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model's inefficiency during the transformation process and language 
barriers (Goli, Teymournia, Naemabadi, & Garmaroodi, 2022).  

Goli, Teymournia, Naemabadi, and Garmaroodi (2022), influenced by 
the work of Liapis, Gravina, Kastbjerg, and Yannakakis (2012), stated that 
they overcome various obstacles of artificial intelligence through deep 
learning. In this context, Goli, Teymournia, Naemabadi, and Garmaroodi 
(2022) used a Convolutional Neural Network (the CNN) as a method to 
eliminate the efficiency barrier of machine learning in their serious game 
studies developed for architectural learning.  In this context, the serious 
game  approach has the potential to be an in tegrative method that 
focuses on education, works to remove barriers in digital processes by 
being trained with CNNs, and also entertains.  

In this context, the serious game approach has the potential to be an 
integrative method that both focuses on education (Irabor, et al., 2025), 
tries to remove the barrier in digital processes by training with CNNs (Goli, 
Teymournia, Naemabadi, & Garmarood i, 2022), and entertains.  

In this sense, the serious game approach is used in many fields such as 
architectural history learning (Cellura, 2024); system thinking learning 
(Irabor, et al., 2025); cultural heritage (Bellotti, Berta, De Gloria, & Fiore, 
2012). The main purpose of this  approach is to teach while having fun. 
Serious game approach can be created both with traditional methods 
such as pen and paper (Voulgari, Vouvousira, & Fakou, 2020) and digital 
methods (Goli, Teymournia, Naemabadi, & Garmaroodi, 2022).   
Translated with DeepL.com (free version)  

In participatory design processes, focusing on education for children is 
an important step for a significant portion of the world's population and 
for increasing the educational level of future adults. Within this 
framework, encouraging learning from the p rocess, rather than just 
focusing on the final product, is a method that increases the efficiency 
of participatory design processes. The serious game approach has the 
potential to be an important tool for children that is both entertaining 
and educational.  It is believed that integrating these two methods will 
encourage participation while entertaining children (Figure.1).  
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children's ideas not only for educational spaces or playgrounds, but also 
for a city, and to realize their participation in a realistic manner.  

The project was realized through 3 main methods: workshops, excursions 
and online applications. In the workshops, children were informed 
through maps and visuals, and together with the children, they 
produced visual and written works with pencil and paper.  In this context, 
the project consists of 7 steps: (1) assignment, (2) Istanbul for me, (3) 
Istanbul under the lens, (4) Istanbul's medals, (5) attention, Istanbul's 
problems, (6) for a better Istanbul, (7) care instructions for Istanbul.  A 
total of 52 ac tors are involved in this project. In this context, this study 
can be considered as a practice where children were involved in a 
participatory process of information exchange, which resulted in the 
local government being informed. The outputs included in t he 
evaluation report have been implemented in practice.  

DISCUSSION 

Table 2. Comparison of Projects  
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By analyzing these projects it is observed that children were not 
consulted to a great extent while creating spaces for children; however,  
children participated in the implementation process. Digital methods 
were used in two studies where children were consulted and traditional 
methods were used in one study. In this context, digital methods have 
an important potential in getting ideas from children.  

In participatory design processes, children are mostly trained about the 
methods to be used in the process or about materials and their 
applications. This situation shows that success in participatory design 
processes is not only focused on the final produ ct, as stated by 
(Lundmark, 2018). In other words, in participatory design processes, 
children have the potential to be trained within the scope of the 
targeted subject.   

On the other hand, digital methods are not used intensively in 
participatory design processes. However, gamification of participatory 
design processes with the serious game approach, which has recently 
gained popularity and is used for educational training  potentials in 
different fields (Karaarslan, 2020), has the potential to be a successful 
method by prioritizing both the use of digital methods and education.  

CONCLUSION  

One of the most important elements in participatory design processes is 
the active, creative and enthusiastic involvement of children. At this 
point, gamification and serious games methods stand out as tools that 
strengthen children's participation and mak e the process more 
meaningful. In this context, in participatory design processes where the 
serious game method is applied, it is predicted that (1) it can increase 
children's motivation by attracting children's attention with the 
advantage of being game -based, (2) it can encourage children's 
creativity since game environments do not limit imagination, (3) it can 
strengthen democratic participation with game rules, and (4) it can 
improve decision -making, cooperation and responsibility skills.  

As a result of this study, it is seen that there are processes that are 
planned to involve children; however, it is seen that children are mostly 
not involved in these processes at the implementation stage.  However, 
it is seen that the studies that have t urned into practice are generally 
designed by designers and children's participation is ensured in practice, 
children are included in the processes to a limited extent, and children 
maintain their relatively passive position in designing the process.   

If the creative ideas of children are to be incorporated into design 
processes through digital methods, the mere reliance on artificial 
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curvature, and improves interlayer adhesion in high -contact zones. 
Robotic single -shell printing reduced supports and waste, and 
parameter logs enabled repeatable prints across iterations. Evaluation 
focused on geometric fidelity, gradient legibility, seat  comfort, and 
surface tactility under repeated use. The results show that multi -material 
deposition combined with three -dimensional slicing can deliver 
ergonomic compliance where needed while maintaining structural 
stability without heavy post -processing. In relation to the research 
questions, Quadrifoglio  demonstrates how materials, robotic strategies, 
and design tools co -author outcomes (Figures 5 -6); it clarifies formal and 
material traits specific to gradient deposition; and it indicates a path 
from prototype to product -ready components, with remaining tasks in 
wear testing, UV and cleaning resistance, and standardisation of print 
parameters and slicing routines for consistent production.  

 

 

Figure 5. NakU and EcolGreen distribution.  
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Figure 6. ARBOBLEND distribution. 

HOPE: Hybrid Organic Postplastic Environments  by REX|LAB, exhibited at 
the Ars Electronica Festival in Linz, Austria, 2024, is a micro -living -working 
environment designed within a (phantom) shipping container and 
based on adaptive, multifunctional design strategies that optimise 
limited space without  compromising comfort or performance and 
offering reconfigurable solutions (Ratti & Claudel, 2015). The project 
investigates adaptive architectural elements using the same 
biocomposite PLA blends as in the aforementioned project, along with 
Ingeo PLA to en hance transparency . Robotic 3D printing is utilised to 
achieve complex geometries, allowing for precise material deposition 
and minimal waste (Figures 7 -8). Customisation and ergonomics also 
play a central role, with 3D printing enabling highly personalised layouts, 
seamles s integration of furniture, and adaptive, evolving spaces. By 
integrating biophilic design principles, such as natural light, ventilation, 
and greenery, the connection to the natural environment is enhanced 
(Vale & Vale, 2000) while maint aining high functionality (Hensel, 2013). 
Methodologically, the project scales the research to an architectural 
scope by treating walls as multifunctional printed assemblies. Toolpath 
design and slicing embed channels and recesses for furniture interfaces, 
lighting runs, and HVAC fixtures, as well  as register points for augmented 
reality interaction in the completed space. Structural wall elements test 
branching strategies that typically conflict with extrusion continuity, 
causing on -off artefacts. The printing routine mitigates this by increasing 
travel speed during non -deposit moves when swapping between 
branches and by aligning bead restarts along concealed seams. 
Material composition is adjusted locally, with PLA blends used for 
structure and Ingeo PLA for applications requiring partial transpar ency 
or light diffusion. In relation to the research questions, HOPE shows how 
materials, robotic strategies, and design tools co -author outcomes at 
the spatial scale. It clarifies the formal and material traits associated with 
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Postplasticism, including layering, branching continuity, graded density, 
and controlled translucency, which together produce a legible 
aesthetic rather than a purely technical assembly. It also indicates 
pathways from prototype to building -scale elements,  such as 
reconfigurable partitions and service -integrated walls. The principal 
barriers remain certification and code compliance, as well as the long -
term durability and fire performance of PLA -based blends, anchoring 
and jointing details, and maintenance access for embedded services. 
These findings present Postplasticism as a framework in which material 
behaviour, deposition intelligence, and speculative aesthetics are co -
drivers of architectural design.  

Figure 7 .      Hybrid Organic Postp lastic Environment . 

Figure 8. Digital Implementation at HOPE insta llation.  
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Therefore, within the scope of the workshop, second-year students carried out 
a study using artificial intelligence applications based on their current projects.  

In interior design education, the project course is one of the important courses 
where students learn by experiencing design, develop different ways of 
thinking, and learn to create their own design language. In project courses, 
which form the basis of interior design education, students strive to create 
projects of different square footage and concepts throughout their education. 

The workshop is based on students conducting a study focused on atmospheric 
design using the AI-powered design application called PromeAI within the 
scope of their current studio projects. PromeAI, selected as the primary tool for 
the workshop, is an AI-based design and visualization platform. It supports 
participants in visual content production, development, and conceptual design 
processes. Its visual outputs, particularly those related to elements that create 
spatial atmosphere, such as materials and lighting, highlight the tool's potential 
contributions in the design context. PromeAI can realistically simulate various 
material and texture types based on user inputs (prompts); it can automatically 
adjust material scales to appropriate ratios, which are manually set in traditional 
rendering processes. It also offers users customizable solutions for parameters 
such as light and surface characteristics. Its open-access model ensures equal 
accessibility for all participants In this context, integrating PromeAI into the 
workshop process allows students to directly experience AI-powered design 
tools while also laying the groundwork for more in-depth evaluations of the 
impact of these tools on interior design education.  

Students will produce three-dimensional (3D) visualizations related to spatial 
design using common digital programs such as V-Ray, Lumion, Enscape, 
Twinmotion, and D5 Render; at the same time, they will re-conceptualize the 
same project through PROMEAI in an atmosphere-focused manner with 
artificial intelligence support. The output of both production processes will be 
organized in a way that allows for comparison. 

FINDINGS 

At the beginning of the workshop, students collected atmospheric references 
from various sources. After scanning, students were asked to select the image 
they considered best expressed the atmosphere of the space. With the help of 
AI-powered tools, they were able to explore how to integrate these atmospheric 
references into their designs and test them in a spatial context. The workshop 
aimed to reveal the advantages that artificial intelligence tools offer students in 
terms of improving their decision-making processes, providing innovative 
solutions and alternative perspectives, and gaining speed and creative 
approaches to the process of creating materials and atmospheres.  

The workshop evaluated the applicability of atmospheric decisions such as 
material selection, color, lighting, and texture in the three-dimensional spatial 
visuals produced by students using both traditional digital and AI-supported 
methods. By comparing the three-dimensional visuals created by the students, 
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this enabled a comparative analysis of the advantages and disadvantages of 
AI methods. The workshop was conducted with a total of 20 students. Since 
these students carried out their project work in pairs, a total of 10 projects were 
evaluated. Table 1 lists all the projects examined. The projects vary in terms of 
function and designed space. Each group tried to create the atmosphere of the 
space based on a visual they found for the atmosphere. 
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Table 1. Workshop Analysis  for Second Year Students  
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seen that blocking the point where the space would receive natural light 
weakened the three -dimensional spatial perception.  

 

Figure 3. The store project examined within the scope of the workshop  

 

The project shown in Figure 4 was designed as an exhibition hall. It can 
be seen that at the end of the scanning process, the students selected 
a visual that was more related to the form of the space than the 
atmosphere. Consequently, there were difficulti es in terms of creating 
the desired atmosphere.  
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Figure 4. The exhibition project examined within the scope of the 
workshop  

In the project shown in Figure 4, it is evident that the students wanted to 
create a dimmer environment in terms of atmosphere. However, the 
form -focused selection of the reference image caused the AI 
application to also focus on form and, due to the selec ted image, 
added natural lighting elements to the space. At the same time, it 
played with scale and produced an output that was much larger than 
the given area. The AI failed to correctly assess the balance between 
open and closed spaces in this project as  well. Students stated that the 
AI application tended to alter the design by adding various elements 
that deviated from the core of the design and that it also failed to 
provide any benefit in terms of atmosphere. In this project, it was 
observed that stud ents focused on form rather than atmosphere when 
scanning visual references. At this point, re -evaluating with a visual that 
could serve as an example of atmosphere alone would guide students 
more accurately in terms of atmosphere.  

Overall, based on the data obtained within the scope of the workshop, 
the attitudes of second -year students towards AI -supported applications 
were largely positive. Participants particularly noted that the artificial 
intelligence application was useful in creating atmosphere through 
components such as materials, lighting, color, and texture. Especially in 
terms of lighting, it was seen that the application generated useful ideas 
for atmosphere through the visuals it created. It was observed that the 
artific ial intelligence application provided ideas, particularly in the 
selection of materials and colors for atmosphere, which is frequently 











 

881 

INTRODUCTION  

Today, digital spaces designed in a digital environment with artificial 
intelligence support are created in a qualified manner, together with the 
architectural concepts that form the space, ideas, concepts, and 
images that also constitute the semantic dime nsion. In this respect, 
computers and artificial intelligence have become an alternative to 
paper and pen, the classic representation tools in the field of design. 
Computers, which offer designers opportunities to discover new forms 
and provide convenience  in many ways, have created artificial 
representation environments where lines, colours, and forms are 
expressed mathematically, accelerating the design process. However, 
products designed using computer technologies in the design process 
are sometimes lim ited by the characteristics of interfaces and software. 
Designers conceptualise the space they perceive as a product with the 
user in mind and visualise it by ensuring its symbolic nature. In this respect, 
problems arising from the technologies of the inte rfaces and software 
used in the design process influence or constrain designers, leading to 
the transformation of the product that emerges during the design 
process. Similar contemporary designs that we often encounter are 
mostly computer -aided products.  

Artificial Intelligence (AI) has increasingly emerged as a transformative 
and vital priority within the architectural discipline in recent times. Its 
growing prominence signifies a fundamental and significant shift in 
contemporary design methodologies and construction practices. The 
applications of AI have begun to profoundly influence various aspects 
of building development, artistic exploration, and creative workflows, 
while also enhancing the management of design processes, team 
interactions, and effecti ve communication. These advanced 
capabilities empower architects to respond more rapidly and efficiently 
to evolving client needs and dynamic societal demands, thereby 
enhancing the overall design experience. As AI continues to evolve and 
integrate, its po tential to reshape architectural practices is becoming 
more apparent.(Li et al., 2023). The technology's integration thus marks 
a disruptive phase promising to reshape Archi -tecture by impacting its 
underlying foundations and presuppositions.  

Early AI-driven architectural tools initially concentrated on the 
automatic generation of architectural plans and structural systems, 
significantly shifting traditional methodologies in profound ways. Within 
this expansive landscape, meticulously defined t erminologies were 
developed for various architectural elements, all intricately tethered to 
specific stylistic and organizational contexts that influence design 
choices. These conceptual frameworks were thoughtfully designed to 
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emulate core architectural ideas, such as hierarchy, modularity, and 
spatial relationships, directly enabling the rapid and efficient creation of 
comprehensive building layouts that effectively cater to various diverse 
functional needs. Concurrently, a ded icated and passionate 
community of architects and designers began to thoroughly explore the 
experimentation of computational morphologies, pushing boundaries in 
design and form, and challenging conventional norms. Over the past 
decade, the applications of artificial intelligence alongside 
advancements in materials engineering have rapidly grown more 
closely interwoven with the intricate processes of design production, 
thus greatly enhancing the overall efficacy and effectiveness of 
architectural projects in  innovative ways. During the project execution 
phase, advanced Machine Learning (ML) algorithms effectively utilize 
extensive training data to validate, refine, and enhance virtual design 
models, providing invaluable real -time insights through diligent and  
thorough construction -site monitoring that improves project outcomes. 
Alongside these dynamic advancements, sophisticated intelligence 
models that incorporate intricate elements of architectural cognition 
and computation continuously facilitate the genera tion of innovative 
design concepts and forms. These concepts are all grounded in a 
deliberate balance between essential functional necessities and 
aesthetic principles, driving the future of architecture towards a more 
intelligent, adaptable framework that  responds to the ever -evolving 
needs of contemporary society.  

2.Historical Context of AI in Architecture  

Artificial intelligence has become more than just a design tool; it is now 
an intellectual partner that guides design decisions, analyzes spatial 
data, anticipates user experiences, and manages construction 
processes. Therefore, it is inevitable that this transformation will 
fundamentally change the current structure of architecture and its 
future role. Consequently, the AI -driven transformation occurring today 
is more profound and comprehensive than any previous change 
(Mitchell, 2020).  

One of the most significant contributions of artificial intelligence to 
architectural design is the acceleration of data -driven decision -making 
mechanisms and the enabling of more complex spatial solutions. In 
traditional design processes, architects spent  a lot of time and effort on 
stages such as drawing, modeling, and simulation, but thanks to AI -
based tools, these processes have been automated and made more 
flexible (Burry & Burry, 2016).  
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3.1 Artificial Intelligence Tools and Algorithms Used in Architecture  

Artificial intelligence (AI) has evolved beyond being merely a tool that 
facilitates the design process in the field of architecture today, 
becoming one of the fundamental drivers of design. The use of artificial 
intelligence is becoming increasingly wides pread, particularly in areas 
such as generative design, parametric modeling, energy efficiency 
analysis, and automatic plan optimization (Chollet, 2019). The adoption 
of artificial intelligence tools in architecture enables designers to find 
much faster an d more systematic solutions to problems that were 
previously difficult to solve manually.  

In traditional architectural design approaches, designers initiate the 
drawing process by envisioning a specific form; in AI -based approaches, 
design problems are defined by algorithms and the solution space is 
explored by the computer. Thus, the designer becomes not only the 
selector of solutions but also the manager of the process (Mitchell, 2020). 
In this context, a detailed examination of artificial intelligence tools and 
algorithms is critical to understanding the future direction of the 
architecture p rofession. 

Computer -Aided Design (CAD) and Building Information Modeling (BIM) 
software used in architectural design are now supported by artificial 
intelligence add -ons. For example, Autodesk Revit's generative design 
modules or Archicad software's artificial intell igence -based energy 
simulation tools enable architects to make much more accurate and 
efficient decisions (Eastman, Teicholz, Sacks, & Liston, 2018). Additionally, 
machine learning algorithms used in BIM systems analyze the 
performance data of building mat erials to suggest the most suitable 
options in terms of cost and sustainability. This demonstrates that not only 
design but also construction management processes are being 
transformed by artificial intelligence.  

In the context of Optimization Algorithms and Generative Design, one of 
the most widely used AI -supported tools in Architecture is generative 
design software. For example, Autodesk Generative Design or 
Grasshopper + AI plugins can optimize thousands of alt ernative forms 
according to specified criteria (Gerber & Lin, 2013). The genetic 
algorithms and artificial neural networks used here produce optimal 
solutions by modifying design parameters.  

These tools develop multidimensional solutions that take into account 
not only aesthetic forms but also performance criteria such as energy 
consumption, user comfort, and structural durability. We can also 
mention the most important artificial intelligence  tools in architecture in 
the context of Image Processing and Object Recognition Tools. In recent 
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systems by simulating an architectural model's adaptation to 
environmental conditions or user behavior. These algorithms empower 
architects to design structures that are not only more efficient but also 
more sustainable, more aesthetic, and more functional  (Leach, 2022). 
We can briefly describe these artificial intelligence models.  

