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Abstract: The pursuit of sustainable design has made strides in improving building prac-
tices, yet traditional approaches often fall short in addressing the holistic needs of both
the environment and human well-being. This research delves into the emerging field of
regenerative design, which extends beyond sustainability by seeking to restore and enhance
ecological and human systems. By integrating regenerative principles into indoor environ-
ments, this study evaluates their impact on indoor environmental quality (IEQ). Through
a comprehensive literature review, the research demonstrates that regenerative design
can significantly enhance air quality, thermal comfort, lighting, and acoustics, ultimately
creating healthier and more productive indoor spaces. This paper also discusses potential
challenges and outlines future research directions to further advance the application of
regenerative design in building practices.

Keywords: regenerative design; indoor environmental quality; sustainable design; building
performance; environmental impact

1. Introduction
As global awareness of environmental degradation and public health challenges

intensifies, traditional sustainability efforts have predominantly centered on mitigating
negative impacts through strategies such as energy efficiency, resource conservation,
and emissions reduction. While these approaches are vital, they often treat the symp-
toms of deeper ecological and societal issues rather than addressing their root causes.
This limited perspective highlights the urgent need for a more comprehensive frame-
work—one that not only minimizes harm but also actively restores and revitalizes both
natural ecosystems and human communities.

Regenerative design emerges as a transformative paradigm, extending beyond the
boundaries of conventional sustainability to foster resilience and vitality within the
built environment. Unlike traditional green or sustainable design, which primarily aims
to reduce environmental footprints while prioritizing functionality, aesthetics, and cost,
regenerative design seeks to enhance and renew ecological and social systems [1].
By integrating ecological principles, systems thinking, and a holistic understanding
of human–environment relationships, it creates adaptive, self-sustaining designs that
contribute positively to their surroundings [2–5]. This approach also contrasts with
restorative design, which focuses on repairing damaged ecosystems, by emphasizing
continuous improvement and renewal—leaving the world better than it was found [6].
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Figure 1 illustrates this evolution from conventional design to a regenerative paradigm,
underscoring the shift towards proactive ecological and societal enhancement.

The applications of regenerative design span diverse fields, including architec-
ture, agriculture, urban planning, and product design. In architecture, buildings are
designed to harmonize with their natural contexts, incorporating elements such as
green walls, rainwater harvesting, renewable energy systems, and wildlife habitats.
In agriculture, regenerative practices revitalize soil health and biodiversity. Urban
planning leverages this approach to develop regenerative cities featuring green spaces,
walkable neighborhoods, and sustainable transportation networks. In product de-
sign, emphasis on durability, recyclability, and compostability minimizes waste and
resource use. Within the built environment, regenerative design deepens the inter-
play between structures, landscapes, and communities, enhancing biodiversity, water
management, and carbon sequestration while promoting long-term resilience through
adaptable, enduring buildings [7–11]. Beyond environmental benefits, it elevates
social well-being by creating healthier living spaces and delivers economic advan-
tages through reduced maintenance costs, increased property values, and improved
occupant satisfaction.

Several review papers have been published on the regenerative design approach for
indoor environmental quality. These studies have addressed various aspects, such as
frameworks supporting regenerative indoor design [12–17], the integration of ecological
principles into regenerative design, and passive design comfort models for regenerative
sustainability, among others. However, the information remains broad and dispersed. This
paper aims to consolidate these ideas by exploring the core concepts of regenerative design
and examining their role in optimizing indoor environmental quality (IEQ) within built
environments. Recognizing the significant impact of indoor spaces on occupant well-being,
productivity, and overall life quality, the integration of regenerative approaches into build-
ing design emerges as both a timely and critical endeavor. Through a comprehensive
literature review, this paper focused on studies exploring the transition from sustainability
principles to regenerative design frameworks, with a specific emphasis on improving
IEQ through innovative architectural and design interventions. Central themes include
sustainability benchmarks, regenerative design tenets, IEQ components (such as air quality,
thermal comfort, lighting, and acoustics), and cutting-edge design solutions (including
biophilic design, adaptive reuse, and smart technologies). Additionally, the paper tackles
the challenges associated with adopting regenerative design and suggests pathways for
future research to promote its broader application in construction practices. By explor-
ing these dimensions, this manuscript aims to contribute to the evolving discourse on
designing built environments that go beyond mere sustainability to actively rejuvenate
their surroundings.
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Figure 1. Paradigm shift from conventional design to regenerative design approach. (Inspired from
the work of Bill Read [2] and Craft et al. [18].)

2. Research Methodology
This study examined the state of the art of the published literature on the shift from

sustainability principles to regenerative design frameworks, with a particular focus on
enhancing indoor environmental quality (IEQ) through innovative architectural and de-
sign interventions. To gather the relevant literature for this study, a systematic search
was conducted across several academic databases, including Scopus, Web of Science,
PubMed, and Google Scholar. This search targeted peer-reviewed articles, conference
proceedings, and books that aligned with the research focus. Beyond these academic
sources, additional materials such as industry reports, white papers, and design case
studies were obtained from well-regarded organizations like the World Green Building
Council and the International Living Future Institute. The search utilized a combina-
tion of keywords—“sustainability”, “regenerative design”, “indoor environment quality”,
“innovative design”, “biophilic design”, “smart buildings”, and “environmental perfor-
mance”—refined through Boolean operators (AND, OR, NOT) to ensure precision and
relevance in the results.

The review prioritized studies published in English, primarily spanning from 2000
to 2025, to trace the development of sustainability and regenerative design concepts over
time. It included articles that specifically addressed indoor environmental quality (IEQ)
in residential, commercial, or institutional buildings, with a focus on research showcasing
innovative design solutions that demonstrated measurable effects on IEQ or sustainability
outcomes. However, the scope was intentionally limited to the literature pertinent to built
environments, excluding topics like ecological regeneration outside architectural contexts
to maintain a clear and cohesive focus for the review.

The selection process began with an initial screening of titles and abstracts to determine
relevance based on predefined inclusion criteria, resulting in a preliminary collection of
studies. Subsequent full-text reviews assessed the depth of analysis, methodological rigor,
and alignment with the study’s objectives. This process culminated in a final selection
of approximately 150–170 sources, carefully balanced to include theoretical frameworks,
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empirical research, and practical design applications. Each selected study was evaluated
for quality, considering factors such as clarity of purpose, methodological strength, validity
of findings, and relevance to the research goals. The review process remained dynamic,
with periodic adjustments to search terms and criteria as new themes emerged, such as the
influence of circular economy principles in regenerative design. Potential biases—such as
an overrepresentation of studies from developed regions or a scarcity of long-term data on
regenerative design outcomes—were acknowledged. To address these, efforts were made
to incorporate diverse geographic perspectives and interdisciplinary sources wherever
feasible, enhancing the review’s comprehensiveness and inclusivity.

3. Principal Elements of Regenerative Design
Regenerative design has evolved significantly from earlier environmental and sus-

tainability movements. It originated in the late 20th century when architects and planners
recognized the limitations of traditional “sustainable” design. Its roots trace back to the
ecological and systems thinking movements of the 1960s and 1970s, which emphasized the
interconnectedness of human and natural systems. Initially, sustainable design focused
on minimizing negative impacts through energy efficiency and resource conservation.
Frameworks such as Leadership in Energy and Environmental Design (LEED; launched in
1998) in the USA, the WELL Building Standard-V1 (introduced between 2013 and 2014) in
the USA, International Living Future Institute (ILFI) in the USA, REthinking Sustainability
TOwards a Regenerative Economy (RESTORE) in the EU, Building Research Establish-
ment Environmental Assessment Methodology (BREEAM) in the UK, and Comprehensive
Assessment System for Built Environment Efficiency (CASBEE) in Japan establish stan-
dards for environmental performance [19]. However, these frameworks typically prioritize
minimizing negative impact rather than promoting the restoration or enhancement of
ecological systems.

