing coating.[8] These spaces function as the "lungs" of
the structure, facilitating fresh air circulation through the facade's operable panels.

This approach reduces the building's reliance on air conditioning when integrated with additional sustainable practices. It consumes
only fifty per cent of the energy typically used by an office tower with conventional air conditioning systems. Environmental design
contributes to a reduction of 25% in CO2 emissions.[9]

( AN
Fig 2: Glass Fagade of The Gherkins Source : P. Pintos, 2019 [8]

B. Case Study 2: Eastgate centre — Harare, Zimbabwe Introduction

The Eastgate Centre is one of the innovative architectural designs that are environmentally sustainable. It is located in the central
part of Harare, Zimbabwe. This famous building, which elegantly blends ecological sustainability with functionality, symbolises
ecologically friendly construction practices. This paper thoroughly examines the intricate details of the Eastgate Centre's interior
design, architecture, and urban planning, where biomimicry usage stands out uniquely. This Eastgate Center design is a method
known as biomimicry that is inspired by natural elements. Biomimicry is the approach of achieving complex human challenges by
emulating natural systems and processes. The architects of Eastgate found inspiration in termite mounds. Termites build mounds
that maintain a steady warmth despite exterior temperatures. Furthermore, Eastgate includes a passive cooling system, which
lessens its use of conventional air conditioning mechanisms.[10]

22 [11]
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1) Facade Design

Eastgate's commitment to sustainability is also reflected on the exterior of the building. Contributing an aesthetic quality and use of
local materials would also mean that the structure's carbon footprint is reduced. The facade design focuses on the balance of form
and function through shading elements that facilitate the passive cooling system of the building.[10] The weak rays of the winter
sun were permitted to mildly warm up the interior, while the intense rays of the summer sun were shielded by large eaves
characteristic of Africa. In addition, big overhangs of precast concrete and the adjustable bindings of windows regulate light entry
into the room. Furthermore, by increasing the external surface area, projecting stone parts reduces daytime heat input and enhances
nighttime heat loss. Precast concrete serves as a cover material that exposes the underlying granite aggregate to mimic boulders

e
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Fig 4: Eastgate bentre’s facade shading strategy Source : ARUP, “Eastgate,” ArupA.com, 2024 [14]

C. Case Study 3: Shanghai tower, China Introduction

This is one of the most significant financial hubs in East Asia: the Shanghai Tower. It's located in Pudong's Lujiazui district. The
tower began construction in 2009. Gensler Architects designed it. What made a slice of the Lujiazui skyline made Shanghai a
favourite for landmarks has been taken to another level with this tower. In total, it has 127 storeys. Rather than spreading all over
the city horizontally, the project reconfigures the public gathering spaces vertically within the tower.[12]

Fig 5 : The Shanghai Tower next to SWFC and Jin Mao Tower Source : A. Khan, 2021 [12]

1) Facade Design

The Shanghai Tower incorporates double-skin facade technology with innovative applications: an external glass layer and an
internal curtain wall with better energy efficiency. This methodology decreases heat transfer, encourages natural ventilation, and
consequently reduces the dependency of the building on the mechanical system.[12] Aerodynamic twisting designs on the tower
reduce wind loads by up to 24%, saving energy and materials at the construction stage. Intensified shading systems and louvers
prevent building envelope overheating. The translucent outer surface of the facade will maximize daylight penetration, thereby
reducing dependency on artificial lighting.
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Also, the low-emissivity (low-E) glass makes light pass through it while reflecting thermal energy, thus providing an excellent
insulator for thermal that conserves comfortable temperatures indoors and reduces energy use for heating and cooling.[13]

V. CONCLUSION
Biomimetic adaptive fagcades are revolutionizing the way energy-efficient buildings are conceptualized by looking into nature for
inspiration. The Eastgate Centre in Harare is an example of a design based on termite mounds. It achieves natural methods of
managing airflow and temperature, thereby lowering artificial cooling and energy use to a very substantial degree. This passive-
cooling method saves money and the environment without losing effectiveness.
Like this, London's 30 St. Mary Axe reduces the requirement for energy-heavy equipment as spiral atria work as natural ventilators.
The aerodynamic, streamlined shapes cut wind resistance and allow an increased harmony with the environment, resulting in much
more efficiency in buildings. This building stands out with its possibility of showing where sustainability and practicality meet in
architecture inspired by nature.
Like natural protective layers, the double skin of the Shanghai Tower allows natural light in and keeps the heat out. It would reduce
the energy used in air conditioning and lighting. Its aerodynamic shape will help the environment by using less material and more in
resisting wind. The skyscraper deals with practical or environmental problems while showing that biomimetic ideas work well in
large city projects.
The following examples demonstrate how biomimicry may assist in achieving ecological goals within modern architectural
requirements and allow entry into a sustainable and energy-efficient building trend within cities.
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