Artificial Neural Networks, (ANN) ANNs are used in architecture, 
particularly in areas such as heating and cooling load estimation, 
energy performance analysis, and user behavior modeling. By 
processing large datasets related to buildings, they can predict  the most 
suitable solutions in terms of energy efficiency (Li, Yang, & Li, 2019).  

Genetic algorithms enable design optimization by mimicking 
evolutionary processes found in nature. They are particularly effective in 
areas such as complex form generation, structural stability analysis, and 
light -shadow calculations (Holland, 1992). Archi tects can use these 
algorithms to select the most suitable option from hundreds of different 
design alternatives.  

Deep learning models provide significant convenience in visualization 
and rendering processes. For example, Convolutional Neural Networks 
(CNNs) can generate new facade designs by transferring styles from 
spatial images (Goodfellow, Bengio, & Courville, 20 16). Furthermore, 
GAN -based (Generative Adversarial Networks) structures can 
automatically generate different variations of architectural concepts.  

Reinforcement Learning algorithms are particularly prominent in robotic 
construction and autonomous building systems. These algorithms enable 
machines to learn optimal construction methods through trial and error 
(Sutton & Barto, 2018). This minimizes huma n error on construction sites 
and speeds up processes.  

3.3 Benefits Provided by Artificial Intelligence Tools in Architecture  

Artificial intelligence is positioned not only as a tool that accelerates the 
design process in the field of architecture, but also as a partner that 
encourages creativity. The benefits it provides are multidimensional and 
these benefits create significant  advantages for both designers and 
users. 

Efficiency and Speed in Design  

AI-based tools can complete tasks that could take weeks in the 
traditional design process in just a few hours. Generative design systems, 
in particular, simultaneously produce different scenarios for a building 
(e.g., facade variations, spatial configurati ons, energy performance) 
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and accelerate the designer's decision -making process (Gerber & Lin, 
2013). This increases the competitiveness of architecture firms and 
enables more accurate decisions to be made in the early stages of 
projects.  

Solving Complex Problems  

Urbanization, population growth, and climate change have made the 
field of architecture more complex. AI algorithms can process 
multidimensional data to provide optimal solutions at the urban scale. 
For example, deep learning -based simulation tools can ana lyze the heat 
island effect in a city and suggest the most suitable locations for new 
green spaces (Li, Yang, & Li, 2019).  

Customized Architecture  

YZ also plays an important role in the development of user -centered 
designs. Machine learning algorithms used in interior design applications 
can develop customized design recommendations based on 
individuals' lifestyles, habits, and preferences (Wang & Gu , 2021). Thus, 
architecture is transforming into a discipline that goes beyond merely 
producing physical spaces to directly improving individuals' quality of 
life. 

Sustainability and Energy Efficiency  

Today, sustainability has become an indispensable aspect of 
architecture. AI -supported software predicts the energy consumption of 
buildings and recommends the most efficient design decisions, while 
also minimizing environmental impacts in processes such a s sunlight 
optimization, natural ventilation scenarios, and material selection 
(Eastman, Teicholz, Sacks, & Liston, 2018).  

Innovation in Construction Technologies  

Robotic systems and autonomous machines are becoming smarter with 
the support of AI. Autonomous cranes, 3D concrete printers, and 
unmanned inspection drones used on construction sites are reducing 
the burden on human labor and lowering the margin of error (Sutton & 
Barto, 2018).  

Design action as a condition that occurs in the world of images is 
concerned; during the design process mind works at the level of the 
duration of the abstraction, the fact that most of the sources of 
inspiration for non -existent abstract concepts are seen . Interior 
Architecture is one of the important basic discipline in design that is 



 

890 

TE
C

H
N

O
LO

G
Y 

/ 
D

E
S

IG
N 

 

rapidly developing, renewing itself according to the rapid change in 
technology and living standards in daily life.  

The integration of artificial intelligence (AI) within the dynamic and ever -
evolving field of architecture signifies a profound and essential shift from 
what was once considered merely a fleeting trend to a genuinely 
transformative priority that increasing ly demands our focused attention, 
considerable resources, and decisive action. The strategic alignment 
between intricate design tasks and sophisticated AI techniques 
remarkably accelerates the overall architectural production process by 
significantly enhan cing not only problem -solving speed but also the 
overall quality of the outcomes produced by these innovative 
approaches. With the rapid and ongoing development of advanced 
tools that are capable of generating a remarkably diverse array of 
design options b ased on a wide range of specific inputs, architects now 
possess the extraordinary ability to explore many more possibilities than 
they have ever had access to before in their creative processes and 
design strategies. What was once largely confined to acade mic settings 
and experimental domains is becoming commonplace in established 
professional practices.  

Space is the phenomenon of other components that make up itself as a 
fiction. In a paradoxical structure of life and fluctuating of the time that 
individuals live, gain some experiences by give meaning to spaces that 
thanks to the the images were created b y using the forms. The design of 
interior space (space) only when associated with the attributes, inward -
looking place, it is the reflection of the shell (outer mass) is a reflection of 
the global outward -looking place. Therefore, they were not against to 
each other even if they are nested, complementary to each other by 
overlapping.  

The advent of robust, strong, and affordable AI software has 
dramatically extended its positive impact across a myriad of design 
projects, intricate construction processes, and extensive urban 
strategies that are crucial for modern urban development. Furth ermore, 
Building Information Modelling (BIM) continues to be an indispensable 
and critical component in the formulation of complex, innovative 
architectural projects. These significant advancements are now greatly 
facilitated by the expanding capabilities and functionalities of AI 
technologies. Beyond the traditional applications found within 
architecture and the construction fields, AI has begun to assume an 
influential and pivotal role in the increasingly relevant realm of smart city 
initiatives, as well as in advanced traffic management platforms. This 
development underscores AI's expansive, multifaceted potential in 
shaping the future urban landscapes that communities aspire to create 
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plans and detailed, comprehensive elevations, both of which are 
essential for the successful execution of any architectural project. This 
innovative technology significantly enhances architectural video 
production by empowering designers to deliver present ations that are 
not only more expressive but also visually captivating and engaging for 
audiences. This dual advantage aids in simultaneously reducing overall 
costs associated with traditional design processes, which can often be 
cumbersome and time -consum ing. Furthermore, it provides substantial 
support for immersive virtual and augmented reality technologies, which 
are increasingly being utilized in a diverse range of applications across 
multiple industries. These applications extend to architectural spac es, 
urban planning, landscape design, and even include disaster simulation 
and various response strategies that are crucial in emergency 
management situations. Moreover, Generative AI proves to be 
invaluable in the dynamic generation and editing of three -dimensional 
architectural forms. By leveraging this cutting -edge technology, 
designers gain greater flexibility and an openness to new ideas, creating 
a unique opportunity that fosters innovation and personalization in the 
architectural form design process.  This evolution in design capabilities 
not only enhances creativity but also significantly transforms the manner 
in which architects conceptualize and realize their visions. It paves the 
way for groundbreaking designs that were once considered to be 
beyond  reach, fundamentally altering the landscape of architectural 
practice. As a direct result of this integration, the incorporation of 
Generative AI into architectural practices is not merely a step forward; it 
represents a radical revolution that is set to redefine the boundaries of 
what is possible in the ever -evolving field of architecture and design. 
Ultimately, this transformative journey through technology opens up new 
horizons for architects, enabling them to push the limits of creativity while 
meeting  functional requirements more efficiently than ever before. (Li et 
al., 2024)(Shi et al.2024)(Salem et al.2024)  

3.2. Parametric Modeling  

Parametric modeling is an exceptionally innovative and highly 
sophisticated computational design technique that employs intricate 
mathematical relationships and advanced algorithms to effectively 
generate and manipulate a vast variety of architectural form s and 
structures. This powerful and dynamic method empowers architects to 
create intricate, complex, and dynamic structures by simply adjusting a 
well -defined set of parameters instead of manually modeling each and 
every individual component of a design. T he traditional approach to 
modeling can often be both tedious and painstakingly time -consuming, 
and parametric modeling offers a refreshing alternative that streamlines 
the design process. The application of parametric design provides 
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several distinct advantages over more conventional modeling 
techniques, most notably by facilitating the straightforward and efficient 
creation of intricate geometries that would otherwise consume an 
overwhelming amount of valuable time and considerable ef fort to 
produce thoughtfully. Furthermore, the unique parametric framework 
enables architects to swiftly explore a vast array of diverse design 
variations by means of flexible modification of the underlying input 
parameters, thereby significantly accelerat ing, enriching, and 
enhancing the iterative design process as a whole. As modifications are 
made throughout the design process, they propagate seamlessly and 
consistently throughout the entire model, ensuring uniformity and 
facilitating the accommodation o f various design changes that may 
arise during the lengthy development phase. The educational benefits 
of engaging with parametric modeling are particularly noteworthy, as 
many students embark on their journeys in architectural education 
without a strong f oundation in crucial computational design concepts 
such as variables, parameters, and essential functions. An innovative 
augmented reality (AR) approach that visualizes geometric 
transformations has been shown to greatly enhance the understanding 
and reten tion of the underlying mathematical logic that governs crucial 
digital design processes. This impactful incorporation of AR technology 
significantly enriches the overall learning experience for students. Not 
only does this methodology enhance their skills and competencies in 
parametric modeling, but it also prepares them effectively for the 
continuously evolving and dynamic landscape of contemporary 
architectural design. Thus, it cultivates their ability to adapt and respond 
to new technologies, concepts, a nd methodologies that will 
undoubtedly shape the future of architecture in meaningful ways. (Li et 
al., 2023)(Ko et al., 2023)(Shaghaghian et al., 2021)  

3.3. Building Information Modeling (BIM)  

Building Information Modeling (BIM) facilitates project delivery and 
collaboration by integrating 3 -D models, scheduling, site utilization, and 
resource allocation, supporting multiple data inputs and outputs. 
Architects typically employ BIM for detailed d esign, while engineers 
utilize it for structural planning and material quantification. Designers can 
link models with spatial data, optimize operations, and engage various 
stakeholders throughout the building lifecycle. BIM fosters 
interoperability and col laborative practices across disciplines, 
fundamentally altering industry operations, and serving as a modeling 
and testing environment prior to construction. Virtual preconstruction 
models predict building performance, with diverse applications 
including p roject delivery, quality takeoff, clash detection, energy 
analysis, and schedule integration. Architects play a pivotal role in 
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infrastructure, collaborative governance, and monitoring regimes. 
Data -driven approaches incorporating machine learning, the Internet 
of Things (IoT), and cyber -physical systems underpin the governance 
and operation of smart sustainable cities. Ongoing dis course addresses 
the trade -offs and synergies between efficiency, sustainability, 
resilience, and equity, underscoring the need for coherent 
interdisciplinary consensus in shaping sustainable urban futures.  

5. Challenges and Limitations of AI in Architecture  

The construction, installation, production, infrastructure, and waste 
management industries have undeniably contributed significantly to the 
worldwide environmental crisis. Buildings, in particular, are responsible for 
consuming more energy and emitting mo re carbon than any other 
sector globally. Addressing this critical issue requires the urgent creation 
of more energy -efficient and sustainable structures that utilize innovative 
materials and cutting -edge technologies while also being better 
equipped to re spond to the challenges of climate change. One 
significant challenge that we face lies in effectively transitioning from the 
traditional architectural conception phase, which typically includes task 
analysis, preliminary and detailed designs, simulation, a nd post -
occupancy evaluation. This transition calls for the successful application 
of artificial intelligence (AI) amidst varying degrees of resource scarcity 
and limited availability of essential materials. Such an approach is vital 
for ensuring a more su stainable future. (Li et al., 2023)  

Technical obstacles present a multitude of significant challenges that 
create serious hindrances to the full and effective adoption, as well as 
the implementation, of artificial intelligence (AI) technologies by 
architecture firms, as well as by architectu ral practices that function 
across a variety of sectors and domains. The inherent structural 
complexity of projects and the interdisciplinary nature of the 
architecture, engineering, and construction (AEC) sector only serve to 
complicate the seamless integ ration and incorporation of advanced AI 
technologies into the current workflows and processes within these 
environments, thereby creating a landscape that is often resistant to 
rapid transformation and change. Developing robust, effective, and 
sophisticate d AI models typically necessitates extensive, rigorous, and 
costly data collection efforts, along with careful and detailed 
annotation of such data. This undertaking can be overwhelmingly 
demanding, especially in terms of the financial resources required a nd 
the invaluable investment of precious time and effort from skilled 
personnel whose capacity is already stretched thin due to ongoing 
project demands and commitments. In addition to these pressing 
challenges, there exist numerous issues related to privac y, 
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solutions and to understand the importance of the flexibility approach 
in design.  

METHODOLOGY 

This study focuses on office set design within the framework of flexible 
design principles. The design process offers students the opportunity to 
gain an in -depth understanding of the concept of flexible design 
through the compilation of theoretical knowle dge and its support with 
practical applications. In this context, each stage of the research 
process aims to develop students' creative thinking skills and improve 
design processes. To this end, the study has been structured in three 
phases: pre -design, de sign process, and post -design. Figure 1 illustrates 
the stages of the study.  

 
Figure 1. The stages of the study  

Pre-design: This stage begins with a literature review on concepts such 
as design education, flexible design, industrial design, and office set 
design. The research process aims to establish the theoretical foundation 
of the study by compiling and analysin g existing theoretical knowledge. 
In this stage, flexibility parameters in design were established based on 
the data obtained from the literature. These parameters will be used to 
evaluate the projects during the assessment phase of the study.  

Design process: This phase covers studio work. The studio work was 
carried out over a ten -week period in a total of ten classes. This phase 
was carried out in three steps.  

Research phase: In this step, students conducted detailed research on 
flexible design and office set design. Research is critical to 
understanding current design approaches and user needs. By 
examining different design examples, students will identify the 
advantages and disadvantages of flexible design.  
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terms of use, lightness/portability improves the user experience and is 
particularly important in workspaces with constantly changing or 
dynamic usage needs. When evaluating office sets, although some are 
designed to be placed on a table, the use of lightw eight materials and 
compact dimensions were taken into account.  

Dimensional Flexibility : The dimensional flexibility feature also allows the 
design to adapt to different bo dy sizes. At the same time, the 
adaptability  feature means that the product can be used for different 
functions (Bayram, 2011). In terms of use, it refers to the ability to adjust 
the size of a product or design to suit different spaces and various needs. 
This feature allows users to make more effici ent use of space by 
changing the dimensions of the product. When considering dimensional 
flexibility, t he variability of the usage area occupied by the set on the 
table was taken into account based on the foldability and stackability 
features of the designs.  

Review of Student Projects  

At this stage, eight office set designs developed within the scope of the 
course and in accordance with flexible design criteria were reviewed. 
The characteristics of the resulting student projects, such as the concept  
of the design, the functions it serves, the materials used, and its flexibility 
features, were explained in detail.  

Project 1 is a four -piece office set that reflects the concept of dynamism 
in the architecture and design process through triangular forms and 
varying heights. Detailed explanations of Project 1 are provided in the 
table below (Table 1). With its modular s tructure, the set allows users to 
easily adapt to different working arrangements while also offering 
functional storage and organisation solutions. Triangular forms are not 
merely an aesthetic choice; they also optimise the layout on the desk 
by allowing f or the ergonomic placement of elements. Developed with 
flexibility and ease of use in mind during the design process, this set aims 
to increase the efficiency of creative processes.   
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Project 6 is designed based on the concept of fragmentation. It consists 
of four parts. It creates a modern aesthetic by presenting simplified 
geometric forms. It offers flexible usage options to the user. Modules can 
be arranged side by side to create dif ferent shapes. It is also suitable for 
single use. Detailed explanations of Project 6 are provided in the table 
below (Table 6).   

Table 6. Information regarding Project 6  

Project 6   The project is developed around the 
concept of fragmentation, where a 
basic square prism is divided and 
reorganised into new modular forms. 
Geometric simplification is prioritised, 
resulting in a clean and modern design 
highlighted by a black -and -white 
col our scheme. Plexiglass was selected 
as the main material due to its durability, 
lightweight structure, and ability to 
provide efficient lighting. The 
fragmented forms are reshaped into 
practical modules such as a lighting 
element, pencil holder, coaster, a nd 
accessory organiser. This modular 
approach enhances flexibility and 
customisation, while also maintaining 
order in office spaces, offering users 
both functional and aesthetically 
striking solutions.  

 

Student: Yaren Bozkaya  

Concept: Fragmentation  

Material: Plexiglass  

 

Project 7, designed for office-based interior designers, draws inspiration from 
the concept of dynamism and is based on triangular forms. The angular and 
mobile structure of the triangle aims to create a sense of continuous flow and 
balance rather than static planes. Triangular forms of different sizes come 
together to create various functional arrangements. Detailed descriptions of 
Project 7 are provided in the table below (Table 7).   
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EVALUATION 

This study highlights the dynamic and multidimensional nature of design 
education, examining elements of design such as creativity and 
functionality within the context of flexibility through projects developed 
by students. The projects not only offer flexi ble solutions but also reinforce 
the ability to produce user -centred and aesthetically pleasing solutions. 
Within the scope of the study, flexibility is addressed under the headings 
of modularity, addability/ removability , convertibility, functional diversi ty, 
lightness/portability, foldability, stackability, and dimensional flexibility, 
as defined in the literature (Table 9). These parameters increase the 
ability of projects to adapt to different usage scenarios, demonstrating 
the versatility of designs and  their ability to respond to user needs. Each 
project demonstrates how it integrates these elements of flexibility, 
showcasing students' innovative approaches and problem -solving skills 
in the design process. This further emphasises the fact that design is  not 
just an object, but also an experi ence and an interactive process (Table 
8).   
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their designs based on this feedback. This process enables students to 
become more flexible and adaptive in their design practice, enhancing 
their professional competence.  

Ultimately, the combination of elements such as flexibility, creativity, 
material use, and modularity offers students a comprehensive learning 
experience. The convergence of these elements helps students develop 
more conscious, creative, and user -centred a pproaches in their design 
processes. Thus, a solid foundation is established for future designers to 
produce rich and flexible solutions that are both aesthetically and 
functionally appealing. Through such projects, design education not 
only equips student s with technical skills but also encourages them to 
think critically and develop innovative solutions.  

CONCLUSION  

This study emphasised the importance of integrating the concept of 
flexibility into design processes, offering students the opportunity to 
develop creative and functional solutions. The office set design studio 
project, conducted within the framework of fl exible design principles, 
provided an important platform for students to develop different 
perspectives and experience contemporary design approaches.  

The findings of the study demonstrate how flexibility parameters 
(modularity, add -on capability, convertibility, functional diversity, 
lightness/portability, foldability, stackability, and dimensional flexibility) 
are applied in projects and reveal how the se elements support a user -
centred design approach. The creative approaches used by students in 
their designs have succeeded in combining aesthetics and functionality 
by breaking away from traditional patterns. In particular, the 
prominence of the modular design approach allows users to personalise 
the designs according to their own needs, enriching the user experience 
while increasing the flexibility of the design. The choice of materials in 
the projects also plays an important role. The use of various mat erials 
such as plexiglass, MDF and concrete offers different experiences in 
terms of both durability and aesthetics, increasing the students' 
opportunities to experiment and apply different techniques in their 
design processes.  