The concept of regenerative design took shape in the 2000s as a more advanced ap-
proach. Pioneers like William McDonough and Michael Braungart, with their Cradle to
Cradle design philosophy, advocated shifting from sustainability to regeneration [20,21].
They proposed going beyond reducing negative impacts to creating positive effects, such as
restoring ecosystems and promoting well-being. Figure 2 illustrates regenerative design’s
core principles, emphasizing the interconnection between human activities and ecological
systems. It highlights the importance of aligning human activities with natural processes,
with key elements including integration with natural systems, closed-loop systems, regen-
erative feedback loops, human well-being, systemic thinking, and regenerative metrics
and evaluation.

Integration with Natural Systems: Regenerative design aims to align human-made
systems with natural processes, acknowledging the interdependence between human activ-
ities and ecological systems [14,22–24]. This approach focuses on creating buildings and
spaces that harmonize with their natural surroundings, enhancing or mimicking natural
processes such as water filtration, air purification, and climate regulation. It emphasizes
designing with a deep respect for and utilization of local ecological characteristics, includ-
ing climate, geology, and biodiversity. Additionally, regenerative design involves creating
environments that support or restore local flora and fauna, incorporating green roofs, living
walls, and diverse landscapes to promote biodiversity. For instance, a regenerative building
might include rain gardens and permeable pavements to naturally manage stormwater,
provide habitats for local species, and minimize runoff pollution [25,26]. This holistic
approach fosters a symbiotic relationship between human structures and the environment,
contributing to ecological health and sustainability.
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Closed-Loop Systems: Closed-loop systems, also known as circular systems, are
designed to create regenerative processes where the byproducts of one stage become
valuable resources for another, starkly contrasting with the traditional linear model of “take-
make-dispose” [27–29]. This approach emphasizes the continuous circulation of materials
and energy, aiming to minimize waste and reduce resource depletion. In these systems,
materials are repeatedly repaired, reconditioned, reused, recycled, or composted rather than
discarded, which helps cut down on waste and decreases the need for new resources [30,31].
Additionally, energy systems are crafted to be self-sustaining by integrating renewable
sources, thus reducing reliance on finite, non-renewable energy. A key aspect of closed-
loop systems is the differentiation between biological and technical loops: biological
nutrients can safely re-enter the environment, while technical nutrients are designed to
be perpetually cycled within the industrial framework. For example, a building that
follows closed-loop principles might feature materials easily disassembled for reuse or
recycling at the end of its life cycle and incorporate an energy system with solar panels
and storage solutions to achieve a net-zero energy footprint. This comprehensive approach
enhances sustainability by ensuring that materials and energy flow through the system in a
continuous, efficient cycle.

Regenerative Feedback Loops: Regenerative feedback loops involve monitoring and
adjusting systems based on their performance and environmental impact, emphasizing the
importance of adaptability and responsiveness [32]. This principle is centered on using
real-time data and sensors to track building performance, allowing for adjustments that
optimize both efficiency and occupant comfort. Through adaptive design, systems such
as HVAC and lighting are continuously refined based on feedback, adjusting to factors
like occupancy levels and environmental conditions. This approach fosters a culture of
continuous improvement, learning from successes and failures to enhance design practices.
For instance, a smart building might employ occupancy sensors to dynamically adjust
lighting and climate controls, maximizing energy efficiency and occupant comfort while
remaining flexible to changing conditions. This iterative process helps ensure systems
remain effective and responsive, reflecting a commitment to ongoing enhancement and
environmental stewardship.

Human Well-Being and Connection: Regenerative design emphasizes the health
and well-being of occupants by crafting environments that support physical, mental,
and emotional health, recognizing the deep connection between human well-being and
environmental quality [33,34]. This principle involves designing spaces focusing on optimal
indoor air quality, thermal comfort, natural lighting, and acoustic quality to enhance overall
occupant health. It also incorporates biophilic design elements, such as integrating natural
features and fostering connections to nature within indoor spaces, which helps reduce stress
and improve mood. Additionally, regenerative design encourages community engagement
by involving users in the design process and creating environments that promote social
interaction and community cohesion. For example, offices that feature abundant natural
light, access to outdoor views, and biophilic elements like indoor plants can significantly
boost employee productivity and satisfaction, highlighting the positive impact of thoughtful
design on occupant well-being.

Systemic Thinking: Systemic thinking in regenerative design entails recognizing and
addressing the interconnections among various elements within a system, emphasizing that
projects should be viewed as integral parts of larger ecological, social, and economic frame-
works [35–37]. This approach involves holistic design, where the effects of design choices
are evaluated across multiple dimensions, including social, environmental, and economic
factors. It also requires interdisciplinary collaboration, bringing together experts from
diverse fields—such as architects, ecologists, and engineers—to tackle complex challenges
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and develop integrated solutions. Furthermore, systemic thinking incorporates a long-term
perspective, considering the enduring impacts of design decisions on the environment and
future generations. For instance, a community development project might combine energy-
efficient buildings with local food production systems and communal spaces, creating a
resilient and self-sustaining ecosystem that supports current and future needs.

Regenerative Metrics and Evaluation: These measure the good effects of design on
both human and environmental systems. They shift the focus from traditional sustainability
metrics to measuring regenerative outcomes [13,38]. This principle involves measuring
contributions to ecosystem restoration, social equity, and community well-being rather than
merely quantifying reductions in negative impacts. It also emphasizes the development
of dynamic metrics that reflect the evolving nature of regenerative processes and their
long-term effects [39]. Additionally, regenerative metrics incorporate feedback from various
stakeholders to capture the broader impact of design interventions. For example, rather
than only tracking energy savings, regenerative metrics might evaluate how a building
enhances local biodiversity, improves community health, and fosters social well-being, thus
providing a more comprehensive view of a project’s positive contributions.

REGENERATIVE DESIGN ELEMENTS
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Figure 2. Schematic representation of regenerative design principles.

4. Indoor Environmental Quality (IEQ)
Indoor environmental quality (IEQ) refers to the overall conditions of indoor space

that influence the comfort, well-being, and satisfaction of its occupants within the built
environment [40]. It encompasses various elements such as air quality, thermal comfort,
lighting, and acoustics, all of which play crucial roles in ensuring the well-being, comfort,
and satisfaction of occupants within the built environment. Figure 3 highlights the essential
components of IEQ, focusing on their interrelationships and impacts on occupant well-
being and productivity.

One fundamental aspect is indoor air quality (IAQ). It refers to the air quality within
buildings and structures, such as homes, offices, schools, and other indoor environments.
It is a crucial aspect of our overall well-being, as we spend a significant amount of time
indoors, especially in developed countries (e.g., USA), where people often spend more
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than 90% of their time inside buildings. Several factors can influence indoor air quality,
including ventilation, pollutants, temperature and humidity, building materials, and oc-
cupant activities. Adequate ventilation is essential to maintain good indoor air quality
as it involves the exchange of stale indoor air with fresh outdoor air. Insufficient ventila-
tion can accumulate pollutants and increase humidity levels, resulting in discomfort and
potential health issues. Indoor air can contaminate various pollutants, including volatile
organic compounds (VOCs), tobacco smoke, mold, pet dander, dust mites, and allergens.
Gases such as carbon monoxide (CO) and nitrogen dioxide (NO2) can also be present in
indoor environments, especially in poorly ventilated areas or spaces with faulty appliances.
Temperature and humidity levels in indoor spaces can impact comfort and air quality.
High humidity levels can promote the growth of mold and mildew, while low humidity
can cause dryness and discomfort. Temperature extremes, whether too hot or cold, can
also affect indoor air quality and occupant well-being. Some building materials, such as
asbestos and certain types of insulation or flooring, can release harmful particles or fibers
into the air if damaged or deteriorating. Human activities within indoor spaces, such as
cooking, smoking, using specific cleaning products, and operating equipment or machinery
that emit pollutants, can also contribute to indoor air pollution. Poor IAQ can significantly
impact human health, leading to respiratory problems, allergies, eye irritation, headaches,
fatigue, and, in severe cases, even more serious conditions. Long-term exposure to indoor
air pollutants has been linked to respiratory diseases, cardiovascular issues, and other
health complications.

Thermal environment is another important aspect of indoor environmental quality that
focuses on creating a comfortable and pleasant thermal experience for building occupants.
It refers to the state of mind (subjective feeling) that individuals have when they are
satisfied with the thermal conditions in their indoor environment. Achieving thermal
comfort involves considering ambient temperature, humidity, air movement, and radiant
heat. Proper control of heating, ventilation, and air conditioning systems, along with
thoughtful building design and insulation, is crucial in achieving optimal thermal comfort.
Providing occupants with an environment that promotes thermal satisfaction can enhance
productivity and overall satisfaction.

Visual environment (lighting and daylighting) is an essential factor in creating a high-
quality indoor environment. Adequate lighting levels and effective use of natural daylight
contribute to occupant comfort, well-being, and productivity. Artificial lighting systems
should be designed to provide appropriate illumination for various tasks and activities
while minimizing glare and visual discomfort. Incorporating daylight into indoor spaces
reduces reliance on artificial lighting, enhances visual comfort, positively affects occupants’
mood and circadian rhythm, and helps establish a connection with the outdoors. Proper
placement of windows, skylights, and light shelves can optimize daylight penetration
while controlling solar heat gain. By maximizing the utilization of natural daylight and
implementing energy-efficient artificial lighting systems, indoor environments can be
optimized for visual comfort, occupant satisfaction, and energy efficiency.

Acoustic environment is another critical aspect of IEQ that pertains to creating a
favorable auditory experience for occupants within a building. It involves managing
sound levels, minimizing unwanted noise, and optimizing sound quality. While often
overlooked, acoustics significantly influence occupants’ comfort, concentration, and well-
being. Excessive noise levels, echo, and poor speech intelligibility can create a stressful
environment, leading to decreased productivity, lack of concentration, and impaired com-
munication [41,42]. Achieving acoustic comfort requires controlling noise from external
sources, such as traffic or construction, and internal sources, like HVAC systems, fans,
or equipment. Proper insulation, sound-absorbing materials, and strategic room layout
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can help reduce reverberation and echoes, enhancing speech intelligibility and reducing
distractions. By ensuring a peaceful and acoustically pleasant environment, indoor spaces
can promote concentration, productivity, and overall well-being for occupants.

Additionally, acoustic privacy is essential for IEQ. It pertains to individuals’ ability
to have private discussions or work without being disrupted by unwanted noise from
neighboring areas. Inadequate acoustic privacy can negatively affect occupants’ well-being,
productivity, and overall satisfaction with their indoor environment. It can cause increased
stress, reduced concentration, and compromised confidentiality. Furthermore, acoustic
distractions can significantly affect productivity and concentration levels in various set-
tings, such as offices, educational institutions, and healthcare facilities. In open-plan offices,
for instance, the absence of adequate acoustic privacy can lead to reduced work perfor-
mance, decreased focus, and lower cognitive abilities. It becomes challenging for employees
to concentrate on tasks that require sustained attention, affecting overall work efficiency.
Therefore, by ensuring proper acoustic privacy through thoughtful design, sound-absorbing
materials, and sound masking systems, occupants can experience a healthier and more
comfortable indoor environment conducive to productivity and well-being.

Acoustics

Lighting /
Daylighting

Indoor 
Environmental 

Quality 
(IEQ)

PRODUCTIVITY COMFORT

Indoor Air 
Quality

Thermal

HEALTH
WELLBEING

Figure 3. Key components influencing indoor environmental quality and their overall impact on
human health and well-being. IEQ is shaped by factors such as indoor air quality (IAQ), thermal
comfort, visual environment, and acoustics. A well-balanced IEQ promotes health, enhances well-
being, boosts productivity, and increases comfort, fostering a more efficient and healthy environment.
The schematic diagram is adapted from [43,44].

Together, these factors—air quality, thermal comfort, lighting, and acoustics—create
an environment that nurtures health, enhances productivity, and fosters overall well-being.
Building and facility managers, architects, and designers who prioritize these elements
contribute significantly to creating spaces that support the physical, mental, and emotional
health of their occupants. The integration of these features, as outlined in Figure 4, reflects
key performance indicators (KPIs) for evaluating and improving indoor environmental
quality. These KPIs are used as benchmarks to assess the effectiveness of various IEQ
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measures, guiding the design and maintenance of spaces that improve quality of life for
all occupants.
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Figure 4. Key performance indicators for indoor environmental quality (IEQ)/regenerative indoor
environment (RIE). This information was from sourced from [15,45,46].

5. Integrating Regenerative Design with IEQ
Regenerative design is a holistic approach to creating spaces that restore and enhance

the natural environment while prioritizing human health and well-being. By incorporating
principles of IEQ, regenerative design can greatly enhance indoor air quality, improve
occupant comfort, and boost overall building performance. This integration can be achieved
through various methods, including the following:

5.1. Indoor Air Quality (IAQ)

Achieving superior IAQ through regenerative design involves more than just reducing
pollutants; it requires adopting strategies that actively improve and rejuvenate the air
within a space. Biophilic design is crucial in leveraging nature’s natural air-purifying
abilities. It has been shown that using indoor plants and green walls can greatly improve
indoor air quality (for example, by lowering the indoor CO2 label) [47–52]. Selecting a
variety of plants known for their air-cleaning properties, such as spider plants, peace
lilies, and snake plants, helps remove toxins like formaldehyde and benzene from the
air. Creating living walls with these plants increases the surface area available for air
purification and assists in regulating indoor humidity. Optimizing natural light within the
space reduces reliance on artificial lighting, which can sometimes contribute to indoor air
pollutants through off-gassing.

Material selection is another key aspect of regenerative design aimed at improving
IAQ. To enhance IAQ, it is vital to choose building and household materials that are natural,
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eco-friendly, and sustainable. Selecting materials with low volatile organic compound
(VOC) emissions is particularly important, as these materials help minimize indoor air
pollution [53]. Natural materials such as wood, stone, and wool are often preferable because
they generally release fewer harmful chemicals compared to synthetic alternatives [54,55].
Additionally, using low-VOC paints, adhesives, and finishes contributes to a healthier
indoor environment by reducing the emission of potentially harmful substances. It is
also important to recognize that electronic products, furniture, and textiles can introduce
new sources of indoor air pollution, making careful material selection and management
essential for maintaining high IAQ [56]. Biocoating paints have recently gained significant
attention in sustainable building design, particularly for enhancing indoor air quality. These
cutting-edge paints, dubbed “Green Living Paint”, created by Krings et al. [57], contain
live bacteria, specifically Chroococcidiopsis cubana. This bacterium performs photosynthesis,
producing oxygen while capturing CO2, thereby improving air quality in enclosed spaces
by increasing oxygen levels and helping to mitigate greenhouse gas emissions. As a
result, these paints serve as valuable tools for promoting healthier indoor environments.
Chroococcidiopsis cubana thrives in arid conditions and requires minimal water, making it
adaptable to various climates. The potential applications of these paints are extensive,
ranging from residential and commercial buildings to public spaces, all of which can benefit
from cleaner, fresher air. Moreover, these paints may facilitate self-cleaning surfaces that
reduce indoor pollutants and incorporate sensors for real-time air quality monitoring.
However, challenges such as ensuring the long-term viability of the bacteria, addressing
regulatory and safety concerns, and promoting public acceptance of living organisms in
paints need to be carefully considered. Moreover, the National Aeronautics and Space
Administration (NASA)’s Mars Oxygen In-Situ Resource Utilization Experiment (MOXIE)
showcases a groundbreaking approach to oxygen production by extracting carbon dioxide
from Mars’ atmosphere [58]. The MOXIE instrument electrochemically splits CO2 molecules
into oxygen and carbon, analyzing the oxygen for purity before venting it back into the
Martian atmosphere along with the carbon and other exhaust byproducts. This regenerative
technology has potential applications for improving IAQ on Earth. By utilizing similar
methods to convert CO2 into breathable oxygen, we could create systems that enhance air
quality in enclosed environments, contributing to healthier living and working spaces. Such
advancements in air purification and oxygen generation could be crucial in sustainable
building designs and indoor environmental management.