The studio process provides a critical platform for students to develop 
their ideas, receive critiques , and revise their designs based on this 
feedback. This process enables students to become more flexible and 
adaptive in their design practice, enhancing their professional 
competence. Furthermore, the fact that studio work is based on a 
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Figure 1. Focus, Movites and Aesthetics of Social Design  

When examining the research that stands out in the field of social design, 
it is observed that especially in the 21st century, projects have been 
categorized based on various aspects such as their focus, motives , 
goals, and the aesthetic values in design (Figure 1). Public design and 
design activism, which are practices of social design, are projects 
carried out with responsiveness -driven, political progress -driven, or 
resilience -driven motives, and include polit ics practices aiming for a 
better future. Com munity design projects are citizenship -focused 
practices that target social innovation, created through social capital -
driven motives and convivial aesthetics. Humanitarian design projects 
are survival -focused, care -driven initiatives. In this sense, the d ifferent 
categories established aim to eliminate the terminological confusion 
existing in the field. It is also evident how diverse and multidirectional the 
projects emerging under the umbrella of social design can be.  Of 
course, this should not be conside red a rigid classification; it should be 
remembered that a survival -focused project may also carry an agonistic 
aesthetic aimed at resonating within society. These classifications are 
illuminating in helping us better understand the content of social desig n. 

Public design, design activism, community design, service design, 
humanitarian design all are working field defined under social design. 
Service Design guides designers to engage with social processes, while 
Community Design focuses on rooting design within communities. Public 







 

936 

D
E

S
IG

N 
/ 

IN
TE

R
IO

R
 D

E
S

IG
N 

 

1992, p.77). When we examine the ethical codes of interior architecture 
and interior design, we see that a set of rules has been established to 
regulate the sense of responsibility towards society, clients, colleagues, 
and the profession. In addition to IF I, The Society of British & International 
Interior Design (SBID), the American Society of Interior Designers (ASID), 
and the International Interior Design Association (IIDA) have also 
declared ethical codes for the profession.  When IFI addresses interior 
a rchitecture and interior designers in a general framework, ASID, IIDA, 
and SBID primarily focus on the field of interior design.  

When examining the defined ethical codes of the profession, it is 
observed that the definition of responsibility is articulated very strongly 
as a priority. This definition of responsibility is established toward society, 
clients, colleagues, professional practice, and employers. An emphasis 
on environment and sustainability is also made, and disciplinary actions 
to be taken in case professionals act improperly are specified (Table 1).  
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The main research areas of social design can be explained under six 
categories. These are human -centered, community and participatory, 
service and systemic, activism and political change, environmental and 
resilience, and cultural and aesthetic based desig n projects. All sub -
classifications in the field of social design fall under these six main axes. 
This is useful for viewing the research areas of social design in a unified 
framework  (Figure 3) . 

     
Figure 3. Research  Areas of Social Design  

Human -centered design prioritizes the needs of disadvantaged groups 
and inclusive solutions, while community and participatory design 
focuses on collaboration with local communities and focusing collective 
well -being. Service and systemic design addresses public services, 
policy, and organizational transformation, whereas activism and 
political design supports social justice and societal change. 
Environmental and resilience -focused design emphasizes ecological 
systems and sustainability, and cultural and ae sthetic design aims to 
provoke discussion through social interaction and a sense of belonging. 
This classification provides a framework summarizing the scope and 
diverse motivations of social design. Although six main axes have been 
identified within the scope of the study, these categories have been 
introduced to facilitate the understanding of social design. Social design 
is a practice that can be applied in any problem -solving process aimed 
at impro ving human life.  
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design practice that addresses socially oriented problems with the aim 
of promoting the common good and collective well -being.  

The second part of the research elaborates on the practice of interior 
architecture. It conveys the ethical values that are prominent in the 
interior architecture profession. Interior architecture is a field focused on 
improving human life; it is not limit ed to aesthetic values but aims 
beyond, targeting both individual and societal benefits. The scope of 
professional responsibility extends from clients to employers, and from 
colleagues to society. When these responsibilities are detailed, it 
becomes clear that interior architecture aims not only to enhance 
individual experiences but also to contribute to societal well -being, to 
recognize and integrate the needs of disadvantaged groups into 
spaces, and to provide contributions at different levels of knowledg e, 
from construction to materials, with an emphasis on environmental 
sustainability.  In summary, the social responsibility of interior architecture 
is not merely to design spaces, but to safeguard people, society, culture, 
and the environment while promoti ng the common good.  From this 
perspective, traces of social design principles can be observed at the 
core of interior architecture (Figure 4). Figure 4 presents the key research 
areas of social design alongside the principles prioritized in the interior 
architecture professio n. A comparison of the two diagrams reveals that 
interior architecture and social design are guided by closely aligned 
principles . 

 

Figure 4. Feauture of Socia l Design and Focuses of Interior Architecture  

Every design action carries traces of social design. This is because a 
designer does not turn away from problems; rather, they focus on 
improvement through a problem -solving mindset. At a more specific 
level, interior architecture approaches space from a h uman scale and 
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INTRODUCTION  

The issue of energy efficiency has recently become a key concern due 
to rising energy demand and costs. As in any other field, the issue of 
efficient energy use in buildings continues to be topical. Lighting is one 
of the most important elements of archite cture when it comes to 
creating visual comfort in spaces, and it significantly affects a building's 
energy consumption. Due to the large amount of energy consumed by 
lighting in the world and in our country, energy use at appropriate levels 
is an issue tha t should be given importance, especially in volumes that 
are used for long periods of time and throughout the day, such as office 
spaces. Effective use of lighting energy in buildings is an important part 
of saving energy in buildings. By using effective m ethods in lighting, 
building operating costs can be reduced by 10% and energy savings of 
more than 30% can be achieved (Bodart & Herde, 2002; Dubois & 
Blomsterbeg, 2011). Energy savings in lighting can be achieved by 
creating optimal conditions for functio nality without compromising on 
quality. Using efficient artificial lighting elements is important for 
achieving good lighting. The level of lighting required to provide visual 
comfort can be achieved using correct and appropriate lighting 
elements that all ow for lower energy consumption (Chwe et al, 2017; 
Uygun et al, 2020; Rockcastle & Mahic, 2024). The efficiency of indoor 
daylight can be increased through various design choices, which can 
help to increase energy efficiency and reduce the installation loa d of 
the artificial lighting system. In this context, the lighting design of 
sustainable buildings and the renovation of existing buildings involve the 
appropriate selection, analysis and use of natural and artificial lighting 
products (Katzev, 1992). Offi ces are building types that are actively used 
during daylight hours and should be carefully designed in terms of the 
health, comfort and productivity of the occupants. For this reason, the 
design of lighting systems in offices should take into account both  visual 
comfort conditions and energy -efficient design criteria that are 
functionally and operationally appropriate. In order to provide visual 
comfort, the required lighting level can be attained thorough the use of 
precise and appropriate lighting elemen ts that facilitate less energy 
consumption (Vischer, 1996; DiLaura et al, 2011).  This will contribute to 
the national economy and improve the quality of work (CIE, 2001).  

EU countries have carried out various studies to determine the energy 
performance of buildings and in 2002 the Energy Performance of 
Buildings Regulation (2002/91/EC) was published. The purpose of this 
regulation is to introduce a common methodology for de termining the 
energy performance of buildings. Following this regulation, EN 15193 
Energy Performance of Buildings - Lighting Energy Requirements was 
developed for the calculation of lighting energy requirements in 
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Definition of the Case  

Within the scope of this study, an office room in the Faculty of 
Architecture at Karadeniz Technical University Campus was selected for 
case study purposes. The office room is located on the first floor of the 
building. The dimension of the space is 2.80 x  7.70 m and the floor height 
is 3.03 m. The transparent surfaces used on the facade are double -
glazed. The light transmittance coefficient of the window glass is 
determined to be 78%. Obstacles around the building have been 
disregarded. Vertical slatted bl inds are present on the windows as a sun 
control element. The light reflectance coefficients of the interior surfaces 
of the volume have been determined to be 50% on the walls, 80% on 
the ceiling, and 20% on the floor, in accordance with the EN 12464 
stand ard. The floor plan of first floor and an image of the building are 
shown in Figure 2.  

Figure 2.  The floor plan of the first f loor of the building and building 
image  

Determination of Artificial Lighting  

The standard EN 1593 -1 + A1 makes it possible to determine a building's 
lighting energy requirements based on the installed lighting wattage 
and the design of the natural lighting system. The first question asked in 
energy calculations to improve user perf ormance and productivity in 
offices is whether artificial lighting provides adequate visual comfort 
conditions in office buildings. The values to be provided in terms of visual 
comfort conditions were determined with reference to EN 12464 -1 
standard (Table 1). Accordingly, it is known that the required illuminance 
level in office spaces should be 500 lx, the glare index UGR value for 
artificial lighting elements should be maximum19, and the illuminance 
distribution should be minimum  0.6.  
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Table 3. Lighting arrangements in the created scenarios  

 

The artificial lighting calculations for the developed scenarios were 
performed using the Dialux evo programme. The average illuminance 
level, illuminance distribution and glare values were determined for 
each scenario. Information about the products used and the simulation 
results are provided in Table 4. It is important to ensure that the minimum 
and the maximum values specified as references in the EN 12464 
standard are met in the space in order to ensure visual comfort. In this 
context, it was observed that the required values were achieved with 
the products used in scenario 3 and 4. These products were included in 
the energy calculations for the integrated lighting scenarios.  

 

 

 

 

 

 

 

 

Scenario 1  Scenario 2  Scenario 3  Scenario 4  
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Table 5. The alternatives created for natural lighting  

 Window type  Light 
transmittance 
(VT)  

Solar shading  

O
ffi

ce
 ro

om
 

E
xi

st
in

g 
va

ria
tio

ns
 

Dimension:280w x195h  

 

1.Double 
glazing -  
(VT ) : 0.78 

Vertical blind  

A
lte

rn
at

iv
es

 

Dimension: 195w x 280h  

2.Low-e glass- 
triple glazing  
(VT): 0.65 
 

External horizontal 
concrete shelf  

 

3.Clear glass -  
(VT): 0.90 

 

In the EN 15193-1 + A1: 2021 standard, the lighting control systems in 
buildings play an important role in determining energy consumption. 
Whether the lighting control of a volume is designed to be automatic or 
manual has a decisive influence on the calcul ations. Different types of 
lighting controls are considered in the calculation method of the 
standard. These are occupancy dependent control system, constant 
illuminance control system and daylight -responsive control system.  

In this study daylight responsive control alternatives were created for 
energy analysis. First one is the automated on/off system: the electric 
lighting is automatically switched off when the maintained illuminance 
is achieved by the daylight and the elect ric lighting is switched on again 
automatically when the illuminance is no longer achieved by daylight. 
The second one is the automated turn on/off in stages: the electric 
lighting is switched off in stages until the illuminance is achieved by 
daylight and  switched on again in stages. In this context, the integrated 
lighting scenarios determined by the optimum integration of artificial 
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and natural lighting systems according to the specified standard are 
shown in Table 6.  

Table 6. The integrated lighting scenarios  

 

Calculation of Lighting Energy Requirements  

This section of the study focuses on the energy calculation process 
developed for office spaces. The EN 15193 -1+A1:2021 standard takes 
into account the design parameters of the natural and built 
environment parameters related to building users, the hours o f use of the 
building, and the characteristics of its artificial and natural lighting 
systems. Calculations were performed for each scenario using Equation 
(1), which was introduced in the overview of the standard.  

Calculation of Total Installed Lighting Power (Pn): Visual comfort 
assessments of the artificial lighting alternatives created within the scope 
of the study are presented in Table 2. One of these devices is Zumtobel 
Mlevo EA model with 30W LED light source  and the other is RIDI WL 221P 
model with 45W fluorescent light source. The installed power (in Watts) 
for devices with two different power outputs (Pn1 and Pn2) was 
calculated for each volume. Accordingly, the total installed power 
values were calculated as follows: Volume 1: Pn 1 = 180 W, Pn 2 = 405 W.  

Calculation of Constant Illuminance Factor (FC): This value relates to the 
consumption of total installed lighting power in a volume due to 
constant illuminance control, and is taken into account in dimmable 
lighting systems. As dimmable lighting control i s not considered here, the 
constant illuminance factor (FC) is assumed to be 1 (no effect).  

Relationship between day lengths and working hours Calculation of tD 
and tN values: According to the calculation method, the annual tD and 

Artificial Lighting  Natural Lighting  

Control Systems  

Lamp type 
Lamppow
er  
(watt)  

Window 
shape  
(wxh)  

Light 
Transmittanc
e (VT)  

Solar 
Control  

1.Manual  1.30W- LED 1.280wx195
h 

1.Low-e glass 
- 0.65 

1.Interior 
blinds  

2.Daylightresponsiv
e control -auto 
on/off  

2.45W-  
Fluorescent  

2.195wx280
h 

2.Double 
glazing -0.78 

2.Concret
e shelf  
 

3.Daylightresponsiv
e control - auto turn 
on/off in stages  

  
3.Clear glass -
0.90 
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energy consumption and natural light parameters were not significant. 
The type of solar control element, window shape and light transmittance 
of the glass had a lesser effect on total annual lighting energy 
consumption.  

Table 7. Correlations between integrated lighting scenarios and tota l 
annual lighting energy  

 

The annual lighting energy requirement values were calculated based 
on the lamp type and control systems, window type, the light 
transmittance and solar control element parameters introduced in the 
integrated lighting scenarios. These values were then comp ared for the 
office volume. Figure 3 show that, the greatest difference between the 
options was between LED and fluorescent light sources. When artificial 
lighting was designed using LED lamps, 60% energy savings were 
achieved compared to using fluorescent  lamps. Taking into account the 
differences between the control systems, compared to Manuel system, 
20% energy saving was achieved when the control system was arranged 
as daylight responsive control - auto turn on/off in stages. Also, daylight 
responsive c ontrol - auto on/off system provided 10% energy savings 
compared to the manual system. It was observed that energy 
consumption increased %9 in cases where the shading element was 
interior blind instead of concrete exterior shelf. Taking into account the 
pa rameters of window type and glass light transmittance, it was seen 
that, although there were changes in annual lighting energy 
requirements between the alternatives, the differences were very low.  

Artificial lighting parameters  Correlation (r)  
Significance (p)  

Annual Lighting 
Energy Requirement 
(KWH) 

Lamp type  r .901** 

p  .000 
Control Systems  r -209* 

p  .012 
Natural Lighting  
Parameters  

Correlation  
Significance  

 

Window Type  r -.018 
p  .838 

Light Transmittance (VT)  r -.044 
p  .716 

Solar Control  r .049 
p  .311 

   

p <0.01             p < 0.05 
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Figure 3. Total annual lighting energy requirements of the a lternatives 
for the office  

CONCLUSION  

Due to increasing energy needs and costs, it is now more important than 
ever to consider energy efficiency when designing lighting systems. The 
effective use of lighting energy in buildings is crucial for achieving 
energy savings. For this reason, lighting  systems, whether natural or 
artificial, should be designed to keep energy consumption at an 
optimum level in spaces that are used for long periods throughout the 
day, such as offices. In this context, an application has been realized for 
the conditions of  Trabzon Province of Turkey. The process included the 
optimum combination of artificial and natural lighting systems for a two -
person office room on the campus of Karadeniz Technical University  in 
Trabzon. Lighting energy requirements for artificial and natural lighting 
scenarios were calculated and energy performance was evaluated. 
The visual comfort conditions were considered when determining the 
artificial lighting alternatives. The visual comfort perfor mance of the 
alternatives was evaluated based on th e suitability of the illuminance 
and uniformity levels provided by the artificial lighting system, as well as 
the level of glare value (UGR). For the visual comfort conditions, the data 
obtained from the specified criteria were evaluated within the scope E N 
12164-1 standard about the artificial lighting requirements in working 
areas.  

The calculation method proposed in the EN 15193 -1+A1:2021 standard 
was used for the energy performance evaluations of the natural and 
artificial lighting design parameters. This method takes into account 
parameters related to users of the buildings, usage hours and the 
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characteristics of the artificial and natural lighting systems. A table 
showing the correlation values was created in line with the data 
obtained using the energy calculation method proposed in the study. 
This illustrates the impact of the variables introd uced in the integrated 
lighting scenarios on the annual lighting energy requirements.  

When the results were analyzed , it was seen that the artificial lighting 
system had the greatest impact on the total annual lighting energy. 
Increasing energy efficiency by minimizing lighting energy consumption 
and reducing the installation load of the artificial lighting system is 
po ssible through various design decisions that increase indoor daylight 
efficiency. When artificial lighting was designed using LED lamps, %50 
energy savings were achieved compared to using fluorescent lamps. 
The use of control systems has been found to be e ffective in energy 
savings. The daylight -responsive control systems used in this study 
increased energy efficiency compared to manual operation.  

In the scenarios created in the study, data were obtained on how the 
total energy load could be reduced with natural lighting variables, 
which is an important consideration in the context of energy efficiency 
and sustainability. It was seen that there was not a significant correlation 
between natural light variables and energy. Among daylight variables, 
the change in solar control elements had the most significant impact on 
energy. The window shape and the light transmittance of the glass had 
the lowest imp act on the total annual lighting energy. The data 
obtained from these evaluations provides an approach to visual 
comfort and optimum energy use in offices. It is intended for use in 
creating appropriate lighting design options or improving lighting 
schemes . 

Finally, this study gives a contribution to the latter, providing reliable and 
comprehensive targets, calculated with the standard. Since, the 
latitude and the orientation of the building were not considered in this 
study, future developments could expand this research providing 
lighting benchmarks on of each urban settlement.  
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INTRODUCTION  

In recent decades, the rapid growth of urban populations and 
urbanization has heightened the urban heat island (UHI) effect, which 
has become one of the most pressing environmental challenges 
(Tanoori et al., 2024) . This effect occurs when urban areas become 
significantly warmer than their rural counterparts, leading to various 
environmental issues such as increased energy use, air pollution, and 
health problems related to heat, all of which threaten urban 
sustainab ility (Kotharkar et al., 2020 ; Chatterjee et al., 2019) . The UHI 
effect is a critical issue for cities worldwide, making it vital to understand 
its causes, impacts, and possible solutions to enhance urban livability 
and promote sustainable development  (Battista et al., 2022) . 
Consequently, effectively addressing UHI effects has become a key 
focus in sustainable urban planning (Yue et al., 2024 ; Li et al., 2024 ; 
Battista et al., 2023) .  

Several strategies have been investigated to lessen the impact of Urban 
Heat Island (UHI) effects. One effective method is the addition of urban 
green spaces. These areas provide shade, absorb heat, and promote 
evaporation, which together help to lower sur face temperatures in 
cities. The cooling benefits of these green spaces vary based on factors 
such as their size and density  (Xu & Rui, 2024). Vegetation on impervious 
surfaces can significantly reduce Land Surface Temperature (LST) 
compared to areas with less greenery (Wu et al., 2024) . Water bodies 
also play a crucial role in cooling urban areas (Jang et al., 2024) . Designs 
that are sensitive to water not only help lower surface temperatures but 
also address urban flooding challenges  (Probst et al., 2022) . Another 
approach is to use light -colored materials for covering impervious 
surfaces like roofs and roads. These materials have a higher albedo, 
meaning they reflect more sunlight and absorb less heat than darker 
surfaces, thus helping to mitigate UHI eff ects (Shi et al., 2023) . Beyond 
these strategies, there are additional methods to combat UHI. For 
example, green roofs and walls effectively integrate vegetation into 
buildings, helping to reduce temperature increases in urban settings 
(Susca et al., 2024) . Furthermore, urban ventilation corridors link parks, 
waterways, and green spaces, enhancing airflow and cooling. These 
corridors are typically characterized by minimal airflow resistance, 
allowing air to circulate freely through urban areas (Wang et al., 2020) , 
which contributes to lowering overall urban temperatures (Fang & Zhao, 
2022).  