Efficient ventilation and advanced air filtration are critical for maintaining good
IAQ [59–61]. According to the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) standards 6.1 and 6.2, it is essential to design ventilation
systems that optimize fresh air intake while reducing energy consumption. Implementing
balanced ventilation systems and heat recovery ventilation (HRV) can improve energy effi-
ciency while ensuring a steady supply of fresh air. To capture fine particles and pollutants,
employing high-efficiency particulate air (HEPA) and activated carbon filters is effective.
Additionally, installing air quality monitoring systems with sensors that continuously
track parameters such as CO2 levels, particulate matter, and humidity allows for real-time
adjustments to ventilation and filtration systems, ensuring optimal IAQ [62].

Effective moisture control is essential for optimal IAQ and ensuring a healthy and
comfortable environment. According to the Occupational Safety and Health Administra-
tion (OSHA) standards, relative humidity levels in indoor spaces should fall within specific
ranges: below 60% for general indoor settings, between 30% and 50% for school buildings,
and between 20% and 60% for offices and larger spaces. Maintaining these humidity levels
helps mitigate risks such as mold growth and structural damage, which can adversely affect
both the building and its occupants. Proper moisture management involves addressing
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common sources of excess moisture, such as roof leaks, rain penetration through faulty
windows, and design or construction defects [63]. In addition, ensuring adequate ventila-
tion, particularly in moisture-prone areas like bathrooms and kitchens. Dehumidifiers and
effective waterproofing measures further support moisture control by preventing water
infiltration and managing indoor humidity, thus safeguarding the building’s integrity and
the health of its occupants.

Waste reduction and management further contribute to a healthier indoor environment.
Minimizing single-use plastics and disposable items is particularly important, as these
materials often release VOCs, contributing to indoor air pollution and respiratory problems.
Reducing the use of such products helps lower VOC emissions and improves indoor air
quality. Additionally, efficient waste management systems are vital in ensuring proper
disposal, which prevents unpleasant odors and potential health hazards [64]. Proper
waste segregation, which involves sorting waste into recyclables, compostables, and non-
recyclables, further enhances recycling efficiency and reduces contamination, leading to
more effective waste processing. This practice supports recycling efforts and decreases
landfill use. For example, composting organic waste rather than sending it to landfills
reduces methane emissions, a potent greenhouse gas. Thus, effective waste segregation and
disposal practices are essential for maintaining a clean and healthy indoor environment.

Finally, monitoring and adaptive controls are crucial for continuously enhancing
IAQ. The installation of IAQ monitoring systems provides valuable real-time data by
tracking key air quality parameters such as pollutants, humidity, and temperature. These
data are essential for adaptive control systems, which automatically adjust ventilation,
filtration, and other environmental factors in response to changing air quality conditions,
ensuring a healthy indoor environment. In particular, adaptive HVAC control systems
contribute to low-energy IAQ management by utilizing various digital technologies [65,66].
Innovations such as the Internet of Things (IoT), Building Information Modeling (BIM),
and machine learning play a pivotal role in integrating and visualizing data from multiple
sources [67–69]. These technologies enable a web-based interface that facilitates easy
data retrieval, rapid prediction, and intelligent control through sophisticated backend
algorithms, making it possible to manage indoor air quality efficiently and effectively while
minimizing energy consumption.

5.2. Thermal Environment

Regenerative design can significantly enhance indoor thermal comfort and overall
environmental quality by integrating various innovative strategies that address building
performance and occupant well-being. A key component of regenerative design is harness-
ing natural systems. For instance, biomimicry draws inspiration from nature’s efficient
energy strategies, such as the passive cooling systems found in termite mounds. These
mounds regulate temperature through natural convection and ventilation via tunnels and
chimneys, effectively maintaining stable internal temperatures despite external fluctua-
tions [70]. By emulating these natural processes, regenerative design incorporates passive
cooling techniques that enhance energy efficiency and comfort.

Green walls, or living walls, are another crucial element in achieving thermal comfort
indoors [71,72]. They function as additional insulation layers that stabilize indoor temper-
atures by reducing heat loss in winter and minimizing heat gain in summer. The plants
on green walls absorb and reflect sunlight, lowering indoor temperatures and decreasing
the need for air conditioning. Additionally, through evapotranspiration, plants release
moisture into the air, which cools the surrounding environment and combats the dryness
caused by air conditioning [73]. Green walls also improve indoor air quality by filtering
pollutants and releasing oxygen, contributing to a healthier atmosphere. They further act
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as sound barriers, reducing external noise pollution, and add aesthetic value that enhances
mood and reduces stress [74].

Solar shading techniques are vital in managing solar heat and light, thereby improving
thermal and visual comfort [75–78]. By controlling the amount of sunlight that enters a
building, solar shading helps maintain a stable indoor temperature and reduces reliance
on mechanical cooling systems, leading to improved energy efficiency. External shading
methods like overhangs, awnings, adjustable louvers, and green roofs can effectively
block sunlight before it enters the building, reducing heat gain and glare [79]. Internal
shading options, such as blinds and curtains, provide additional control over light and
heat. Dynamic systems like automated blinds and smart glass adjust in real-time based
on environmental conditions, optimizing shading and enhancing energy efficiency. These
techniques improve thermal comfort, reduce cooling costs, and offer better glare control
and privacy.

High-performance building envelopes also contribute significantly to indoor thermal
comfort. These envelopes are designed to minimize heat gain and loss through advanced
materials and construction techniques [80]. They often include superior insulation, low-
emissivity windows, and airtight construction to reduce thermal bridging and air leakage.

Strategies such as improving building insulation can be effective in reducing energy
consumption. However, thermal energy storage (TES) is one of the most promising methods.
TES systems store thermal energy during periods of low demand or availability and release
it during peak times. TES can be used for cooling and heating, with three main methods:
sensible heat, latent heat, and chemical reactions. A lot of research has been carried out
on phase change materials (PCMs)-based latent heat thermal energy storage (LHTES)
in the last few years [81–87]. PCMs store and release energy during phase transitions
(e.g., solid to liquid, liquid to gas) at specific temperatures, allowing for energy storage
with minimal temperature fluctuations. Several PCMs are commonly used in building
applications to enhance thermal energy storage and manage indoor temperatures. Some of
the most common types of PCMs are inorganic (like salts, salt hydrates, and metallic PCMs),
organic (like paraffin wax and non-paraffin materials like fatty acids, esters, and alcohols),
and eutectic (like eutectic salts) [88]. These materials generally exhibit phase transition
temperatures between 15 °C and 30 °C [89]. They are utilized in the construction of
building envelopes, including gypsum board panels, bricks, wall panels, insulation boards,
ceiling tiles, floor coverings, glazed windows, heat exchangers, and underfloor heating
systems [90]. Moreover, by leveraging renewable energy sources like geothermal, wind,
or solar [91–94], TES systems can decrease reliance on conventional energy sources while
improving thermal comfort in buildings.