Computational tools have become essential in the development, 
testing, and implementation of strategies to mitigate urban heat islands 
(UHI) by simulating various scenarios and predicting their effects on 
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processes/NEDU
M-2D Model  

High-
Albedo 
and 
Reflective 
Materials  

(Donthu et al., 
2024) 

EnviBatE 
Microclimate 
Simulation Tool, 
Integrated with 
SOLENE and 
QUIC-URB for 
detailed 
microclimate 
simulations.  

Cool roofs (albedo 0.8), cool 
roads (albedo 0.6), cool walls 
(albedo 0.8).  

(Giorio & 
Paparella, 2023)  

ENVI-met 
5.1.1/Grasshoppe
r Plugins 
(Ladybug, 
Honeybee, 
Dragonfly, and 
Urbano plug -ins) 

Cool pavements (white 
topping, colored asphalt, 
permeable concrete blocks).  

Green 
Infrastruct
ure-
Based UHI 
Mitigation  

(Maggiotto, 
2022) 

ENVI-met 4.0  Soil moisture management 
using irrigation (critical crop 
humidity vs. field capacity).  

(Perera et al., 
2022) 

ENVI-met version 
4.4.5 

Green belts, roadside and 
curbside vegetation.  

Hybrid 
and 
Combine
d 
Strategies  

(Elnabawi & 
Saber, 2023)  

DesignBuilder/EN
VI-met 5  

Cool roofs, green roofs, light -
colored gravel roofs.  

(Sayad et al., 
2023) 

ENVI-Met  Urban greening (trees) and 
water bodies, tested 
individually and combined.  

(Zheng et al., 
2023) 

Core Software 
(Building Energy 
Model (BEM), 
Urban Canopy 
Model 
(UCM))/Additiona
l Tools (Energy 
Plus, UTCI 
Universal Thermal 
Climate Index),  

Street orientation, window -to -
wall ratio, Building -Integrated 
Photovoltaics glazing, 
reflective materials, roadside 
trees.  

(Cho et al., 2023)  Agisoft 
Metashape 
1.8.1/ArcGIS/Urba
n Multi -Scale 
Environmental 
Predictor (UMEP)  

Urban Green Spaces (UGSs), 
Ground -Based Albedo 
Modification (GBAM), 
Shadow Zones.  

(Zeeshan & Ali, 
2022) 

ANSYS Fluent 16.2 Cool materials, vegetation, 
water bodies, combined 
measures.  

(Pezzuto et al., 
2022) 

ENVI-Met/Urban 
Weather 
Generator (UWG)  

Vegetation cover (0%, 20%, 
60%), high-albedo surfaces, 
combined strategies.  
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(Straka & 
Sodoudi, 2019)  

MUKLIMO_3 White coating, green roofs, 
hybrid strategies, vertical & 
horizontal compactness.  

(Herath et al., 
2018) 

ENVI-met (Version 
4) 

Trees along curbsides, 100% 
and 50% green roofs, 50% 
green walls, combined 
strategy.  

(Jiang et al., 
2018) 

ENVI-met  Riparian green corridors, high -
albedo materials, green 
patches, rooftop vegetation, 
east -west and north -south 
vegetation corridors.  

(Tsiros et al., 
2018) 

ENVI-met 3.1  Vegetation (dense trees, 
grass), courtyard shading, 
semi-open spaces (galleries), 
ground materials.  

(Taleghani et al., 
2016) 

ENVI-
met/RayMan 
model  

Green Roofs, Cool Roofs, Cool 
Pavements, Additional Trees  

(Djedjig et al., 
2016) 

TRNSYS (Transient 
System Simulation 
Tool) 

Green Walls, Green Roofs, 
Street Canyon, Configurations 
(narrow, wide, secluded)  

(Perini & 
Magliocco, 
2014) 

ENVI-met 3.1  Green areas (trees, shrubs, 
grass), Green roofs, No green, 
green A (moderate 
vegetation), and green B 
(higher vegetation), Urban 
configurations with varying 
densities and heights  

(Saneinejad et 
al., 2014)  

ANSYS-Fluent 12.0 
- BE-HAM (Building 
Envelope Heat 
and Moisture 
Model)/Radiation 
(RAD) model  

Evaporative cooling (water -
saturated urban surfaces), 
High albedo surfaces, 
Shading (global shading 
device reducing solar 
radiation intensity by 50%)  

(Ambrosini et al., 
2014) 

ENVI-met (v3.1)  Standard albedo values (roof: 
0.3, walls: 0.2), High -
reflectance roofs (albedo: 
0.9), Green roofs (50 cm grass 
layer) with standard albedo 
values for walls  

Energy -
Efficient 
Strategies  

(Heusinger et al., 
2023) 

ENVI-met (Version 
5.0.3) 

Building retrofitting: No 
insulation, KfW 40, KfW 100 
energy efficiency standards.  

Urban 
Morpholo
gy 
Strategies  

(Nice et al., 
2022) 
 

VTUF-3D 
(Vegetation -
Terrain Urban 
Fluxes in 3D) 

Modifying land cover 
fractions (grass, trees, streets, 
buildings) and adjusting 
heights (buildings up to 50 m, 
vegetation up to 20 m).  

CONCLUSION 
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With this setup, all other parameters (classroom geometry, surface 
reflectance coefficients, furniture layout, working plane height) were 
kept constant, ensuring that performance differences were solely due 
to changes in window area. In this way, the impac t of increased 
transparent surface area on daylight performance metrics such as sDA, 
ASE, and UDI became directly comparable.  

Effect of Orientation on Daylight Performance  

In the initial stage, different scenarios of window area/classroom area 
ratio were evaluated; models were created for the current condition 
(10.4%), the standard value (25%), and the increased ratio (30%). In these 
scenarios, orientation was kept constant,  and the only variable 
parameter was the window area.  
 

                               

Figure 3. Classroom model according to four di fferent or ientations.  

In the second phase, the window ratio of 25%, which is in accordance 
with the Ministry of National Education (MEB) standard, was fixed, and 
the classroom model was placed in four different orientations (north, 
south, east, west). In this setup, the spatial geometry, interior surface 
reflectance coefficients, parapet height, window sizes, and furniture 
arrangement were kept as fixed parameters; the  only variable 
parameter was the orientation (Figure 3).  

3. RESULTS 

In this section, the daylight simulation results for the scenarios defined in 
the previous section are presented. The effects of the window -to -room 
area ratio and facade orientation are evaluated, and the performance 
outputs obtained are compared using the  sDA, ASE, and UDI metrics . 

Firstly, the daylight simulation results for the current situation (10.4%), the 
situation in accordance with the MEB standard (25%), and the improved 
situation (30%) are assessed. In Table 4, the sections and performance 
values for the three scenarios are shown.  
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Table 4. sDA, ASE, and UDI values according to different window ratio 
scenarios  

Current Condition %10.4  MEB Standard %25  Improved Condition %30  

   
sDA: 30.72 sDA: 74.47 sDA: 83.33 

ASE: 11.46 ASE: 41.15 ASE: 47.4 

UDI: 66.15 UDI: 79.58 UDI: 77.7 

According to the results, it is observed that the increase in the window 
ratio has a direct and significant effect on spatial daylight autonomy 
(sDA). In the current situation, the sDA value is calculated as 30.72%. With 
a window ratio of 25%, this increases to 74.47%, and with a window ratio 
of 30%, it rises to 83.33%. This increase indicates that as the window area 
expands, a larger portion of the classro om is illuminated by daylight.  

In contrast, the annual sunlight exposure (ASE) values also increase 
along with the window ratio. The ASE value in the current situation is 
11.46%, which increases to 41.15% with a window ratio of 25%, and to 
47.40% with a window ratio of 30%. This finding  suggests that while 
increasing the window area improves the amount of natural light, it may 
also increase the risk of glare and excessive solar exposure.  

In the second phase of the study, the window -to -room area ratio was 
fixed at 25%, and the classroom model was placed in four different 
orientations (east, west, north, south). The daylight distribution maps, 
along with the sDA, ASE, and UDI values for thes e scenarios, are 
presented in Table 5.  
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Table 5. sDA, ASE, and UDI values obtained according to the 
orientation scenarios.  

East  West North  South  

  

 

 

sDA: 74.47 sDA: 72.39 sDA: 67.18 sDA: 78.64 

ASE: 41.15 ASE: 31.25 ASE: 0 ASE: 58.33 

UDI: 79.58 UDI: 80.22 UDI: 86.51 UDI: 74.57 

 

The results show that facade orientation has a decisive impact on 
daylight performance. On the north facade, the sDA value was found 
to be 67.18%, lower than other orientations, but the ASE value was 
calculated to be 0%, indicating that the risk of excessive solar exposure 
is eliminated. On the south facade, the sDA value reached 78.64%, while 
the ASE value rose to 58.33%, marking the highest level, and the glare 
risk increased. The east and west facades provided similar sDA results 
(74.47% and 72.39%, respectively), but due to the sun's effect during 
morning and evening hours, the ASE values were 41.15% and 31.25%, 
respectively.When examining the UDI values, the north orientation 
showed the most balanced distribution at 86.51%. The east and west 
orientations had values in the 79 -80% range, while the south orientation 
dropped to 74.57%. These results suggest that the north orientation offers 
a balanced and comfortable daylight distribution, whereas the south 
orientation, with higher light levels, increases the risk of glare.  

4. CONCULSION 

In this study, the daylight performance of a typical elementary school 
classroom in Istanbul conditions was evaluated based on two main 
parameters: window -to -room area ratio and facade orientation. The 
simulation results revealed that increasing the window  area ratio directly 
impacts daylight performance. The current window ratio of 10.4% was 
found to be insufficient, while a ratio of 25% led to a significant 
improvement in sDA and UDI values, while maintaining an acceptable 
ASE level. In contrast, a window  ratio of 30% resulted in a rise in ASE 
values, indicating a risk of excessive solar exposure and glare. These 
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Biophilic principles incorporation with health and wellbeing dwell on 
three stages thinking in terms of applying rules of nature to human 
systems; feeling in terms of cultivating a different set of qualities 
internally; and connecting in terms of Working t ogether to weave a new 
culture of progress into the worl d (Zari, 2009)  These criteria offer a series 
of spiritual connections directly to the wellbeing. It offers specific 
principles and patterns that support health and wellbei ng by mitigating 
stressors such as visual connection to nature  and enhancing qualities like 
creativity, memory, and relaxation. These patterns, when incorporated 
into design, lead to inspirational, restorative, and healthy spaces that 
are integrated with the urban ecosy stem to demonstrate how biophilic 
features enhance livelihood and user interaction, prompting the X 
Factor. Biophilic principles can be widely applied in landscapes, interiors, 
and even art objects to create meaningful connections.  

Secondly, the Well certificate consist of eleven variables and their 
components. The variables are air, water, nourishment, light, movement, 
thermal comfort, sound, materials, mind, community and innovation. This 
framework evaluates well -being in the built  environment across eleven 
variables, each connected to physical, intellectual, and/or emotional 
dimensions of health. For example, "Air" and "Light" are directly linked to 
physical wellbeing, while "Mind" and "Community" variables engage 
intellectual and emotional aspects through sensory design, mental 
health promotion, and civic engagement.  

Lastly, Zari M. Petersan and John B. Storey propose that wellbeing in 
architecture can be understood through three dimensions: Physical, 
Intellectual, and Emotional Components. Physical Wellbeing relates to 
materialistic aspects and physical comfort. It encompasses elements like 
lighting, clean air quality, temperature, humidity, and their impact on 
decreasing stress levels and pr omoting physical health refurbishment. 
Intellectual Wellbeing is connected to how people interact with their 
surroundings through  their senses and receive sensory feedback. It 
includes aspects like personalization of the en vironment, sensory 
engagements such as smells, textures and connection to nature. 
Emotional Wellbeing involves spiritual and deep connections with a 
place. It includes cultural connections, harmonization with nature, 
metaphors, beliefs, and moral norms, which contribute to mood 
creation, modification, and a sen se of restorative design.  
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qualities nor biomorphic forms, as well as no mystery or risk  and peril 
elements.  

 

The table displays 31 physical wellbeing endorsing indicators, 23 
intellectual wellbeing indicators and 22 emotional wellbeing indicators 
which are present in the given project. Although, this project positively 
interacts with its users that improves their  physical wellbeing, it can 
possess more intellectual and emotional wellbeing indicators.  





https://youtu.be/xojay-R-zXs?list=PLoZR4NiAAXnrcPG3HJwpzMcnYY7ItT8J
https://www.terrapinbrightgreen.com/reports/14-patterns/#refuge
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ADAPTIVE REUSE OF OFFICE BUILDINGS AS RESIDENTIAL SPACES: 
PRIORITIES AND APPROACHES IN GLOBAL CONTEXT 

�g�P�H�U���7�D�O�K�D���8�ø�8�51�����(�F�H�P���(�'�ú�62 

1ITU Graduate School, Environmental Control and Construction 
Technology Master of Science Program, ugur23@itu.edu.tr  

2ITU Faculty of Architecture, Department of Architecture, 
ecem@itu.edu.tr  

ABSTRACT  

Adaptive reuse of buildings contributes to more sustainable 
environments by extending the life cycle of existing buildings. Office -to -
residential conversion has emerged as a promising strategy in response 
to rising office vacancy rates driven by changing w ork patterns, 
economic shifts, and environmental concerns. However, its 
implementation remains complex due to regulatory and financial 
barriers. Therefore, it was aimed in this study to investigate how five 
developed countries -Germany, France, the United Kingdom, the United 
States of America and Australia - approached office -to -residential 
conversions through national and municipal level policies. The 
methodology involved a comparative analysis of policy reports, 
legislative frameworks, incentive programs, and planning strategies, 
supported by selected case studies. Findings show that each country 
employs distinct tools: Germany integrates vacancy activation with 
urban regeneration; the City of Paris uses design competitions and 
sustainability criteria; the United Kingdom promotes conversions through 
extended permitted development rights; the United States combines 
federal and local incentives; and Melbourne, Australia emphasizes 
climate -responsive design at the city scale. The study revealed some 
challenges at the building scale as well, such as daylight access, natural 
ventilation, and circulation constraints. Ultimately, it was shown how 
adaptive reuse is a multifaceted process, shaped by context -specific 
governance, design, and policy approaches. Additiona lly, best 
practices and implementation barriers were highlighted for offering 
insight into how adaptive reuse can support long -term urban resilience 
and sustainable development .  

Keywords:  Adaptive Reuse, Office Conversion, Residential Use, 
Governmental and Municipal Policies, Use Performance.  
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INTRODUCTION  

Adaptive reuse of buildings is a measure that can contribute to reaching 
more sustainable environments in terms of resource consumption. It is the 
process of giving a building a new and efficient identity and function 
when it is no longer suitable for its original purpose, providing an efficient 
identity that better serves the periodic needs, and thus, it extends the 
building's lifespan (Douglas, 2006; Velthuis & Spennemann, 2007). In this 
context, the adaptive reuse of offices for housing prompts as a solu tion 
in times when a significant portion of office buildings remain vacant due 
to changing market demands, evolving work culture, technological 
advancements, economic shifts, etc. regarding sustainable urban 
development as well as environmental sustainabil ity (Geraedts & van 
der Voordt, 2003).  Even though the adaptive reuse of office buildings 
into housing can be recognized as a viable strategy to address these 
challenges, its implementation remains complex due to financial 
feasibility concerns and regulato ry barriers (New York City Department 
of City Planning [NYC DPC], 2023).  Additionally, as listed by Wang and 
Zeng (2010), the cultural, economic, architectural, environmental, 
social, and sustainability factors that cause adaptive reuse preferences 
differ from country to country and city to city. Each of these factors can 
influence the adaptive reuse processes based on the local context and 
the needs of the community. Therefore, the feasibility and success of 
such conversions depend on various regulatory, e conomic, and social 
factors that vary across different national and local contexts.  

Numerous academic research studies have analysed the conversion of 
offices into residences. In addition to these research studies, there are 
also projects, investments and conversion studies carried out by various 
countries and city administrations around the world to evaluate the 
building stock in the regions they rule. The literature shows that adaptive 
reuse processes depend on a combination of public policies, economic 
incentives, and innovative design approaches, and this varies by 
location. While some  cities have actively promoted adaptive reuse 
through legislative changes and financial incentives, others have faced 
difficulties due to outdated zoning laws, inflexible building codes, or 
community opposition (Die Bundesregierung, 2024).  All of the 
documents reviewed were published after 2015, which indicates that 
the issue remains highly contemporary and actively discussed in the 
countries under consideration.  

This research aimed to determine the scope of adaptive reuse efforts in 
developed countries, focusing on government and municipal level 
initiatives. It covered a comparative analysis of policy reports, legislative 
documents, and urban planning strategies f rom Germany, France, the 
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United Kingdom, the United States and Australia. By analysing official 
reports, incentive programs, and regulatory frameworks, the research 
aimed to identify commonalities and divergences in how these nations 
approach office -to -residential conversions; in addition to trends, 
challenges, and best practices. Additionally, selected case studies from 
each country were examined to assess the real -world application and 
impact of adaptive reuse policies.  

METHODOLOGY OF THE STUDY 

This research is based on a qualitative document analysis conducted to 
understand how policies and practices for the adaptive reuse of office 
buildings as housing are developed in different national contexts. The 
study was carried out through a systematic review of current strategy 
documents, guidance materials, planning texts, and legislative 
regulations, particularly those published by public institutions and local 
governments.  

The direction of the research was shaped by the diversity of policies on 
office -to -residential conversion in the countries planned for investigation 
(i.e., developed countries) and the availability of accessible and reliable 
open -source materials in the field of adaptive reuse. The process began 
in Spring 2025 with preliminary readings of credible English -language 
press sources and official news bulletins, without any limitation in 
publishing year. When  news related to office -to -residential conversion 
was identified in a specific country  or city, attention shifted to open 
online sources in the local language of that country, provided by official 
institutions.  

Considering data accessibility, the ability to overcome language 
barriers, and the density of official documents, the research was 
conducted for data from the United States of America, Germany, 
France, the United Kingdom, and Australia, in that order. The data 
collection process was carried out through systematic online open -
source searches. For each country, the official websites of relevant 
ministries, metropolitan municipalities, and urban planning authorities 
were systematically reviewed. Within this sc ope, strategy documents, 
implementation guides, action plans, legislative texts, and publicly 
available policy documents published by local governments were 
examined. In addition, reliable press sources and official bulletins were 
evaluated to track curren t developments and approaches.  

The collected documents underwent preliminary screening based on 
content validity, institutional authority, and currency. Documents that 
directly refer to office -to -residential conversion, and prepared by official 
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institutions, were included in the analysis. The main criterion in the 
selection process was the extent to which the documents addressed 
legal, administrative, economic, spatial, and design -related aspects of 
the conversion process.  Documents that remained within the general 
framework of urban planning or referred to the conversion theme only 
indirectly were excluded.  

In the qualitative content analysis on the documents, it was aimed to 
systematically examine how conversion policies are shaped around 
themes such as legal regulations, incentive systems, implementation 
guidelines,  and design standards. In the thematic coding process, the 
�F�O�D�V�V�L�I�L�F�D�W�L�R�Q���I�U�R�P���¶�7�K�H���1�H�Z���7�U�D�Q�V�I�R�U�P�D�W�L�R�Q���0�H�W�H�U�·���G�H�Y�H�O�R�S�H�G���E�\��Rob P. 
Geraedts  and  Theo van der Voor dt (2003, 2007) was used as the 
analytical framework. This structure allowed the contents of different 
documents to be comparatively evalu ated under common thematic 
categories.  

FINDINGS ON ADAPTIVE REUSE STRATEGIES 

As urban centres continue to grapple with housing shortages and the 
urgent need to address climate change, adaptive reuse emerges as a 
strategic approach to repurposing existing building stock for the benefit 
of current and future generations. The adaptive  reuse of office buildings 
into housing offers a unique opportunity to reduce resource 
consumption, limit urban sprawl, and promote sustainable 
development. However, the nature of such interventions varies 
significantly across city -, neighbourhood -, and bu ilding -scales, reflecting 
the influence of local governance models, planning traditions, and 
socioeconomic conditions.  

It is found similarly in this study that national and municipal authorities 
adopt multi -scalar approaches to office -to -residential adaptive reuse. 
At the city scale, strategies often focus on regional regeneration, 
optimizing the use of accessible urban ar eas, and balancing residential 
density across districts. At the neighbourhood scale, policies emphasize 
the improvement of local amenities, the preservation of social cohesion, 
and the integration of mixed -use functions. At the building scale, 
technical ad aptability, daylight access, natural ventilation, and 
circulation patterns emerge as key determinants of feasibility. In the 
following subsections, these varying approaches are analysed for each 
scale separately to provide insight into how different govern ance 
structures address the challenges of office -to -residential conversions 
and identify transferable lessons for future urban regeneration initiatives.  
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Strategies and Approaches Implemented at City Scale   

At the city scale, office -to -residential adaptive reuse policies often 
function as part of broader urban regeneration strategies, linking the 
transformation of individual buildings to citywide objectives such as 
balanced residential density, climate adapta tion, and infrastructure 
optimization. Cities operate as the primary arena where planning, 
zoning, and investment decisions converge, making this scale critical for 
shaping both the feasibility and the impact of adaptive reuses.  

Across the studied countries, city -scale office -to -residential adaptive 
reuse policies consistently pursue a set of shared objectives. Chief 
among these is the revitalization of underutilized districts through 
targeted housing initiatives, particularly in locations characterized by 
high office vacancy rates. Equally important is the optimization of 
accessibility, with conversions often concentrated in transit -rich, 
centrally located, or otherwise strategically significant zones. Another 
common priority is t he careful balancing of residential density, aiming to 
avoid the overconcentration of housing in specific districts while 
ensuring that other areas remain socially and economically vibrant. In 
parallel, many strategies integrate explicit environmental goal s, 
including the expansion of green spaces, the improvement of urban 
microclimates, and the promotion of low -carbon mobility options, 
thereby aligning adaptive reuse efforts with broader sustainability 
agendas.  

In Germany, cities embed office -to -residential adaptive reuse within 
integrated urban development frameworks. Local administrations 
coordinate broader environmental improvements, invest in public 
infrastructure, support commercial activity, enhance transpo rt 
connections, and expand green and recreational areas to strengthen 
the social fabric in targeted transformation zones (BMWSB, 2023). For 
example, municipal programs, in partnership with the Bundesministerium 
�I�•�U���:�R�K�Q�H�Q�����6�W�D�G�W�H�Q�W�Z�L�F�N�O�X�Q�J���X�Q�G���%�D�X�Z�H�V�H�Q (BMWSB, Federal Ministry 
for Housing, Urban Development and Building),  not only enable the 
repurposing of individual buildings but also invest in public infrastructure, 
green corridors, and transport upgrades in designated transformation 
zones. This dual approach seeks both to improve liveability and to 
stimulate local housi ng demand in areas where population growth has 
stagnated. The 2023 Transformations report highlights that 
�D�S�S�U�R�[�L�P�D�W�H�O�\�������������P�L�O�O�L�R�Q���P�ò���R�I���R�I�I�L�F�H���V�S�D�F�H�����Z�K�L�F�K���Z�D�V���F�D�����������R�I���W�K�H��
national sto ck was vacant, with rates reaching 20% in some eastern cities 
(BMWSB, 2025). To counter this, the  Wachstum und nachhaltige 
Erneuerung (Growth and sustainable renewal) program allocated 
�Q�H�D�U�O�\�� �½�������� �P�L�O�O�L�R�Q�� �L�Q�� ���������� �W�R�� �V�X�S�S�R�U�W�� �P�X�Q�L�F�L�S�D�O�� �U�H�J�H�Q�H�U�D�W�L�R�Q�� �D�Q�G��
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adaptive reuse projects (BMWSB, 2023). All these efforts aim to increase 
the population on a city scale and, in doing so, to renovate old buildings.  

In the French capital City of Paris, the adaptive reuse of offices is 
incorporated into city -scale design competitions and local urban 
planning revisions. Priority is given to centrally located or strategically 
connected districts, with the aim of preservi ng a balanced urban density 
and ensuring that new residential developments are embedded in a rich 
mix of public functions, including commercial, cultural, and recreational. 
Sustainability metrics, such as energy performance and climate 
resilience, are expl icitly tied to city planning approvals. The Bioclimatic 
Local Urban Plan now sets binding targets for low -carbon design, while 
initiatives like �5�p�L�Q�Y�H�Q�W�H�U���3�D�U�L�V (Reinventing Paris) ensure that conversion 
projects actively contribute to neighbourhood vitality and architectural 
�T�X�D�O�L�W�\�����*�U�p�J�R�L�U�H�����������������9�L�O�O�H���G�H���3�D�U�L�V���������������� 

In the United Kingdom, while national policies have liberalized adaptive 
reuse through extended permitted development rights, many cities, 
including London, apply local planning guidance to steer such projects 
toward areas with robust transport connections  and established urban 
infrastructure. At the city level, the focus is on avoiding the creation of 
�´�G�R�U�P�L�W�R�U�\���G�L�V�W�U�L�F�W�V�µ���D�Q�G���H�Q�V�X�U�L�Q�J���W�K�D�W���F�R�Q�Y�H�U�W�H�G���K�R�X�V�L�Q�J���L�Q�W�H�J�U�D�W�H�V���L�Q�W�R��
�W�K�H�� �Z�L�G�H�U�� �H�F�R�Q�R�P�L�F�� �D�Q�G�� �V�R�F�L�D�O�� �I�D�E�U�L�F���� �,�Q�� ���������� �D�O�R�Q�H���� �������� �P�L�O�O�L�R�Q�� �I�W�ò�� �R�I��
office spac e was converted into approximately 7,600 new homes, and 
between 2010 and 2017, the extended permitted development regime 
generated between 86,000 and 95,000 units nationwide (Clifford, Ferm, 
Livingstone & Canelas, 2018b). However, subsequent studies found that 
only 22 �²30% of these units met national minimum space standards, 
raising significant concerns about housing quality (Clifford, Canelas, 
Livingstone & Ferm, 2020). In addition, it has been observed that office 
buildings repurposed within the scope of " permitted development rights" 
are concentrated in certain central areas of the city (Clifford, Ferm, 
Livingstone & Canelas, 2018a). This causes an uneven distribution of 
building renovations, population, and demographic structure within the 
city.  

One of the important major cities of the United States, New York, uses a 
combination of zoning reform, financial incentives, and public -private 
partnerships to channel conversions into central business districts and 
transit -oriented corridors. These initia tives aim to consolidate 
infrastructure investments while also diversifying the housing supply in 
high -�G�H�P�D�Q�G�� �P�D�U�N�H�W�V���� �%�H�W�Z�H�H�Q�� ���������� �D�Q�G�� ������������ �R�Y�H�U�� ������ �P�L�O�O�L�R�Q�� �I�W�ò�� �R�I��
office space was converted, and current estimates suggest up to 120 
�P�L�O�O�L�R�Q�� �I�W�ò�� �R�I�� �D�G�G�L�W�L�R�Qal offices could be suitable for reuse under 
proposed zoning reforms. Already announced projects are expected to 
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deliver approximately 3,600 new housing units, indicating the scale of 
potential impact if regulatory pathways are further streamlined (NYC 
DPC, 2023). 

�$�X�V�W�U�D�O�L�D�����0�H�O�E�R�X�U�Q�H�·�V���F�L�W�\���V�F�D�O�H���V�W�U�D�W�H�J�\���I�U�D�P�H�V���D�G�D�S�W�L�Y�H���U�H�X�V�H���D�V���S�D�U�W��
of its climate -responsive urban design agenda. Conversions are 
concentrated in highly accessible central areas and integrated into 
policies that promote active transport, enhance publ ic space, and 
improve environmental performance across the building stock. 
�0�H�O�E�R�X�U�Q�H�·�V�� �S�R�S�X�O�D�W�L�R�Q�� �K�D�V�� �J�U�R�Z�Q�� �I�U�R�P�� �R�Q�O�\�� ������������ �U�H�V�L�G�H�Q�W�V�� �L�Q�� �W�K�H��
central city in the early 1990s to over 180,000 today, with projections 
exceeding 308,000 by 2041. To meet these de mands and reduce 
emissions, the city requires that around 80 buildings per year be 
retrofitted or converted to meet Green Star and NABERS performance 
standards, directly linking adaptive reuse to its net -zero by 2040 target 
(City of Melbourne, 2024).  

Viewed collectively, these city -scale approaches demonstrate that 
office -to -residential conversions are most effective when aligned with 
holistic urban strategies that go beyond the building to address 
connectivity, liveability, environmental resilience, a nd socioeconomic 
balance at the metropolitan level.  

Strategies and Approaches Implemented at Neighbourhood  Scale   

At the neighbourhood scale, office -to -residential conversions operate 
as targeted interventions designed to strengthen local communities and 
ensure that adaptive reuse contributes to more than just housing supply. 
Unlike citywide strategies that emphasize macro -level goals such as 
balanced density and climate adaptation, neighbourhood -focused 
policies attend to the social, economic, and spatial dynamics of specific 
districts. This scale highlights how conversions are embedded into the 
everyday fabric of urb an life, shaping community vitality, local 
economies, and the distribution of amenities.  

In Germany, neighbourhood -focused policies are often embedded in 
integrated urban development concepts. Local municipalities 
encourage adaptive reuse projects in declining districts where office 
vacancy has undermined community life. Alongside conversions,  cities 
invest in schools, childcare, and green public spaces to ensure that new 
housing becomes a catalyst for wider neighbourhood revitalization. This 
approach is reinforced by the Handlungsstrategie Leerstandsaktivierung  
(2025 - vacancy activation strat egy), which provides financial incentives 
for the conversion of vacant commercial buildings into housing, aiming 
to reduce structural vacancies, reactivate ground -floor retail, and 
enhance the overall attractiveness of neighbourhoods (BMWSB, 2025).  
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In France, especially in Paris, office -to -housing initiatives at the 
neighbourhood scale are closely linked with local urban planning 
revisions. Here, conversions are required to integrate ground -floor 
functions that support local services and commerce, ma intaining lively 
streetscapes and ensuring that residents of reused buildings are 
embedded in socially complete neighbourhoods. This is reinforced by 
innovative competitions such as �5�p�L�Q�Y�H�Q�W�H�U���3�D�U�L�V (Reinventing Paris) and 
�4�X�D�U�W�L�H�U�V�� �G�·�L�Q�Q�R�Y�D�W�L�R�Q�� �8�U�E�D�L�Q�H��(Urban Innovation Districts), which 
promote mixed -use projects where housing, culture, and commerce 
�U�H�L�Q�I�R�U�F�H���R�Q�H���D�Q�R�W�K�H�U���D�W���W�K�H���F�R�P�P�X�Q�L�W�\���V�F�D�O�H�����*�U�p�J�R�L�U�H���������������� 

In the United Kingdom, neighbourhood -level outcomes have drawn 
substantial scrutiny. While national deregulation through permitted 
development rights facilitated widespread conversions, evidence from 
London and other cities indicates uneven neighbourhood i mpacts. 
Many projects concentrated in central locations, particularly avenues 
and city centres, reflecting a strong emphasis on location centrality and 
density management (Gibson, McCauley & Marston, 2015). Also, 
concerns are repeatedly raised about the li mited access of new housing 
units to adequate social infrastructure and community facilities, 
alongside criticism of poor spatial quality in many schemes (Clifford, 
Ferm, Livingstone & Canelas, 2018a). Studies also highlight that 
inadequate transport infra structure often undermines conversion 
outcomes, even where centrality is achieved, with access to public 
transit directly correlated to the quality and success of adaptive reuse 
projects (Clifford, Ferm, Livingstone & Canelas, 2018a; Clifford, Ferm, 
Livingstone & Canelas, 2018b). Based on the results of implementing the 
"Permitted development rights" scheme, a more restrictive and 
standard -requiring regulation was made.  

In the United States, New York City links neighbourhood -scale 
conversions to community benefit agreements. Developers receiving 
tax incentives or zoning bonuses must provide affordable housing, 
ground -floor retail, or public amenities that directly serve t he local 
community. In New York specifically, zoning reforms and incentive 
schemes like the 421 -g Tax Program and Liberty Bonds helped transform 
the Financial District into a mixed -use neighbourhood, converting nearly 
20 million square feet of office space  into 17,000 homes since 1995. 
Analyses further highlight accessibility factors, particularly the balance 
�R�I�� �´�O�L�Y�H-�Z�R�U�N�µ�� �F�R�Q�G�L�W�L�R�Q�V���� �S�U�R�[�L�P�L�W�\�� �W�R�� �W�U�D�Q�V�L�W�� �Q�H�W�Z�R�U�N�V���� �D�Q�G�� �W�K�H��
adequacy of local infrastructure, which play a decisive role in 
determining the over all success and quality of conversions (NYC DPC, 
2023). 
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�,�Q�� �$�X�V�W�U�D�O�L�D���� �0�H�O�E�R�X�U�Q�H�·�V�� �Q�H�L�J�K�E�R�X�U�K�R�R�G-focused policies align 
adaptive reuse with its precinct structure planning. Converted buildings 
are concentrated in walkable mixed -use precincts, where they are tied 
to active transport infrastructure, local services , and climate -responsive 
streetscape improvements. By embedding conversions within precinct -
level design, Melbourne ensures that neighbourhoods gain social 
amenities and environmental upgrades alongside new housing (City of 
Melbourne, 2024).  

Together, these approaches reveal that neighbourhood scale 
conversion strategies are not merely about filling vacant offices with 
residents but about embedding adaptive reuse into the broader socio -
spatial development of districts. By coupling housing creation with 
community infrastructure, environmental upgrades, and social diversity, 
these policies demonstrate how adaptive reuse can become a driver of 
resilient, equitable, and vibrant neighbourhood s. 

Strategies and Approaches Implemented at Building  Scale   

At the building scale, adaptive reuse policies move from broad planning 
visions into concrete interventions that determine whether a specific 
office building can successfully be converted into housing. This level is 
where regulatory frameworks, technical f easibility, and design standards 
converge most strongly. Key issues typically addressed include fire 
safety, daylight and natural ventilation, energy efficiency, accessibility, 
seismic resilience, and minimum dwelling standards. Countries vary 
considerably  in how they regulate and incentivize these requirements, 
but the goal is to ensure that conversions yield habitable, safe, and 
futureproof housing.  

In Germany, building conversions are strictly governed by state -level 
building regulations. Authorities emphasize compliance with 
requirements regarding fire compartments, stairwell dimensions, and 
natural ventilation. Energy retrofitting is also critical,  with federal 
�S�U�R�J�U�D�P�V�
���H�I�I�L�F�L�H�Q�F�\���V�W�D�Q�G�D�U�G�V���S�U�R�Y�L�G�L�Q�J���V�X�E�V�L�G�L�H�V���I�R�U���I�D�o�D�G�H���L�Q�V�X�O�D�W�L�R�Q����
triple glazing, and heating systems using renewable energy (BMWSB, 
2025). This ensures that reused office buildings do not only meet safety 
codes but also advance natio nal climate neutrality targets. Additionally, 
accessibility requirements -barrier -free entries, elevators, and adaptable 
apartment layouts - �D�U�H���U�L�J�R�U�R�X�V�O�\���H�Q�I�R�U�F�H�G�����U�H�I�O�H�F�W�L�Q�J���*�H�U�P�D�Q�\�·�V���O�R�Q�J-
term commitment to inclusive housing.  

In France, building scale adaptation is tightly linked to performance -
based standards, with a strong emphasis on carbon neutrality and 
energy efficiency. These frameworks demand substantial improvements 
in insulation, thermal bridges, and energy systems be fore approval is 
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granted, ensuring that conversions contribute to national climate 
targets. Conversions often require reconfiguring to provide sufficient 
daylight penetration and cross ventilation for apartments. Fire safety 
and seismic resilience are particularly critical  in Paris and other dense 
urban contexts. At the same time, adaptive reuse is framed as a means 
of reducing the climate impact of construction by prioritizing the reuse 
�R�I�� �H�[�L�V�W�L�Q�J�� �E�X�L�O�G�L�Q�J�V�� �U�D�W�K�H�U�� �W�K�D�Q�� �G�H�P�R�O�L�W�L�R�Q�� �D�Q�G�� �U�H�E�X�L�O�G�L�Q�J�� ���*�U�p�J�R�L�U�H����
2022; Ville de P aris, 2021). 

The United Kingdom presents a distinctive case, where permitted 
development rights allow office -to -residential adaptive reuse without full 
planning permission, but this has led to controversies over housing 
quality. As a response, national regulations now enforce minimum space 
standards, natural light requirements, and fire safety provisions. 
�$�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �8�.�� �*�R�Y�H�U�Q�P�H�Q�W�·�V�� �U�H�V�H�D�U�F�K�� �U�H�S�R�U�W�V���� �R�Q�O�\�� ������������ �R�I��
dwelling units created under permitted development complied with the 
Nationally Described Space Standa rds, compared to 73.4% of units 
delivered through full planning permission (Clifford, Canelas, Livingstone 
& Ferm, 2020). This finding clearly demonstrates that, in the absence of 
regulatory thresholds, office -to -residential conversion projects often 
result in significant quality and standard deficiencies compared to 
conventional housing developments. Because of that local councils 
have introduced design guidance to prevent the production of 
substandard units (Clifford, Canelas, Livingstone & Ferm, 2020). T his 
highlights how, at the building scale, a regulatory gap initially created 
challenges, later filled by stricter codes and oversight mechanisms.  

In the United States, building scale regulation is fragmented but often 
highly technical. New York City uses zoning overrides and building code 
amendments to facilitate conversions. Waivers are often granted for 
parking requirements and floor area restrict ions, but projects must still 
comply with habitability standards such as minimum window -to -floor 
ratios, egress requirements, and HVAC upgrades. A critical determinant 
of feasibility lies in the age and structural design of office stock, where 
buildings co nstructed before 1961 are generally more suitable for 
conversion due to favourable parameters such as narrow floor plans, 
core placement, and window positioning, while newer post -1961 office 
towers often pose restrictive structural challenges (NYC DPC, 202 3). 