Advanced HVAC systems, including heat pumps and radiant heating, significantly
improve energy efficiency and enhance aesthetic appeal, contributing to better thermal
comfort [95–99]. Heat pumps are highly efficient, transferring heat for both heating and
cooling, which reduces energy consumption and lowers costs. Radiant heating, which
distributes warmth evenly through floors or walls, eliminates drafts and enhances occupant
comfort. These systems can be seamlessly integrated into interiors, fostering sustainable
energy use while creating inviting and comfortable spaces. Smart HVAC systems, which
adjust heating, ventilation, and air conditioning based on real-time environmental data,
further boost energy efficiency by optimizing energy consumption according to occupancy
patterns, outdoor weather, and indoor air quality. These systems enhance comfort while
helping to reduce energy use, aligning with the broader goals of regenerative design by
minimizing environmental impact and promoting positive contributions to the surrounding
ecosystem. Additionally, adaptive design and user-interactive controls refine thermal
comfort by incorporating smart building technologies [100]. These technologies use sensors
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and automation to adjust indoor conditions based on occupancy, weather, and individual
preferences, allowing for a more personalized and comfortable indoor experience.

5.3. Visual Environment

Improving visual comfort in indoor environments through regenerative design in-
volves a multifaceted approach. It focuses on natural and artificial lighting, material choices,
and user adaptability.

Natural lighting, or daylighting, is key to enhancing visual comfort. Research con-
sistently demonstrates that daylighting aids in regulating circadian rhythms, vital for
regulating various physiological processes and overall well-being [101]. Regenerative
design optimizes natural light through careful planning and strategic techniques. Key
elements include the size, orientation, and placement of windows [102]. When positioned
thoughtfully, windows enhance daylight while minimizing glare and excessive heat gain,
leading to a well-lit, comfortable interior environment. Furthermore, dynamic glazing,
which adjusts its opacity in response to changing light conditions, is essential for manag-
ing light transmission. This technology helps reduce glare and ensures consistent visual
comfort throughout the day.

Artificial lighting plays a vital role in visual comfort, particularly in areas with limited
natural light. For optimal comfort, it is recommended to use lighting systems with a Color
Rendering Index (CRI) of 80 or higher to ensure accurate color representation and minimize
visual strain. Adjustable fixtures with variable brightness and color temperatures ranging
from 2700 K to 5000 K allow users to customize their environments. Task lighting should
provide 300–500 lumens for clarity, while uniform light distribution of 300–500 lux helps
prevent harsh shadows and excessive contrast. Additionally, glare reduction through
diffusers or indirect lighting enhances visual comfort and supports overall well-being.

Additionally, integrating circadian lighting design that mimics natural light patterns
helps regulate sleep–wake cycles and overall health [103]. Equivalent Melanopic Lux (EML)
is a special measurement that shows how a light source affects melanopsin receptors, which
are important for circadian rhythms [104]. Unlike traditional lux, EML measures how
effectively a light supports our internal biological clocks. For effective circadian lighting
design, recommended EML values vary by time of day: 200 to 400 EML during the day for
alertness, 10 to 50 EML in the evening to minimize circadian disruption and support sleep,
and ideally below 10 EML at night to avoid disturbing circadian rhythms.

Incorporating biophilic design elements such as indoor plants and water features fur-
ther enhances visual comfort. These natural elements improve visual aesthetics and soften
and diffuse light, enhancing overall visual quality. Indoor plants help filter air pollutants,
contributing to a healthier atmosphere, while water features provide calming sounds that
reduce stress. Together, these elements foster a stronger connection with nature, promoting
relaxation and well-being. Integrating biophilic features makes spaces more inviting and
engaging, making occupants feel more at ease and connected to their environment.

Moreover, regenerative design enhances visual comfort through careful material
selection, color palette choices, and spatial organization. Choosing materials with natural
visual appeal and tactile qualities—such as wood, stone, and textiles—creates a pleasing
sensory experience and a warm, inviting atmosphere. The color palette is another critical
element; choosing hues harmonizing with the natural surroundings helps evoke a sense
of calm and well-being. Integrating colors complementing the environment makes the
space more cohesive and relaxing. Additionally, effective spatial organization is essential
for visual comfort. Designing spaces with careful consideration of visual flow and balance
ensures clear sightlines and appropriate proportions, which promotes a sense of order
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and tranquility. This thoughtful arrangement helps to create an environment where visual
elements are harmoniously integrated, enhancing overall comfort and satisfaction.

Recently, environmentally adaptive building envelope designs have garnered attention
for their critical role in fostering sustainable and regenerative architecture. These designs
aim to create dynamic facades that respond to changing environmental conditions, such
as sunlight, temperature, and wind. Integrating features like adjustable shading systems,
dynamic glazing, smart materials, and adaptive envelopes enhances energy efficiency,
improve occupant comfort, and reduces environmental impact [105]. This innovative ap-
proach leads to the development of buildings that are both resilient and resource-efficient
while positively influencing their surroundings. A notable example of emerging con-
struction materials is high-performance translucent concrete (HPTC). This specialized
concrete incorporates optical fibers, polymethyl methacrylate (PMMA) fibers, or other
light-transmitting materials, allowing it to transmit light while maintaining the strength
and durability of traditional concrete [106–108]. The concept, introduced by Hungarian
architect Aron Losonczi in 2001, aims to combine concrete’s robust qualities with inno-
vative light-transmitting properties [109,110]. This feature enhances aesthetic appeal and
functionality by reducing the need for artificial lighting, improving indoor environmental
quality, and fostering a connection between indoor and outdoor areas. Additionally, it helps
regulate indoor temperatures and creates dynamic lighting effects, contributing to energy
savings and occupant well-being. Ultimately, translucent concrete supports sustainable
practices by lowering energy consumption and potentially utilizing recycled materials,
making it a compelling choice for modern, eco-friendly buildings.

5.4. Acoustic Environment

The regenerative design approach plays a key role in achieving sustainable acoustic
solutions for indoor environments. It integrates acoustics with broader design strategies,
ensuring they align with other sustainability goals like energy efficiency, thermal comfort,
and indoor air quality. A well-insulated, airtight building envelope, central to regenerative
design, helps reduce external noise sources, such as traffic or industry. This design acts as
an acoustic shield, maintaining indoor comfort. Additionally, energy efficiency reduces
reliance on noisy HVAC systems, which can be designed to minimize noise, enhancing
both energy savings and acoustic comfort.

Regenerative design principles often integrate biophilic elements, emphasizing a
connection to nature. Such biophilic spaces generally foster more pleasant and calming
atmospheres, contributing to acoustic comfort by reducing stress and anxiety [111]. Bio-
philic design typically features natural materials and textures, greenery, indoor plants,
and water elements, all known for their beneficial acoustic properties. Additionally, indoor
green walls and plants improve IEQ by purifying air pollutants and enhancing visual and
auditory aesthetics [112,113]. These elements serve as natural sound barriers, absorbing
sound and breaking up sound waves to reduce noise pollution. Eşmebaşı and Lau [114]
recently investigated how indoor greenery and traffic sounds through open or closed
windows affect audio-visual perception in a shared office setting for two people. They
used 32 audio-visual stimuli, combining varying greenery levels (0%, 7%, 10%, 13%) with
traffic sound levels (50 dBA, 55 dBA, 60 dBA, 65 dBA), presented to 42 participants via
screens and headphones. Their partial least squares structural equation model analyzed the
interplay between greenery, traffic sounds, and perceptual attributes like pleasantness and
visual aesthetics. The study found that traffic sound levels significantly influence visual
perception, with indoor greenery enhancing auditory pleasantness indirectly, supporting
biophilic design for better acoustic and visual comfort in office spaces.
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Planted trees can function like sonic crystals, effectively reducing noise in urban envi-
ronments through their strategic arrangement and unique physical properties [115–119].
When arranged in specific, periodic patterns, these trees can manipulate sound waves
to boost their noise-reducing effects. This phenomenon is rooted in the principles of
metamaterials, where the arrangement and physical properties of materials can con-
trol sound propagation [120,121]. The sonic crystals formed by these trees can produce
band gaps—frequency ranges where sound waves are significantly attenuated or blocked.
By strategically spacing trees and varying their heights and trunk diameters, urban planners
can optimize these band gaps to target specific noise frequencies, such as traffic-generated
ones. Studies have shown that increasing tree stem diameter and reducing spacing be-
tween trees enhance the effectiveness of noise reduction, leading to significant insertion
losses at lower frequencies [122–124]. The mechanisms behind this noise reduction include
scattering, diffraction, and sound wave absorption. Specifically, tree leaves and branches
scatter sound, while trunks and root systems absorb vibrations. However, when leaves are
oriented in a particular direction, they can enhance reflected sounds, ultimately increasing
the transmitted noise levels. Additionally, the forest floor contributes to further sound
dampening, creating a multi-layered defense against noise pollution. By employing design
strategies that treat urban forests as engineered arrays, we can harness the natural acoustic
properties of trees to create effective green buffers against unwanted noise. This approach
enhances the auditory environment while promoting biodiversity and improving urban
aesthetics. In essence, planted trees serve as both functional and aesthetic components of
urban design, significantly contributing to noise management and enhancing the quality of
life in cities.

Moreover, water features such as curtains or fountains play a significant role in en-
hancing acoustic comfort by masking unwanted noise and creating a soothing background
sound. Research supports that these elements can effectively mitigate intrusive sounds and
improve the overall auditory indoor environment and soundscapes [125–128]. For instance,
Yang et al. [129] explored how indoor water sounds affect the perception of environmental
noise through natural ventilation openings. The study involved 40 participants (18 women
and 22 men) aged 19 to 27, measuring water sound levels from 35.8 dBA to 59.8 dBA
and environmental noise from 43.0 dBA to 62.1 dBA. Results showed that water sounds
improved perceptions of environmental noise, reducing annoyance and enhancing feelings
of pleasantness, calmness, and naturalness, with pleasantness being the most sensitive
attribute. Women were more responsive to water sounds than men, especially regarding
noisiness, loudness, and annoyance. However, water masking systems can add background
noise, so they should be designed carefully to meet specific needs.

Acoustic absorber panels are frequently used for improving indoor acoustic comfort
by reducing noise and controlling reverberation [130]. In recent years, the emphasis on
sustainability has led to the development of acoustic panels made from reused or recycled
materials. Textile waste, such as discarded clothing and fabric scraps, is repurposed
effectively due to its fibrous structure, which improves sound attenuation and aligns with
circular economy goals by reducing landfill waste and lessening the demand for new
materials [131]. Similarly, agricultural byproducts like straw, coconut fibers, fruit stones,
husks, and shells are utilized for their natural sound-absorbing properties, as shown in
research by Segura et al. [132] and Sheikhmozafari [133], turning potential waste into
valuable resources. Animal-based waste, including wool and hides, offers unique acoustic
benefits, providing excellent thermal insulation and sound absorption, thus contributing to
a more sustainable life cycle for building materials [134–137]. Natural fibers such as hemp,
jute, and flax, along with waste materials such as recycled papers and polyurethane waste,
are also recognized for their acoustic performance and environmental advantages, helping
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to reduce the carbon footprint of construction materials [138–141]. Incorporating these
reused materials aligns with circular economy principles by promoting the extended use
of resources, minimizing waste, and reducing the environmental impact of new material
production [142].

Table 1 highlights key regenerative design interventions for enhancing Indoor Envi-
ronmental Quality (IEQ) by improving occupant health, comfort, and productivity while
reducing environmental impact. For IAQ, strategies include low-emission materials, natural
ventilation, and air-purifying systems. Thermal interventions focus on passive heating and
cooling, energy-efficient HVAC, and proper insulation. Visual environment improvements
emphasize maximizing daylight, controlling glare, and providing task-specific lighting.
In acoustics, sound-absorbing materials, noise-reducing layouts, and natural noise barriers
are used to create quieter spaces. These interventions support a healthier, more sustain-
able environment, aligning human well-being with ecological balance. The table also lists
relevant standards and frameworks for regenerative design.

Table 1. Regenerative design-based interventions and available standards or frameworks for
IEQ [15,45,46].

IEQ Components Interventions Standards/Frameworks 1

Indoor air quality
environment

Indoor plants, green roofs/walls, vegetation,
dynamic ceilings, smart low-emission
materials, natural recyclable materials,
adaptive building envelope, building
management systems (BMS), etc.

EPA, WHO, NIOSH, OSHA,
ANSI/ASHRAE 62.1, CEN (UNI EN
16798-1), LEED V4, BREEAM, CASBEE,
LBC V4, WELL-BUILDING (IWBI), ILFI

Thermal environment

Green roofs/walls, passive heating and
cooling systems, dynamic ceilings,
nature-based solar shading (e.g., tree
plantations, green facades), wind barriers,
building design and orientation, BMS, smart
materials, adaptive building envelope,
energy-efficient HVAC systems, etc.

ANSI/ASHRAE 55, CEN (UNI EN
16798-1), CEN (EN ISO 7730), LEED V4,
BREEAM, CASBEE, LBC V4,
WELL-BUILDING

Visual environment

Dynamic ceilings, switchable glazing systems,
adaptive building envelope, automated
shading technologies, solar tubes and sheds,
window solar shelves, automated artificial
lighting, BMS, etc.

CEN (UNI EN 16798-1), CEN (EN
12464-1), CIBSE, USGBC, DGNB, IES,
LEED V4, BREEAM, CASBEE (Q1), LBC
V4 (I09), WELL-BUILDING (L01 to L09),
ILFI

Acoustic environment

Natural noise barriers (e.g., green roofs/walls,
water features), sound-absorbing panels,
noise barriers, natural and recycled materials,
advanced acoustic materials (e.g.,
metamaterials), adaptive building
envelope, etc.

CEN (UNI EN 16798-1), LEED V4,
BREEAM, CASBEE (Q1), LBC V4,
WELL-BUILDING (S01 to S07)

1 EPA: Environmental Protection Agency, WHO: World Health Organization, NIOSH: National Institute for Occu-
pational Safety and Health, OSHA: Occupational Safety and Health Administration, ANSI/ASHRAE: American
National Standards Institute/American Society of Heating, Refrigerating, and Air-Conditioning Engineers, CEN:
European Committee for Standardization, USGBC: U.S. Green Building Council, DGNB: Deutsche Gesellschaft für
Nachhaltiges Bauen, IES: Illuminating Engineering Society, LEED: Leadership in Energy and Environmental De-
sign, BREEAM: Building Research Establishment Environmental Assessment Method, CASBEE: Comprehensive
Assessment System for Built Environment Efficiency, LBC: Living Building Challenge, WELL-BUILDING (IWBI):
WELL Building Standard (International WELL Building Institute), ILFI: International Living Future Institute.
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6. Case Studies
In recent years, regenerative design principles have garnered considerable attention

as a promising approach to improving IEQ in buildings. These principles integrate various
factors, including energy efficiency, sustainable materials, water management, air quality,
and biophilic elements, all working in harmony to create environments that promote human
health and adaptability. Recent case studies provide compelling evidence of the successful
implementation of regenerative design strategies, demonstrating how they improve both
environmental performance and occupant well-being. This section explores several notable
examples, showcasing how regenerative design is being applied in real-world settings to
achieve both ecological sustainability and enhanced quality of life.

For instance, Rendy Abdillah et al. [143] explored regenerative design strategies in a
medium-rise residential building in Jakarta, Indonesia, evaluating the impact of passive
ventilation, window side fins, light shelves, green roofs, and photovoltaic systems on
thermal comfort and daylight performance across current and future climate scenarios.
Their findings revealed substantial improvements in thermal comfort, with up to 94% of
days in the 2020s meeting ASHRAE-55 standards [144]. However, the energy production
capacity of photovoltaic panels declined by the 2080s, covering only 30% of cooling demand.
Despite a reduction in daylight availability, the study emphasized the potential of integrated
regenerative solutions, such as photovoltaic green roofs, suggesting further exploration of
their long-term effects.