In Australia, the National Construction Code (NCC) sets the baseline 
requirements, demanding high performance in energy use, water 
efficiency, and indoor environmental quality. Conversion projects must 
also integrate fire safety upgrades and reconfigure de ep office plans to 
ensure daylight and natural ventilation. Recent guidelines emphasize 
that the age of buildings significantly affects their conversion potential, 
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since older office stock often falls short of current standards for energy 
performance, safety, and accessibility. Residential codes require that 
habitable rooms provide natural light equivalent to at least 10% of the 
floor area, and natural ventilation eq ual to 5%, thresholds that many 
office buildings might fail to meet without major structural intervention 
(City of Melbourne, 2024).  

Across these diverse contexts, a set of shared challenges and priorities 
emerges at the building scale. Structural adaptability is often the first 
hurdle, as many office floor plans are either too deep or too rigid to 
accommodate residential layouts withou t substantial redesign. Equally 
important are safety and resilience measures, where fire protection, 
seismic retrofitting, and egress planning form the non -negotiable basis 
for approvals. Beyond technical compliance, the question of habitability 
becomes ce ntral, where adequate daylight, natural ventilation, and 
minimum space standards are essential to ensuring that conversions 
produce homes of acceptable quality. At the same time, sustainability 
imperatives are increasingly integrated into building approval s, with 
energy retrofitting, climate adaptation, and performance ratings 
becoming prerequisites for public support or financial incentives.  

Taken together, these factors demonstrate that while broader planning 
policies and neighbourhood strategies set the framework for adaptive 
reuse, the building scale is ultimately decisive in determining the 
feasibility and quality of conversion outcomes. W ithout resolving these 
building -level demands, office -to -residential projects risk producing 
substandard housing or failing to meet the expectations of long -term 
urban resilience.  

DISCUSSION AND CONCLUSION 

The cross-country review of office -to -residential adaptive reuse 
strategies reveal a wide spectrum of governance tools, ranging from 
regulation -heavy systems to incentive -driven models. These cross -
national variations are comparatively synthesized across c ity-, 
neighbourhood -, and building -scale in Table 1, which highlights both 
convergences and divergences in policy approaches.  

 

 

 

 



 

1047 

Table 1. Office -to -residential adaptive reuse strategies by country in 
different scales  

Country  City Scale  Neighbourhood 
Scale  

Building Scale  

Germany  Promoting 
adaptive reuse in 
low -demand 
regions; 
investments in 
infrastructure and 
green corridors  

Adaptive reuse 
projects in declining 
districts, combined 
with providing 
schools, childcare, 
and public green 
space  

Strong fire and 
accessibility 
standards; energy 
efficiency goals; 
retrofits for energy & 
accessibility  

France  Local urban plan 
revisions & design 
competitions; 
focusing on central 
areas with 
balanced density 
and functional 
diversity; pollution 
avoidance & safe 
environment.  

Public functions on 
street levels; 
projects combining 
housing, culture, 
green space, and 
retail to sustain 
vibrant districts; 
locating projects in 
central, accessible 
areas  

Performance -
based standards; 
building carbon 
neutrality and 
energy efficiency; 
climate impact 
reduction.  

United 
Kingdom  

Liberalization of 
reuse by national 
�´�S�H�U�P�L�W�W�H�G��
development 
�U�L�J�K�W�V�µ����regional 
balanced 
distribution of 
projects  

Concentration of 
projects in central 
locations; 
importance to 
providing public 
space, social 
infrastructure, and 
transportation.  

 Design guides on 
daylight, 
ventilation, and 
space -use 
requirements 
following the 
problems 
encountered.  

United 
States 

Projects in central 
business districts 
and transportation 
corridors using 
zoning reform, tax 
incentives, and 
public -private 
partnerships; 
evaluating impacts 
through pilot 
programs.  

Providing live -work 
space balance, 
public transport 
access and 
neighbourhood 
infrastructure.  

Basic standards 
such as for fire 
safety, mechanical 
systems, building 
envelope, 
daylighting; 
construction year -
based assessment 
of buildings for 
suitability;  

Australia  Climate -responsive 
urban planning; 
focusing on central 
districts; projects 
linked to public 
space and transit 
improvement  

Projects tied to 
walkability, social 
infrastructure; 
Integrated with 
streetscape 
improvements, 
shading, green 
infrastructure.  

Technical 
adaptations for fire 
safety, lighting and 
ventilation; energy 
efficiency -based 
standards; green 
buildings and 
carbon -reducing 
materials  
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The global review makes clear that office -to -residential conversion is no 
longer conceived simply as a technical fix to real estate imbalances, but 
as a multidimensional urban strategy. International cases show some 
recurring themes. In Germany, adaptive r euse is deployed not only to 
reactivate vacant buildings but also to respond to demographic shifts 
and population decline in certain regions, ensuring that housing 
interventions contribute to broader territorial balance. France, 
particularly Paris, illustr ates how conversion is tied to neighbourhood -
scale vitality, preserving street life, embedding commercial and cultural 
functions, and using design competitions to safeguard architectural 
quality. The United Kingdom demonstrates the risks of deregulation, 
where accelerated supply initially came at the expense of minimum 
habitability standards, prompting corrective measures to restore quality 
thresholds. The United States underscores the central role of financial 
incentives and local flexibility, with convers ions used as vehicles for 
affordable housing and community benefits, though uneven results 
highlight the need for stronger coordination. Finally, Australia reflects 
how adaptive reuse can be aligned with climate -responsive urban 
policy, embedding performan ce standards for energy, daylight, and 
indoor quality into every project approval. These cases demonstrate 
that adaptive reuse is not a uniform practice but a context -sensitive 
process, where the balance between regulation, incentives, and design 
innovatio n determines long -term urban outcomes.  

The Turkish context is marked by high housing demand, rapid 
urbanization, regional demographic disparities, and growing exposure 
to climate -related risks. These dynamics are well documented in 
national policy reports, which underline how rapid population g rowth 
and migration to urban areas have intensified the pressure on affordable 
housing supply and created uneven development patterns across 
regions (Ministry of Environment and Urbanization of the Republic of 
Turkey, 2021). At the same time, local assessm ents, such as the Istanbul 
�&�O�L�P�D�W�H���&�K�D�Q�J�H���$�F�W�L�R�Q���3�O�D�Q�����K�L�J�K�O�L�J�K�W���W�K�H���F�L�W�\�·�V���D�F�X�W�H���Y�X�O�Q�H�U�D�E�L�O�L�W�\���D�Q�G��
showing that unplanned urbanization exacerbates social inequalities 
and environmental risks (Istanbul Metropolitan Municipality, 2021).  

A balanced scenario for Turkey must therefore adapt the most salient 
global lessons into a coherent national framework. At the building scale, 
robust minimum standards for safety, daylight, ventilation, and 
accessibility should be strictly enforced, preven ting the pitfalls 
experienced in the early British approach. Energy retrofits and 
environmental performance measures should not be optional add -ons 
but central requirements, ensuring that every conversion contributes to 
�7�X�U�N�H�\�·�V���F�R�P�P�L�W�P�H�Q�W�V���R�Q���F�O�L�P�D�W�H���P�L�W�Lgation and resilience.  
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At the neighbourhood scale, adaptive reuse should be embedded 
within strategies that reinforce community life and social equity. Drawing 
from the French model, conversions must be accompanied by 
investments in ground -floor commerce, public amenities, and g reen 
infrastructure so that reused buildings do not create isolated residential 
enclaves but instead contribute to lively and socially complete districts. 
Mechanisms to secure a share of affordable housing �³ similar to 
practices in the United States �³ would al so prevent conversions from 
serving only higher -income groups, thereby aligning them with broader 
goals of inclusivity.  

At the city scale, conversions should be integrated into metropolitan 
�S�O�D�Q�Q�L�Q�J���V�\�V�W�H�P�V�����*�H�U�P�D�Q�\�·�V���H�[�D�P�S�O�H���K�L�J�K�O�L�J�K�W�V���W�K�H���S�R�W�H�Q�W�L�D�O���R�I���O�L�Q�N�L�Q�J��
reuse to regional demographic policy �³ a lesson particularly relevant for 
Turkey, where some cities (e.g., Istanbul,  Ankara) face pressures of 
overconcentration while others experience stagnation or outmigration. 
Conversion strategies should be aligned with transit -oriented planning, 
ensuring accessibility, and should help balance density across districts. 
Fiscal incent ives such as tax relief, subsidized loans, or density bonuses 
can mobilize private investment, but they must remain conditional on 
meeting quality, social, and environmental benchmarks.  

Viewed collectively, these cases demonstrate that adaptive reuse 
operates at the intersection of multiple priorities: housing demand, 
demographic restructuring, climate action, and the technical 
constraints of existing building stock. Heavy regulation ensu res higher 
quality and social integration, but can be slow and resource -intensive; 
deregulated systems accelerate delivery but risk substandard 
outcomes; incentive -driven models mobilize capital but require robust 
oversight. Across contexts, recurring tech nical challenges such as deep 
floor plans that limit daylight and ventilation, outdated circulation 
systems, and the cost of energy retrofitting remain decisive at the 
building scale, regardless of policy design.  

For Turkey, these experiences point to the need for an integrated and 
multi -scalar framework that aligns adaptive reuse with both housing and 
sustainability agendas. A balanced scenario emerges as the most viable 
path forward. This approach would integrate  the speed and flexibility 
needed to address urgent housing shortages with the safeguards 
required to ensure long -term liveability and sustainability.  

In summary, at the building scale, conversions must comply with 
minimum habitability standards, including daylight, ventilation, fire 
safety, and accessibility, while incorporating energy retrofits to align with 
climate commitments. At the neighbourhood sc ale, adaptive reuse 
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should be accompanied by investments in public amenities, green 
infrastructure, and social facilities to prevent mono -functional residential 
enclaves and to foster community vitality. At the city scale, conversions 
must be embedded in metropolitan developm ent strategies that 
balance density, reinforce public transit, and integrate climate resilience 
objectives. Fiscal incentives can mobilize private investment, but they 
should be conditional on meeting strict quality and sustainability 
benchmarks. By adopti ng this balanced pathway, Turkey can transform 
office -to -residential conversions from a reactive housing solution into a 
strategic tool that advances resilience, inclusivity, and long -term 
sustainable development.  
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MODIFIED LIFE CYCLE ASSESSMENT FRAMEWORK FOR ACOUSTIC 
PERFORMANCE ANALYSIS 
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ABSTRACT  

This study aims to provide a hybrid model for acoustic metamaterial 
design incorporating environmental life cycle assessment (LCA) 
methodology for noise reduction and environmental impact mitigation 
in open -plan offices with noisy acoustic environments. Ac oustical 
monitoring and noise modeling of a perlit -based metamaterial is 
coupled with environmental LCA utilizing global warming potential 
(GWP) and particulate matters impact categories. The scope of study 
includes impact of material production, use, repl acement and end -of -
life phases. The impact categories are then monetarized according to 
MMG methodology to incorporate direct material and external 
environmental and health costs. The results displayed that the 
integration of two concepts may provide a com prehensive framework 
for material producers and designers. It was seen that there are potential 
overlapping impact categories which may provide a solid basis for 
inclusion of other impacts. In the end of the study, a solid foundation for 
future integration  studies was laid and several research directions are 
introduced.  

Keywords : Life Cycle Assessment , Acoustic Performance , Interior 
Finishing Materials , Material Characterization , Monetarization  
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INTRODUCTION  

Over the past decade, the focus on sustainability in the built 
environment has shifted from building -use emissions to whole -life 
emissions. Recent studies displayed that the emissions originating from 
the use phase of the buildings may only represent 50% of all lifetime 
emissions (BPIE, 2022)�����7�K�H���¶�H�P�E�R�G�L�H�G�·���H�P�L�V�V�L�R�Q�V���W�K�D�W���R�U�L�J�L�Q�D�W�H���I�U�R�P���W�K�H��
production phase is considered as a hidden source ���5�|�F�N���H�W���D�O����������������. 
The environmental impact of buildings and materials is being explored 
throughout their lifetime from cradle -to -grave. One prominent method 
for such an approach is environmental life cycle assessment (eLCA). The 
method is well -standardized for conduct in different scales, such as; ISO 
14040 (ISO, 2006) for general LCA, EN 15978 (CEN, 2011) for building LCA 
and EN 15803 for the product -level LCA (CEN, 2012). 

Recently, several guidelines have been published to localize the 
standards and lead the industry to practice. In the guide for whole life 
carbon assessment for the built environment (RICS, 2017), the scope and 
boundaries of building LCA have been properly drawn. While the 
minimum scope, which includes building envelope, structure, and 
foundation, is quite satisfactory, there is still a lack of inclusion of certain 
building materials that are; (i)  hard to categorize or standardize, (ii) have 
less interest from the industry to publish environmental product 
declarations (EPD)  (EPD Turkey, n.d.), (iii) have low quantities in buildings. 
This resulted in the omission of significant components such as internal 
finishing materials, appliances, mechanical and electrical installations 
(MEP), etc . (Kiamili, Hollberg, & Habert, 2020) . It is claimed that the 
excluded components may represent a much higher ratio of all 
embodied emissions.  

In this study, a methodological approach is proposed for considering the 
relationship between environmental life cycle impacts and the material 
selection process for interior spaces. In the literature, there are similar 
studies (Figure 1) but there is not one incorporating environmental and 
acoustical performance (Valencia -Barba, 2023). The  focus is on 
developing interior finishing materials that satisfy both acoustic 
performance benchmarks and environmental expectations. T he aim of 
the study is to explore the decision -making on material selection in the 
interior design of open -office spaces.  

METHODOLOGY 

The research methodology is based on ISO 14040 (ISO, 2006) and EN 
15804 (CEN, 2012). The framework utilizes LCA to develop materials with 
higher acoustic performance and lower environmental impact. For 
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determining the acoustic performance benchmark, existing standards  
were  utilized. Based on this benchmark, several variations of material 
characterization were performed, and each sample are evaluated in 
SimaPro LCA software.  Then, a square test was conducted to see 
whether there is a relationship between environmental impact and 
acoustic performance.  

The assessment of the environmental impacts of open -plan offices is a 
challenging topic in life cycle assessment (LCA) due to noise reduction 
requirements in interior spaces. This study intends to create hybrid 
modifications/systems/configurations of conve ntional LCA, using 
acoustical characterization data from the Image Source Model (ISM) 
and models of noise emissions, propagation, and exposure to 
incorporate the inventories and impacts of open -plan office noise. 
Additionally, based on the system and indic ators considered LCA, the 
monetization of direct and external costs of low -noise office 
environments is included in order to extend environmental interpretation 
to a monetary perspective.  

This study presents a hybrid model for acoustic metamaterial design 
incorporating LCA for noise reduction in open -plan offices with noisy 
acoustic environments where low -frequency sounds (HVAC, computer 
fans, etc.) are effective and medium - and high -freque ncy sounds. The 
hybrid model has been developed in three stages, as shown in Figure 1: 
in the first stage, an open -plan office noise inventory is created to use its 
outputs in metamaterial design in LCA. For this purpose, acoustic 
characterization data fro m the Image Source Model (ISM) and noise 
emission, propagation, and exposure are determined. In the second 
stage, four phases of LCA are implemented: (1) the process of providing 
raw materials, (2) the determination of metamaterial mixture ratios, 
dimensions, and form and the process of making/constructing the 
metamaterial, (3) the process of using it and (4) the process of 
demolition. In the last stage, the developed  hybrid model is evaluated 
based on natural and external effects.  
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For LCA, bio -based replacements for interior finishing materials were 
preferred for several reasons. Depending on the Layers of Brand 
framework (Brand, 1994) , the interior building materials are more prone 
to rapid replacement (lifetime between 3 -������ �\�H�D�U�V���� �W�K�D�Q�� �I�D�o�D�G�H��
materials (20 years), hence it is important to enable reuse and 
recyclability to decrease emissions in the end -of -life of materials  
(Durmisevic, 2016) . When this is not considered, the amount of 
construction and demolition waste cannot be decreased. Moreover, 
emerging bio -based materials tend to display high performance, in 
addition to environmental impact, such as fire resistance, sound 
insulation, and  indoor air quality. Then, existing EPD databases are 
utilized to pre -select low carbon  bio -based materials such as perlite, 
hemp, and wood -based panels to develop sample materials.  

The LCA study follows EN15804+A2 standard (CEN, 2012) and 
investigates the emissions that are emitted from the processes during the 
life cycle of a functional unit of 1 m 2 acoustic meta -material (AMM) that 
achieves an alpha value at different frequency spectrum.  A cradle -to -
gate (Module A to C) approach is followed, and life cycle phases are 
considered as given in Table 1.  

 

 

 

Figure 1.  Steps of hybrid model development  
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Table 1. Li fe cycle scope  
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X X X ? - X - - X - X X X X 
 B6 Operational energy  included in LCA  X 

B7 Operational water  not declared  - 

The life cycle inventory (LCI) is composed of two main aspects; (i) 
inventory of noise and (ii) inventory of environmental impacts. It is 
considered that the inventory and the impacts on the use phase is 
relevant for acoustics whereas embodied environmenta l impacts are 
considered in Module A -C.7 

Inventory of noise in interior spaces: Acoustical monitoring & noise 
modeling  

Acoustical monitoring and noise modeling constitute a multifaceted 
domain that encompasses the systematic analysis, measurement, and 
simulation of sound in various environments (ISO 1996 -1:2016). These 
processes can be examined under several interrelated s ubtopics, each 
contributing to a holistic understanding of noise behavior and its 
implications. Acoustical mapping involves the spatial representation of 
sound pressure levels across geographical or architectural areas, 
enabling the identification of noise  hotspots and the visualization of 
sound distribution patterns over time. Sound propagation monitoring 
focuses on tracking how sound waves travel through different media, 
influenced by factors such as air temperature, humidity, wind conditions, 
terrain var iations, and structural barriers, all of which affect how sound 
energy attenuates or reflects across space (ANSI/ASA. ANSI S1.13 -2020).  
Another essential aspect is sound absorption modeling, which evaluates 
the capacity of materials and surfaces �³ both natu ral and artificial �³ to 
absorb acoustic energy, thus playing a critical role in reducing 
reverberation, echo, and overall noise levels within indoor and outdoor 
environments (Aures, 1985). Complementing these physical aspects is 
the psychoacoustic response m odeling of occupants, which delves into 
the subjective human perception of sound. This subtopic explores how 
individuals experience acoustic phenomena in terms of loudness, 
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sharpness, roughness, and annoyance, integrating behavioral and 
cognitive factors into the analysis (DIN 45631/A1, ECMA -418-1 and 418 -
2). Collectively, these subfields contribute to building a detailed 
inventory of noise, which serves as a foundational res ource for sound 
management, regulatory compliance, urban planning, architectural 
acoustics, and the design of environments optimized for acoustic 
comfort and health.  