In another case study, Petrovski et al. [145] examined the implementation of regenera-
tive design principles in the refurbishment of Spain’s first regenerative building, designed
to meet the Living Building Challenge (LBC) standards. This study highlighted both the
challenges and benefits of regenerative design, such as the need for transparent mate-
rial sourcing, high upfront costs for systems like photovoltaic panels and energy storage,
and navigating regulatory barriers. Despite these hurdles, the research demonstrated that
regenerative design could successfully integrate human and environmental systems, im-
proving biodiversity, urban agriculture, and water management. The study further empha-
sized the importance of an integrated project team and effective management throughout
all project phases to overcome challenges and meet LBC imperatives. Together, these case
studies offer valuable insights into the evolving field of regenerative design, advocating for
the broader adoption of these principles to create energy-positive, contextually responsive,
and climate-resilient buildings.

Biomimicry in architecture also presents significant opportunities to enhance regenera-
tive design. Nature provides examples of resilient materials and optimized structural forms
that inspire sustainable building practices. For example, Mouton et al. [146] conducted a
life cycle assessment (LCA) to evaluate regenerative design strategies by examining the
environmental impacts of bio-based building materials, such as timber, straw, and hemp,
in a European context. Their results demonstrate that bio-based materials generally exhibit
much lower embodied greenhouse gas (GHG) emissions than conventional materials like
brick or concrete. This highlights the environmental benefits of using bio-based construction
materials as alternatives to traditional options, while also pointing to key environmental
trade-offs within bio-based materials that require further investigation.

In a separate study, Mouton et al. [147] analyzed the environmental impacts of two
passive solar design buildings—be2226 and N11 SolarHouse—that were designed to elimi-
nate the need for active heating or cooling systems. Their findings showed that the N11
building successfully meets established climate targets, further demonstrating the potential
of regenerative design strategies in reducing environmental impacts.
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The integration of circular economy principles is another key strategy for advancing
sustainable building practices. Sah and Hong [148] examined the application of circular
economy principles at the Taiwan Sugar Company (TSC), which focused on redesigning
production processes, establishing closed-loop systems, and improving resource efficiency.
Following the British Standard 8001:2017 [149], their study highlighted TSC’s progress in
adopting renewable energy, repurposing byproducts, developing sustainable packaging,
and utilizing output products for industrial or agricultural purposes. These initiatives
contributed to reducing waste and enhancing environmental performance.

These case studies provide valuable insights into the expanding potential of regen-
erative design. The effective implementation of these strategies underscores the need for
interdisciplinary collaboration and ongoing research to further advance regenerative design
in the built environment.

7. Notable Buildings Projects Worldwide
Across the globe, numerous notable buildings showcase regenerative design con-

cepts [150–153]. One example is the Bullitt Center in Seattle, USA, often hailed as one of
the ‘greenest’ commercial buildings in the world. It integrates regenerative principles such
as solar panels for energy generation, rainwater harvesting, composting toilets, and natu-
ral ventilation, alongside biophilic elements like green roofs and living walls, creating a
restorative space for occupants. In Amsterdam, the Edge showcases a blend of regenerative
design with cutting-edge technology, featuring solar panels, geothermal energy, and smart
lighting systems, alongside open-plan spaces, indoor plants, and flexible workstations that
promote health and collaboration. In Milan, Bosco Verticale (Vertical Forest) represents
an innovative approach to urban sustainability, with residential towers covered in over
9000 trees and 5000 plants, improving air quality, reducing noise, and offering a direct con-
nection to nature for the residents. In Shanghai, the Shanghai Tower incorporates a range
of sustainable features, including a double-glazed façade that improves energy efficiency,
a rainwater collection system, and wind turbines that generate renewable energy, while
its innovative design helps reduce its environmental footprint. Furthermore, the Crystal
in London functions as a hub for sustainable urban innovation, incorporating rainwater
harvesting, energy-efficient systems, green roofs, and solar panels to reduce reliance on
traditional energy sources, while ensuring an optimal indoor environment for comfort
and productivity.

The 50/50 City Plan in Singapore, conceived by the WOHA group, offers another
groundbreaking example of regenerative design. The plan envisions a city where 50% of
the space is dedicated to nature, including green spaces, parks, and natural systems, while
the other 50% is allocated to buildings and infrastructure. This vision aims to harmonize
urban development with ecological sustainability by integrating nature-based solutions
like vertical gardens, green roofs, and passive cooling systems alongside energy-efficient,
low-impact architecture. The 50/50 City Plan seeks to improve environmental performance
while enhancing occupant well-being through access to nature, reducing urban heat islands,
and promoting biodiversity. This concept emphasizes the importance of cities as dynamic
ecosystems, advocating for a more balanced, resilient, and sustainable urban future.

The Circular House in the Netherlands is another pioneering example, being one
of the world’s first social housing projects built according to circular principles [154].
Designed by 3XN Architects, the project serves as a model for circular construction in
Denmark, with 90% of its materials designed for disassembly, reuse, or resale without
loss of value. Sustainable materials like cork and old newspapers for the façade, eelgrass
and granules for insulation, and used car tires for the flooring’s underlay were employed,
demonstrating the feasibility and profitability of circular construction. Supported by the
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Danish Environmental Protection Agency and Realdania, the project is expected to reduce
CO2 emissions from building materials by 38% by 2050, with an estimated economic
potential of EUR 7.75 billion annually for Denmark’s building industry by 2035. These
buildings exemplify how regenerative design principles can harmonize environmental
sustainability with occupant well-being.

8. Challenges
The regenerative design approach, while promising for enhancing indoor environmen-

tal quality (IEQ), faces challenges arising from the need for a paradigm shift, integration of
complex systems, and collaboration across disciplines [155]. One major obstacle is shifting
from a traditional, linear approach to a holistic, regenerative mindset. Conventional design
often prioritizes short-term outcomes like efficiency and aesthetics, while regenerative de-
sign focuses on long-term sustainability by integrating systems such as energy, water, waste,
and ecology. This requires a change in how architects, developers, and other stakeholders
approach design, necessitating education and awareness programs to equip them with
knowledge about regenerative principles, environmental restoration, and their potential to
improve occupant health.

Economic considerations also pose a challenge, as regenerative design often requires
substantial upfront investments in sustainable materials, renewable energy systems, and ad-
vanced technologies. While these buildings can provide long-term benefits such as energy
savings and increased property value, the initial costs may deter developers focused on
short-term returns. However, considering the life-cycle costs—including operational sav-
ings and tax incentives—highlights the long-term value of regenerative design, shifting the
focus from immediate expenses to enduring benefits like improved occupant productivity
and health.

Technical complexity is another barrier, as regenerative design requires the integration
of energy, water, waste, and ecological systems. Ensuring these systems work harmoniously
demands advanced expertise and innovative approaches. Tools like Building Information
Modeling (BIM) help with this complexity by facilitating collaboration and predicting
outcomes, though widespread adoption requires additional investments in training and
software. Collaboration among architects, engineers, contractors, and sustainability ex-
perts is vital, though it can be challenging due to differing priorities. Overcoming these
challenges requires a culture of collaboration and a shared understanding of regenerative
design’s value.

The regulatory and policy landscape also creates hurdles. Many building codes and
zoning regulations are outdated and do not accommodate the integrated systems needed
for regenerative practices, such as greywater recycling or the use of sustainable materials.
Advocating for policy changes through case studies and pilot projects can help drive
reform, supported by industry associations and professional bodies offering expertise to
shape policy.

The specialized knowledge required for regenerative design presents another signifi-
cant barrier, as it demands expertise across architecture, environmental science, engineering,
and sustainable technologies. To bridge this gap, investment in professional development
and training is essential, alongside collaboration with universities and research institutions.
Certification programs and professional accreditations can further promote regenerative
knowledge within the industry.

Lastly, the success of regenerative design depends on occupant behavior and en-
gagement, as many systems rely on user participation, such as energy-saving practices
or recycling. Changing established habits can be challenging, particularly when people
are accustomed to conventional methods. Designing for diverse occupant needs adds
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complexity, but effective engagement through education and incentives can support the
success of regenerative systems.