Acoustical monitoring and mapping  

Acoustical monitoring (mapping) in interior spaces refers to the 
systematic measurement and spatial visualization of sound behavior 
within an enclosed environment. This includes mapping sound pressure 
levels, reverberation, speech intelligibility, and nois e distribution across a 
floor plan or three -dimensional model. The goal is to assess and optimize 
the acoustic performance of the space in terms of clarity, comfort, and 
compliance with noise control standards.  

Open -plan offices, designed for flexibility and collaboration, often suffer 
from acoustic discomfort, such as excessive background noise, poor 
speech privacy, and distracting conversations. This impacts 
concentration, productivity, and employee well -being.  Noise monitoring 
and mapping in these spaces is a critical approach to quantifying 
acoustic conditions, diagnosing problems, and guiding effective design 
or retrofitting interventions. Objectives of noise monitoring are (1) to 
identify noise sources and p ropagation paths (e.g., printers, HVAC, 
conversations), (2) to measure noise exposure at individual workstations 
and collaborative zones, (3) to map spatial distribution of noise levels 
and speech intelligibility, (4) to support acoustic zoning and layout 
decisions, (5) to evaluate effectiveness of interventions (e.g., partitions, 
ceiling panels, sound masking). The common noise sources, such as 
human speech (phones, casual chat, meetings), office equipment 
(printers, coffee machines), mechanical systems (H VAC, air purifiers), 
and External noise (street traffic, elevator shafts), have influenced the 
�Z�R�U�N�H�U�V�·���S�H�U�I�R�U�P�D�Q�F�H���L�Q���R�S�H�Q-plan offices. Some tools, like ODEON and 
SPL mapping, can be used for the 3D simulation of open -plan acoustics 
and sound mapping and  real -time workplace sound level tracking.  

Sound Propagation Monitoring  

Indoor sound propagation monitoring involves measurement, modeling, 
and analysis of how sound travels and behaves within enclosed 
environments such as offices, classrooms, theaters, auditoriums, 
hospitals, and residential buildings. Unlike outdoor environm ents, indoor 
spaces introduce complex reflections, reverberations, and modal 
behaviors due to the presence of walls, ceilings, furniture, and 
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architectural features. The goal is to ensure optimal acoustic 
performance, supporting speech clarity, music quality, noise control, 
and comfort.  

Sound propagation monitoring in open -plan offices involves tracking 
and analyzing how sound waves travel and change within large, shared 
workspaces that lack full -height partitioning. The goal is to understand 
how speech, noise, and other acoustic signals behave as they reflect, 
diffract, and are absorbed by surfaces, furniture, and people. Unlike 
enclosed rooms, open offices introduce complex interactions between 
architecture, occupancy, and ambient conditions, making 
propagation monitoring critical for ac hieving acceptable acoustic 
comfort and intelligibility. Sound behavior in open -plan offices is as 
follows: Direct Sound travels unobstructed from source to listener; 
reflected sound bounces off floors, ceilings, desks, glass walls; diffused 
sound scatters  by textured surfaces or acoustic treatments; diffracted 
sound bends around desks, screens, or columns and absorbed sound 
loss as heat when hitting carpets, panels, fabric -covered furniture. Open 
spaces often lack enough absorption and barriers, leading to  longer 
propagation distances and poor speech privacy.  

Sound Absorption Modeling : Metamaterial Design as Sound Absorber in 
Architectural Settings  

Metamaterials are engineered structures with unique properties not 
typically found in natural materials. When applied to acoustics, acoustic 
metamaterials can manipulate sound waves in novel ways, making 
them promising candidates for sound absorption in ar chitectural spaces 
such as theaters, offices, studios, or residential buildings. As key principles 
of acoustic metamaterials, (i) unlike traditional absorbers that require 
large thicknesses (e.g., porous materials or foam), metamaterials can be 
much thinne r because they interact with sound at subwavelength 
scales; (ii) these materials can trap sound energy using small resonant 
elements (like membranes, cavities, or Helmholtz resonators); (iii) 
metamaterials can create frequency ranges (band gaps) where soun d 
propagation is inhibited �³  ideal for selective noise control. To use of 
acoustic metamaterials, the main target is the frequency range since 
they often operate effectively within specific narrow frequency bands; 
tuning is required for broadband absorptio n. In terms of sound 
absorption performance, the combination of the membrane panel and 
the volume resonators would be the best among the types of 
metamaterials_ (1) Membrane -type acoustic metamaterials (MAMs), (2) 
Labyrinthine structures, and (3) Active me tamaterials especially at low 
frequency range (100 -500 Hz) Noise Reduction Coefficient (NRC) ~0.8.  
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Inventory of environmental impacts  

The environmental  impact indicators that were chosen in the CEN/TC 
350 standards at product and building level formed the  starting point for 
the selection of environmental indicators.  In Table 2, the commonly used 
impact categories are listed.  

Table 2. Environmental Impact Categories and Monet arization Values  

Impact Category  Abbreviation  Unit �½���X�Q�L�W 
Acidification  A kg SO2-eq  0.43 
Eutrophication  EP kg PO 43--eq  20 
Global warming  GWP kg CO 2-eq  0.05 
Photochemical oxidation  PO kg NMVOC  0.48 
Abiotic depletion, elements  ADE kg Sb-eq  1.56 
Abiotic depletion, fossil fuels  ADF MJ 0 
Ozone layer depletion  ODP kg CFC11 -eq  49.1 

 

Monetarization of direct and external impacts  

This study adopts the MMG method developed by OVAM (OVAM, 2017)  
which enables aggregating the environmental impact factors by  means 
of monetary valuation. The environmental indicators were multiplied by 
a specific monet ariz�D�W�L�R�Q�� �I�D�F�W�R�U�� ���L���H���� �½���N�J�&�22-eq for  global warming 
potential) for different regions . The resulting monetary value  ���½���P2) 
expresses the environmental damage that is not reflected in product 
price but reflected to the society [ x]. Depending on the  previous studies , 
it was seen that Global Warming and Eutrophication impact categories 
constitutes  between 90 and 95% of the total amount.  Monet arization is 
considered as a means of combining several environmental indicators 
under a single score. It ensures that all indicators  are taken into account 
and omission of any critical impact is avoided while the perspective of 
the local context is also included  by using a regional environmental cost 
for each indicator.  

The environmental assessment includes several impact categories 
provided in Table 2. To simplify the overall results into a single score , a 
monetarization approach is followed based on the MMG framework 
(OVAM, 2017) . Besides the external impacts such as the cost related to 
environmental damage, the direct cost of the material is retrieved from 
the market.  
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RESULTS & DISCUSSION 

In the end of first stage, a modified life cycle inventory (LCI) was 
developed which provides a brief list of acoustic and environmental 
parameters. A preliminary assessment was conducted between 
different sample variations based on the quantity of materia l used to 
maintain the acoustic benchmarks. Then in the second stage, life cycle 
impact assessment (LCIA) results were reported at the midpoint level 
(such as global warming potential, etc.) as required by EN 15804+A2.  It 
is expected that, the environmenta l impact should decrease while 
acoustic performance increase, as both aspects benefit from cavities 
(less material) and bio -based elements (low embodied carbon intensity 
& more sound absorption).  

This study integrates environmental and acoustic parameters under a 
single framework and apply it to interior finishing materials which is a less -
explored domain under LCA literature. As the environmental 
expectations are rising from all sectors, the frame work may be beneficial 
for material producers, interior designers and developers.  

�,�Q���F�D�V�H���R�I���7�•�U�N�L�\�H�� this framework may have a direct relationship with the 
upcoming carbon border adjustment mechanism (CBAM) (EU, 2023), 
which introduces additional tax costs for materials that do not meet the 
required environmental standards in the EU. The integration of several 
characteristics of a meta -material can help material producers and 
designers in their decision -making processe s. 

CONCLUSION 

Multi -disciplinary studies are encouraged by all initiatives related to the 
improvement of the built environment and interior spaces. This study 
provided a solid foundation for integration of different characteristics of 
open -plan office spaces. There are several limitations to explore such as 
the differences in terminology, impact categories, functional units, etc. 
On the other hand, the future research seems promising as new 
concepts and solutions may emerge from integration of other disciplines 
such as h ealth, lighting and comfort.  

 

 

 

 



 

1063 

REFERENCES 

ANSI/ASA. (2020). ANSI S1.13-2020. Measurement of Sound Pressure 
Levels in Air, Annex A: Identification and Evaluation of Prominent 
Discrete Tones. American National Standard/Acoustical Society of 
America, New York, USA.  

Aures, W.  (1985). The sensory euphony as a function of auditory 
sensations.  

Acustica, 58: 282 �²290, 1985.  

BPIE. (2022). Ready for carbon neutral by 2050?Assessing ambition levels 
in new building standards across the EU. Retrieved from 
https://www.bpie.eu/publication/ready -for- carbon -neutral -by -2050-
assessing-ambition -levels-in-new -building -standards -across-the-eu/  

Brand, S. (1994). Shearing Layers of Change. How Buildings Learn �×: What 
Happens after They �·re Built. 

CEN. (2011). EN 15978: Sustainability of construction works. Assessment of 
environmental performance of buildings. Calculation method.  

CEN. (2012). EN 15804:2012+A2:2019 Sustainability of construction 
works�³ environmental product declarations �³  core rules for the product 
category of construction products  

DIN. (2010). DIN 45631/A1. Calculation of loudness level and loudness 
from the sound spectrum �² Zwicker method �² Amendment 1: Calculation 
of the loudness of time -variant sound, Beuth Verlag.  

Durmisevic, E. (2016). Dynamic and Circular Buildings by High 
Transformation and Reuse Capacity. Sustainable Innovation.  

ECMA (2020). ECMA -418-1-2: Psychoacoustic Metrics for ITT Equipment - 
Part 1- 2 (Models Based on Human Perception). ECMA International, 
Geneva, Switzerland.  

EPD Turkey. (n.d.). Environmental Product Declaration Registration 
System in Turkey. Retrieved May 17, 2023, from https://epdturkey.org/en/  

EU. (2023). Regulation (EU) 2023/956 of the European Parliament and of 
the Council of 10 May 2023 establishing a carbon border adjustment 
mechanism.  



 

1064 

T
E

C
H

N
O

LO
G

Y 
/ 

M
A

T
E

R
IA

L /
 S

U
S

T
A

IN
A

B
IL

IT
Y / 
R

E
U

S
E 

   

ISO. (2006). 14040: 2006�³ Environmental Management �³ Life Cycle 
Assessment-Principles and framework. International Organization for 
Standardization (ISO), Switzerland.  

ISO. (2016) 1996-1:2016. Acoustics �³  Description, measurement and 
assessment of environmental noise. Part 1: Basic quantities and 
assessment procedures, Edition 3.  

Kiamili, C., Hollberg, A., & Habert, G. (2020). Detailed assessment of 
embodied carbon of HVAC systems for a new office building based on 
BIM. Sustainability (Switzerland), 12(8). 
https://doi.org/10.3390/SU12083372  

OVAM. (2017). OVAM Annex: Monetisation of the MMG method.  

RICS. (2017). Whole life carbon assessment for the built environment. 
London: Royal Institution of Chartered Surveyors, Parliament Square .  

�5�|�F�N�����0�������6�D�D�G�H�����0�����5�����0�������%�D�O�R�X�N�W�V�L�����0�������5�D�V�P�X�V�V�H�Q�����)�����1�������%�L�U�J�L�V�G�R�W�W�L�U�����+������
�)�U�L�V�F�K�N�Q�H�F�K�W���� �5������ �«�� �3�D�V�V�H�U���� �$���� ���������������� �(�P�E�R�G�L�H�G�� �*�+�*�� �H�P�L�V�V�L�R�Q�V�� �R�I��
buildings �² The hidden challenge for effective climate change 
mitigation. Applied Energy, 258. 
https://doi.org/10 .1016/j.apenergy.2019.114107  

Valencia -Barba, Y.E., Gomez -Soberon, M., Gomez -Soberon, M.C., 
(2023). Dynamic life cycle assessment of the recurring embodied 
emissions from interior walls: Cradle to grave assessment, Journal of 
Building Engineering, 65.  

 

 

 

 

 

 

 

 

 



 

1065 

 

 

 



 

1066 

T
E

C
H

N
O

LO
G

Y 
/ 

M
A

T
E

R
IA

L /
 S

U
S

T
A

IN
A

B
IL

IT
Y / 
R

E
U

S
E 
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ABSTRACT  

This study examines glare problems frequently encountered in museums 
and evaluates studies in the literature that have addressed these issues. 
Lighting has an important role not only in ensuring the visibility of artifacts 
but also in protecting them, impr oving display methods, enhancing the 
spatial atmosphere, and enhancing the visitor experience. However, 
insufficient usage of daylight and planning of artificial lighting can 
negatively impact visual comfort, making it difficult to perceive artifacts. 
Therefore, a literature review was conducted to examine the causes of 
glare in museums and the methods used to analyze it. The findings reveal 
that glare can arise from both natural and artificial lighting conditions, 
as well as the material characteristics of  artifacts and surfaces. The 
Daylight Glare Probability (DGP) method is used in the analysis of glare 
from natural light. The Unified Glare Rating (UGR) method is conducted 
to assess glare from artificial lighting; both methods allow for a numerical 
classification of visual comfort within a space. In addition, High Dynamic 
Range and Imaging Luminance Measuring Devices methods are 
available in the literature as tools for detecting glare from both types of 
lighting. Transferring the digital data obtained from  these methods to 
simulation programs allows for the development of lighting setups for 
different environmental scenarios and the digital testing of proposed 
solutions. Consequently, the study provides an approach to examining 
the methods used to detect gl are in museum lighting.  

Keywords : Museum Lighting , Glare , Visual Comfort , Daylight Glare 
Probability (DGP) , Unified Glare Rating (UGR)  
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INTRODUCTION  

The main aim of the lighting control in museum buildings is to ensure the 
visibility of the exhibition issues, also playing a significant role in 
protecting them from light -induced disturbance, improving the spatial 
atmosphere, and enhancing the visitor ex perience. Lighting design 
keeps the objects from damage, enriching the exhibition experience 
with aesthetic and comfortable environment s. However, insufficient 
amount and intensity of daylight and improper settlement of artificial 
lighting can create glare  problems within the space, negatively 
impacting both visual comfort and security of the exhibition objects  
(Zhang et al., 2018) . 

Glare occurs when light from a light source either directly contacts the 
eye or reflects from the surfaces, creating an uncomfortable effect on 
the field of view. Glare problem not only negatively impacts visual 
perception but can also cause physical and m ental discomfort in visitors, 
such as eyestrain, headaches, and loss of concentration  (Boyce, P. R. 
2014). Therefore, accurately detecting glare in museum lighting is 
essential for both preserving artifacts and enhancing the visitor 
experience. The increas e in the number of museums and the increasing 
density of visitors in recent years has led to the increased importance of 
user-centered design decisions. Therefore, the balanced integration of 
natural and artificial lighting and the reliable identification of glare -
causing factors are among the priorities of contemporary museum 
design. Analyzing glare problems not only contributes to the assessment 
of current spatial conditions but also to the development of qualified 
lighting solutions for the future.  

In this context, the study, titled "A n Investigation Into Identifying Glare 
�,�V�V�X�H�V���L�Q���0�X�V�H�X�P���$�U�F�K�L�W�H�F�W�X�U�H�µ is based on a comprehensive literature 
review compiling existing research on glare problems encountered in 
museum lighting and methods for identifying these problems. The 
literature review is based on international databases such as 
ScienceDirect, Google Scholar, and Scopus. Approximately five articles 
were reviewed during the research process, focusing on visual comfort 
issues and glare problems cause d by lighting conditions in museums and 
exhibition spaces. The sources were categorized by keywords and 
examined under subheadings.  

With the increasing use of natural lighting in museums today, a growing 
emphasis is being placed on studies that combine both natural and 
artificial lighting. The study examines the interaction between temporal 
variations in daylight and the intensity and non -uniform distribution of 
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artificial lighting, leading to glare problems, and explores holistic 
analyses of these problems using indices.  

2. LITERATURE REVIEW 

2.1. Museum Lighting and Architectural Priorities  

Lighting design in museum buildings is important to control the exhibits 
from unwanted lighting levels and ensure visitors understand the 
concept of the exhibition. The percentage of museums in Turkey 
increased by 7.1% compared to the previous year, reachi ng 606, 
according to 2023 data. The total number of visitors welcomed during 
�W�K�H���\�H�D�U���L�Q�F�U�H�D�V�H�G���E�\���������������U�H�D�F�K�L�Q�J�����������������������������7�h�ú�.�����������������7�K�H�V�H���G�D�W�D��
present the trend of public interest in cultural and historical heritage. The 
increase in visits to museum s can be attributed to the increasing number 
of museums and to the different visual experiences offered to visitors, 
highlighting the importance of architectural design decisions, including 
lighting choices, affecting user experience. Proper lighting desig n 
ensures the preservation of artifacts while enhancing the atmosphere 
within the space, providing visitors with a high -quality experience.  

In other words, the purpose of lighting is not only to meet basic visual 
needs; it is also to highlight the identity of the building and enhance the 
exhibition experience. There are two basic strategies for lighting in 
museums: natural and artificial light ing. Artificial lighting systems offer 
flexible solutions by controlling the intensity, angle of incidence, and 
color of light, providing visitors with a quality experience.  

However, selecting inappropriate artificial lighting can create glare 
problems and make it difficult for visitors to perceive the works. Also, 
integration of only artificial lighting can deteriorate the natural 
ambiance of the space and create a monotonous  atmosphere. 
Because of this, approaches accepting that integrating controlled 
natural lighting with artificial lighting create more qualified solutions 
come forward. Natural lighting is a beneficial approach to lighting 
design because it provides energy e fficiency, adds dynamism to 
spaces, and supports the human body's circadian rhythm. However, 
disadvantages can be classified as: the difficulty in controlling daytime 
variability; the risk of irreversible damage to artifacts from solar irradiation 
(ultravi olet and infrared rays); and the glare problem, particularly on 
glass display cases and surfaces. If artifacts and surfaces within a 
museum are composed of light -resistant materials such as stone, 
ceramics, etc., natural light can be admitted in a controll ed manner. 
However, if light -sensitive materials such as paper, wood, leather, etc. 
are present, utilizing natural light is inefficient. Considering these 
disadvantages, appropriate and controlled amounts of natural light 
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should be introduced to the space to reduce the risk of glare on artifacts 
and surfaces. Solar irradiation varies during the day. Therefore, varying 
the intensity of the artificial lighting depending on the time of day is 
important. Using diffused light in stead of direct sunlight and opting for 
passive lighting systems facilitates the efficient use of natural light. 
Eventually, integrating natural and artificial lighting in a mutually 
supportive way protects the artifacts and improves visitors' visual 
comfo rt. However, for the success of this integration, the glare problem 
must be accurately diagnosed. Identifying the glare source is the first 
step toward a solution. Daylight Glare Probability (DGP) and Unified 
Glare Rating (UGR) methods allow glare to be me asured numerically. At 
the same time, High Dynamic Range (HDR) and Imaging Luminance 
Measuring Devices (ILMD) techniques contribute to the detailed and 
simulated measurements. In this context, the primary objective of this 
study is to contribute to the use  of accurate diagnostic methods in 
identifying glare problems and the development of solutions 
accordingly.  