Despite these challenges, regenerative design holds significant potential for creating
healthier, more sustainable indoor environments. By addressing these barriers through
education, collaboration, and innovation, regenerative practices can lead to buildings that
benefit both occupants and the environment. Overcoming these obstacles requires a con-
certed effort from all stakeholders, focusing on long-term value and collective well-being.

9. Future Research Directions
Regenerative design, with its holistic approach to creating sustainable and human-

centered environments, holds immense potential for enhancing indoor environmental
quality (IEQ). As research in this innovative field progresses, several key areas deserve
further exploration. One primary direction is quantifying the benefits of regenerative
design, particularly its effects on occupant health, productivity, and cognitive function.
Longitudinal studies should assess the long-term impacts of regenerative design features,
while also comparing energy performance with conventional structures. This research
should explore the direct health effects and how regenerative designs influence cognitive
performance and productivity. At the same time, evaluating the long-term environmental
benefits, such as carbon sequestration, water conservation, and waste reduction, will
help solidify regenerative design as a viable solution for mitigating climate change and
promoting ecological balance.

Technology will play a key role in advancing regenerative design, and future research
should explore how cutting-edge technologies can optimize resource management and
IEQ. The integration of advanced sensors, building automation systems, and artificial
intelligence to monitor and adjust building environments will enable improved energy
management and air quality. Research should delve into new materials, such as bio-based
and self-healing coatings, to enhance both sustainability and performance. Additionally,
exploring renewable energy sources like solar and wind will provide insights into their
integration within regenerative buildings.

A major area for exploration is the integration of nature within the built environment,
a core principle of regenerative design. Future research should investigate how elements
like green roofs, vertical gardens, and natural lighting improve occupant well-being while
benefiting the surrounding ecosystem. Additionally, studying the transition to a circular
economy in regenerative design is essential. Research should assess material life cycles,
particularly renewable and recyclable options, to understand their potential to reduce
waste and promote material reuse. Exploring innovative approaches like 3D printing using
sustainable materials should also be a focus.

As climate change presents increasing risks, regenerative design must prioritize re-
silience and adaptability. Future studies should integrate strategies that enhance the
resilience of buildings and communities to withstand natural disasters and climate chal-
lenges. Research on passive design, energy-efficient systems, and sustainable water man-
agement will be vital. Collaboration across disciplines will also be critical, as architects,
engineers, urban planners, and policymakers must work together to create holistic solu-
tions. Collaborative platforms will facilitate knowledge exchange and improve regenerative
design practices.

Long-term monitoring systems will be essential to assess the ongoing performance of
regenerative design features. Research should focus on developing tools to track param-
eters like air quality and temperature. Retrofitting existing buildings with regenerative
elements can also improve sustainability and IEQ. Comparative studies of successful re-
generative projects worldwide can highlight best practices and inform how regenerative
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design strategies can be adapted to various climates and cultural contexts. Establishing
guidelines and regulatory frameworks will help drive the adoption of regenerative design
on a larger scale.

Integrating Indigenous knowledge and engaging local communities in the design
process will be essential for the success of regenerative design. Research should focus
on how regenerative design can reflect local cultural and environmental contexts [156].
By addressing these research directions, we can deepen our understanding of regenerative
design’s potential to create healthier, more sustainable, and resilient environments that
benefit both people and the planet. Additionally, the ethical dimensions of regenerative
design will also require attention. Research should explore how regenerative design
can promote inclusivity, accessibility, and social equity. Incorporating local communities’
needs and aspirations into the design process is essential for ensuring equitable outcomes.
Additionally, collecting data on occupant satisfaction and perceived IEQ will help refine
design strategies. User feedback can provide valuable insights into how regenerative spaces
are experienced and adapted.

Lastly, The future of regenerative design for indoor environment quality in the built
environment hinges on deepening interdisciplinary collaboration among architects, en-
gineers, policymakers, and building occupants. By integrating diverse expertise, this
approach can evolve beyond mere sustainability to actively enhance occupant well-being
and ecological harmony. For example, architects and engineers can innovate with biophilic
design elements, advanced ventilation systems, and adaptive materials that respond to
real-time environmental data, while policymakers can establish incentives and standards
that prioritize health and resilience. Engaging building occupants ensures that solutions
are user-centric, fostering spaces that not only minimize harm but regenerate air quality,
natural light, and thermal comfort. This collaborative synergy can drive a paradigm shift,
creating indoor environments that thrive as living systems, attuned to both human needs
and planetary boundaries.

10. Conclusions
In conclusion, regenerative design represents a transformative approach to enhancing

indoor environmental quality (IEQ) in our built spaces. Instead of merely minimizing
harm, it emphasizes the active restoration and renewal of the ecosystems surrounding us.
Compared to other design strategies like restorative, sustainable, and green design, regener-
ative design offers distinct advantages. Table 2 summarizes these benefits, illustrating how
regenerative design enhances the built environment. However, to fully unlock its potential
for improving IEQ, further research is needed in key areas, such as developing comprehen-
sive methods to assess the broader benefits of regenerative strategies, integrating emerging
technologies like smart building systems and innovative materials, and placing greater
emphasis on occupant well-being throughout the design process. Ongoing monitoring and
flexibility are essential to ensure that these solutions remain effective and adapt to changing
needs and environmental conditions. The successful implementation of regenerative design
will require strong collaboration across fields, involving architects, engineers, policymak-
ers, and building occupants. By adopting these principles, we can create healthier, more
sustainable, and resilient indoor environments that elevate the quality of life for all.
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Table 2. Comparative advantages of regenerative design over other design approaches for the
built environment.

Criteria Regenerative Design Restorative Design Sustainable Design Green Design Conventional Design

Ecosystem Impact Net-positive impact,
regenerates ecosystems

Focuses on repairing
ecosystems

Reduces negative impact,
no active regeneration

Minimizes harm, lacks
regeneration

Neutral or negative
impact on ecosystems

Resource Management
Uses closed-loop
systems, regenerates
resources

Repairs, does not
regenerate

Efficient use of resources,
but not regenerative

Focus on eco-friendly
materials, not full
circularity

Resource-intensive, little
focus on regeneration

Human Well-being
and Equity

Promotes social equity
and community
well-being

Some focus on
well-being, but not equity

Focuses on healthier
spaces, but less equity

Prioritizes health, lacks
equity focus

Neglects social equity
and well-being

Long-term Resilience Adaptive and resilient
systems

Restores but lacks
adaptability

Focuses on resilience, less
on long-term
adaptability

Short-term
environmental benefits

Limited resilience,
short-term focus

Energy and Carbon
Footprint

Net-positive energy,
reduces carbon footprint

Repairs energy use,
but not net-positive

Energy efficiency, still
relies on external sources

Energy-efficient, lacks
renewable energy focus

High energy
consumption, carbon
footprint

Material Use and
Waste

Promotes zero waste and
material regeneration

Reduces waste, but focus
is on repair

Reduces waste and
material efficiency, not
full circularity

Focus on waste
reduction, lacks full
material regeneration

Wasteful, conventional
materials

Biodiversity Actively restores and
enhances biodiversity

Restores ecosystems,
indirect biodiversity
benefits

Protects, but does not
enhance biodiversity

Minimal impact on
biodiversity

No focus on biodiversity,
harms ecosystems

Innovation and
Systems Thinking

Highly innovative,
integrates systems
thinking

Focuses on repair, not
innovation

Efficient, lacks
comprehensive system
design

Relies on standard
practices, limited
innovation

Traditional methods, no
systemic innovation

Economic Value Long-term cost savings
and positive returns

Economic benefits
through restoration

Savings from efficiency,
limited regeneration

Short-term savings, lacks
long-term impact

Lower upfront costs,
higher long-term costs

Community
Engagement

Actively engages
communities in
regeneration

Limited focus on
engagement

Focuses on health, not
community involvement

Some focus on
well-being, lacks strong
community focus

No focus on community
involvement
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