2.2. Glare Problems in Museums  

Glare is one of the most significant visual problems encountered in 
museum lighting. It is a lighting problem that causes discomfort to the 
eye, whether it comes directly from the light source or is reflected from 
surfaces. Discomfort glare causes visual d iscomfort and distraction, while 
disability glare reduces contrast and makes it difficult to see details.  

Glare problems, particularly on glass display cases, glossy surfaces, oil 
paintings, and photographic prints, negatively impact visitors' 
perception of the exhibited works (Dang et al., 2023). Inadequate 
lighting, causing glare encountered along the exhibi tion route, affects 
visual perception and negatively impacts the visitor experience by 
causing physical discomfort such as eye strain, headaches, and mental 
issues such as distraction and difficulty concentrating (Boyce, P. R. 2014). 
Therefore, glare contr ol in museum lighting is a priority for both visual 
comfort and observing the exhibited objects clearly. Glare problems 
vary depending on their origins, caused by both natural and artificial 
lighting. Mostly glare from natural lighting occurs due to uncont rolled 
sunlight entering the exhibition spaces. Changing light angles acting on 
artifacts, particularly during the day, and the direct impact of light 
entering through glass facades on the visual field can cause visual 
discomfort. Significant differences b etween the optimal illumination 
level for the eye and the actual illumination level within the space can 
create discomfort for visitors and contribute to glare problems related to 
natural light.  
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Improperly planned artificial lighting, in particular, negatively impacts 
visitors' visual comfort and reduces the quality of perception along the 
exhibition route. Placing the light source directly, without any fixtures, 
diffusers, or shading elements, re sults in uneven light distribution and 
increases contrast by concentrating the light around the source. 
Furthermore, technical errors such as incorrect fixture and light color 
selection, and improper orientation angles make it difficult for visitors to 
per ceive the works and can lead to discomfort such as eye strain, 
headaches, and distraction.  

Glare encountered in museums is not solely dependent on lighting 
sources; the function of the museum and the characteristics of the works 
displayed within also directly affect glare. For example, in painting and 
photography exhibitions, glass frames, gloss y varnished oil paintings, and 
photographic prints pose a risk due to reflection. Therefore, the 
Canadian Conservation Institute (1992) recommends that the light 
�E�H�D�P�� �F�R�P�H�� �D�W�� �D�Q�� �D�Q�J�O�H�� �R�I�� �����ƒ�� �W�R�� �W�K�H�� �K�R�U�L�]�R�Q�W�D�O���� �7�K�L�V�� �F�U�H�D�W�H�V�� �D��
homogeneous image, improving th e clarity of the artwork and reducing 
glare, especially in works protected by glass frames.(Figure 1a). An 
�L�Q�F�L�G�H�Q�W���D�Q�J�O�H���O�R�Z�H�U���W�K�D�Q�������ƒ���F�D�Q���F�U�H�D�W�H���V�K�D�G�R�Z�V���R�Q���W�K�H���D�U�W�Z�R�U�N�����7�K�H��
lines and paint marks may not be clearly observed (Figure 1b). Wide 
angles can a lso cause glare problems if the angle of incidence is not 
�S�U�R�S�H�U���� �:�K�H�Q�� �O�L�J�K�W�� �L�Q�W�H�U�D�F�W�V�� �D�W�� �D�Q�J�O�H�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �����ƒ���� �V�K�D�G�R�Z�V�� �I�U�R�P��
visitors and surrounding objects fall on the artwork, negatively impacting 
its visibility (Figure 1c) The study by Wahab & Zuhard i (2013) highlighted 
similar risks. Cerpentier et al. (2023) highlighted the benefit of adaptation 
of the lighting to the size and frame of the artwork in museums or 
exhibition halls, increasing visitor visual comfort. When this is not 
achieved, the contra st between the artifact and the background 
creates discomfort.  
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  Figure 1a.                                    Figure 1b.  

                 

 

 

 

           

              Figure 1c.                                     Drawing 1.  

Figure 1. Lighting angle used for Paintings in museum exhibitions. From 
Light for pictures: The museum angle, by ERCO, n.d., ERCO  

(https://www.erco.com/en/designing -with -light/mediaassetpool/light -
studies/light -for-pictures - museum -angle -6475) 

Similar glare problems often occur in sculpture and object exhibitions. 
Highly reflective surfaces such as polished marble, metal, glass, or 
lacquer used in such exhibitions directly reflect light and create a glare 
effect known as "veiling reflection". Th e light from the source diffuses 
across the surface, creating a translucent layer on it, reducing contrast, 
and obscuring the work's characteristics. Technically speaking, the 
reduced contrast created by the surface's reflective properties and the 
reflecte d light results in veiling reflection (Wahab & Zuhardi, 2013). The 
published technical guide "ANSI/IES RP -30-17: Recommended Practice 
for Museum Lighting" also refers to the issue of veiling reflection and 
highlights the potential glare risk associated wit h objects with highly 
reflective surfaces.  

Glare problems, which arise from both natural and artificial light sources, 
often arise from technical errors in equipment selection and placement, 
as well as insufficient consideration of spatial conditions. Therefore, 
lighting designs that consider the a ngle of incidence of light and the 
surface characteristics of the exhibited artifacts yield more successful 
results. 
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2.3. Methods Used to Detect Glare Problems  

Accurately identifying the factors that cause glare problems is the most 
fundamental step in the solution process. This identification process, 
when performed using the same method across all venue conditions, 
cannot yield reliable results. This is because  the prevailing conditions in 
exhibition spaces can vary. Therefore, the preferred methods depend 
on the light source causing the glare and the characteristics of the 
exhibited works. While glare problems caused by natural light are 
generally assessed thro ugh changes in the angle of incidence of 
sunlight, glare caused by artificial lighting is associated with decisions 
made during the design and implementation processes.  

The methods used to detect glare problems vary depending on the 
variety of contributing factors. While qualitative measurement methods, 
consisting of the analysis of visitors' sensations to lighting conditions, are 
preferred for detecting glare from natura l light, quantitative studies 
called Daylight Glare Probability (DGP) are also possible. In artificial 
lighting, the Unified Glare Rating (UGR) method is an option for the 
measurement of contrast within a space. These methods become more 
reliable when supp orted by data obtained using High Dynamic Range 
(HDR) and Imaging Luminance Measuring Device (ILMD) techniques.  

Transferring measurement results to simulation programs is also important 
for testing different conditions. The surface and material properties of the 
exhibited works also play a role in identifying glare problems. In an 
experimental study conducted by Sag awa et al. (2022), museum 
conditions were simulated by setting up a test room measuring 2900 mm 
wide, 3000 mm deep, and 2400 mm high. Indoor walls were painted 
white. In the experiments conducted on paintings with various surface 
properties, nine different  painting surfaces were prepared by testing 
three Munsell shades (black, gray, and white) and three different varnish 
applications (unvarnished, single -coat, and double -coat). Munsell is a 
color system that quantitatively reveals the lightness and darkness  of 
colors. The average reflectance values of the paintings prepared for the 
experiment were measured at nine points using a spectrophotometer, 
and the average gloss values were determined using a gloss meter. 
(Sagawa et al. 2022) The study concluded t hat lightening the surface 
color tone increases the glare effect, while unvarnished surfaces 
significantly prevent glare formation. A review of the literature reveals 
that luminance measurements are prominent for two -dimensional, 
highly reflective works. A t the same time, simulation methods, which can 
also analyze formal features for three -dimensional objects, are 
appropriate. In addition to quantitative measurement methods, 
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qualitative assessments of visitors' glare perception are also available in 
the literature as a measurement technique.  

2.3.1. Glare Detection Methods on Natural Lighting  

The use of the complementary effect between qualitative and 
quantitative methods may support the detection of the glare from 
natural light. Qualitative approaches involve experiential analyses such 
as identifying low - and high -contrast areas within a space  and observing 
visitors' responses to illuminance levels. Daylight Glare Probability (DGP), 
a quantitative method, allows for the numerical expression of the visual 
discomfort caused by glare on the human eye  (Equation 1) .  

 

 

Equation 1. ( Chien, S. & Ichinose, M. (2020). Determination of the 
simplified d aylight g lare p robability (DGPs) c riteria for d aylit o ffice 

spaces in Thailan d. Buldings, 10(10), 180 .)  

The Daylight Glare Probability (DGP) method, developed by Wienold 
and Christoffersen (2006), considers the perceived illuminance level and 
the luminance value, solid angle, and Guth position index of the light 
source. This consideration allows light source  intensity and position angle 
to be evaluated in terms of the current conditions of the space, and 
experimental studies have demonstrated a strong correlation between 
Daylight Glare Probability (DGP) values and user response. (Wienold & 
Christoffersen, 2 005) 

2.3.2. Glare Detection Methods on Artificial Lighting  

Various measurement methods have been developed in the literature 
to determine the level of glare from artificial lighting quantitatively. The 
most common of these is the Unified Glare Rating (UGR). The UGR 
formula produces a glare rating, which is a psych ological parameter 
intended to measure any adverse subjective discomfort response to a 
visual environment containing electric light sources (does not include 
daylight from windows or skylights) (CIE, 1995). The Unified Glare Rating 
(UGR) was developed by C IE Technical Committee 3 -13 and was first 
defined in the report CIE 117 -1995: Discomfort Glare in Interior Lighting 
(CIE, 1995). Subsequently, CIE 190:2010: Calculation and Presentation of 
Unified Glare Rating Tables for Indoor Lighting Luminaires was publ ished 
to facilitate the creation of tables by luminaire manufacturers and 
lighting designers, and this method has been adopted as a standard in 
many regions (CIE, 2010 ; Abbasinejad, R., & Kacprzak, D. 2022 ). 
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UGR measures the discomfort glare effect caused by lighting with a 
special formula prepared by taking into account the position of the light 
sources, the brightness level, and the contrast values created by the 
surroundings    (Equation 2) . 

 

 

 

Equation 2. (ERCO. (n.d.). UGR method. In Lighting knowledge: Lighting 
design. Retrieved from: https://www.erco.com/en/designing -with -

light/lighting -knowledge/lighting -design/ugr -method -7488/ )  

The equation of Unified Glare Rating includes variables named: 
background illuminance (Lb), determining the eye's visual adaptation; 
�W�K�H�� �D�Y�H�U�D�J�H���O�X�P�L�Q�D�Q�F�H�� �R�I���W�K�H���O�X�P�L�Q�D�L�U�H�V�� ���/�V�������º���� �U�H�I�H�U�U�L�Q�J�� �W�R�� �W�K�H�� �D�Q�J�O�H��
formed by the luminaire surface; and the Guth index  ���Ò�������P�H�D�V�X�U�L�Q�J���W�K�H��
position of the luminaire due to the observer's viewing direction. The UGR 
value, calculated by formulating these parameters, quantifies the level 
of discomfort that occupants may experience within a space.  

Due to the Hopkinson scale used to interpret UGR, it is stated that if UGR 
< 13, glare is either not perceived or is negligible, while if UGR > 19, visual 
comfort limits are exceeded  (Chen, 2025) . A value of 19 is considered 
the upper acceptable limit on the Hopkinson rating scale.  

2.3.3. Imaging  and Measurement Techniques  

High Dynamic Range (HDR) imaging, a method used in glare analysis, is 
based on the principle of combining low dynamic range (LDR) images 
taken at different exposure values. LDR images have limited dynamic 
range because they can detect little difference bet ween the lowest 
and highest light levels. Therefore, they can only capture either dark or 
bright areas; details are lost in dark areas, while highlights exhibit a glare 
effect. High Dynamic Range, on the other hand, achieves a wide 
brightness range by comb ining LDR images, encompassing both the 
darkest and brightest areas, and reveals the brightness distribution within 
a room with high accuracy and uniformity.  

A number of studies in the literature have evaluated the potential, 
limitations, and applicability of the High Dynamic Range (HDR) imaging 
technique as a luminance mapping tool. Early work by Inanici (2006) 
demonstrated that combining photographs taken at different exposure 
values using Photosphere software produced luminance data with 
reasonable accuracy and repeatability when compared to physical 
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measurements. Later studies expanded this scope: Suk and Schiler 
(2012) integrated HDR images with Evalglare software for Daylight Glare 
Probability (DGP) analysis and highlighted discrepancies compared with 
Radiance -based simulations; Sawicki, Wolska, and  Porsch (2019) showed 
that HDR, when combined with Imaging Luminance Measuring Devices 
(ILMD), improves the reliability of glare assessment; while Bishop and 
Chase (2023) discussed practical challenges of field applications. These 
findings suggest that HDR  imaging not only enables precise mapping of 
spatial luminance distribution but also continues to evolve as a robust 
tool in glare analysis through integration with advanced software and 
complementary measurement techniques.  

Another method is measurements using an Imaging Luminance 
Measuring Device (ILMD). These devices analyze ambient light 
distribution at the pixel level and record the corresponding numerical 
values using a camera -based system. The CIE 244:2021 report describes 
the elements, functions, and characterization methods of these devices, 
and also provides calibration processes and technical guidelines for 
their use (CIE, 2021). While traditional spot measur ements only obtain 
data from a single point, Imaging Lumi nance Measuring Device (ILMD) 
tools allow for simultaneous measurement of the entire visual field, 
allowing for the generation of detailed luminance maps. Luminance 
maps are a visual representation of the luminance values measured at 
each point on the surface. These maps allow for comparison of 
luminance levels in different areas, thereby analyzing current conditions 
and contributing to improved visual comfort.  

Sawicki, Wolska, and Porsch (2019) conducted a study on the 
contributions of ILMD to glare assessments. In this study, comparative 
measurements were made by varying the lighting conditions, light 
source positions, and sizes to test the reliability of the m ethods used in 
calculating the unified glare rating (UGR). In this context, ILMD -based 
measurements play a role not only in identifying glare problems but also 
in obtaining parameters such as light source luminance (L), the angle 
subtended by the luminaire  �V�X�U�I�D�F�H�� ���º������ �W�K�H�� �*�X�W�K�� �L�Q�G�H�[�� ���Ò������ �D�Q�G�� �W�K�H��
background illuminance (Lb) included in the UGR formula.  

In conclusion, the HDR imaging technique and ILMD measurements 
used to detect glare problems allow for a comprehensive assessment of 
the lighting conditions of a space. The HDR technique combines images 
taken at different exposure values to obtain a wide luminance range, 
while ILMD devices create luminance maps by performing detailed 
measurements at the pixel level. A common feature of both methods is 
their contribution to the detection of glare problems by converting 
lighting conditions i nto numerical da ta. There are some limitations to the 
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methods. While the HDR technique is easy to adapt to fieldwork, 
obtaining accurate results requires technical expertise, such as selecting 
the appropriate equipment and exposure values. ILMD devices have 
high resolution and accuracy. However, their high co st is an important 
obstacle to the adoption of lighting imaging (Bishop & Chase, 2023). The 
preferred method for glare analysis is up to the scope of the study, the 
targeted accuracy level, available budget, and equipment resources.  

2.3.4. Simulation Programs  

The use of simulation tools is becoming increasingly important in lighting 
design or in improving existing systems, to ensure the appropriate display 
of artifacts and provide visitors with a comfortable visual experience.  

The lighting simulation process consists of rendering method, 
computational algorithms, "input -output" categories. "Rendering 
methods" support visualizing light, while "computational algorithms" are 
concerned with the numerical calculation of lighting beha vior. The 
"input and output" category encompass the definition of input of data 
as light sources, material properties, geometry, climate, and the resulting 
numerical or visual outputs. These simulation programs employ two 
distinct visualization approaches.  Photo -realistic visualization is used for 
architectural presentations, focusing on visual aesthetics. However, it 
does not reveal the physical properties of light. Inversely, physics -based 
simulation uses numerical data for the calculation and simulation of light 
behavior in a realistic way (Davoodi, Johansson, & Enger, 2014).  

Various simulation software programs have been developed with 
technological advancements. These programs allow researchers to 
select the most suitable program for their research purposes from among 
this variety. For example, DIALux and Relux are often pref erred for quickly 
generating visuals for lighting projects. They offer practical solutions with 
energy analyses and basic UGR calculations. Radiance -based software 
is increasingly prominent in academic studies because it provides highly 
accurate simulation s using numerical data. Integrated building 
simulation programs such as DesignBuilder allow researchers to evaluate 
daylight, energy consumption, and visual comfort on the same platform 
(DesignBuilder, n.d.). This diversity offers researchers the opportuni ty to 
compare different scenarios, corroborate analysis results with other 
software, and identify which research areas each program is most 
effective in.  

 

Simulation programs have the advantage of testing different lighting 
scenarios before application by modeling the effects of natural and 
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artificial light within a space. They also contribute to improving visual 
comfort by calculating glare indices such as Unified Glare Rating (UGR) 
and Daylight Glare Probability (DGP) (Davoodi, Johansson, & Enger, 
2014). In recent years, the High Dynamic Ra nge (HDR) imaging 
technique and Evalglare software have been widely used in DGP 
calculations. In the HDR technique, wide brightness ranges are captured 
by combining photographs taken at different exposure values. When 
these images are imported into Evalgla re, the luminance value, 
location, and solid angle magnitude of each pixel are calculated to 
identify potential glare sources.(Suk & Schiler, 2012). In a study by Suk 
and Schiler (2012), data obtained from HDR images were compared 
with Radiance -based simul ation outputs, and discrepancies were 
identified between the methods. This may be due to both the HDR 
imaging technique's inability to accurately record high luminance 
values and the Evalglare software's underestimation of vertical 
illuminance values when processing this data. It is emphasized that 
Radiance -based simulations provide more consistent outputs; therefore, 
integrating illuminance values measured with luxmeters at eye level into 
the simulation software in DGP analyses would increase accuracy (Suk 
& Schiler, 2012).  

Consequently, using the advantages of simulation programs and 
developing a combined approach will contribute to determining glare 
problems in museum lighting. Testing proposed solutions before 
implementation allows for the early identification of problems,  providing 
more realistic decisions regarding time, visual comfort, and cost.  

Table 1. Comparison of Simulation Programs  

Program  Properties  Advantage
s 

Disadvantages  Area of Usage  

 
 
DIALux & 
Relux 

-Fast visualization  
-Basic UGR and 
energy analyses  

-User- 
friendly  
-Practical 
solutions  

-Limited physical 
accuracy  
-Insufficient for 
in-depth 
analyses  

-Architectural 
lighting 
projects  
-Early design 
stages  

 
 
Radiance 
Based 
Softwares  

-Physically -based 
simulation  
-High accuracy  
-DGP 
calculations  

-High 
academic 
reliability  
-Detailed 
analysis 

-More complex 
to use  
-Longer 
computation 
time  

-Academic 
research  
-Detailed 
lighting 
analysis 

 
 
 
DesignBuilder  

-Integrated 
building 
simulation: 
daylight, energy, 
comfort  

-Multi -
parameter 
analysis  
-Combines 
energy, 
lighting, 

-High license 
cost  
-Requires 
technical 
expertise  

-Sustainability 
studies  
-Energy 
efficiency 
analysis 
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and 
comfort  

 
 
HDR & 
Evalglare  

-Glare analysis 
from HDR images  
-Pixel-based 
calculations  

-Use of real 
environmen
t images  
-Visual-
oriented 
analysis 

-Inconsistencies 
in some 
measurements  

-Glare 
detection 
studies  
-Visual comfort 
assessment  

 

CONCLUSION 

This study examined glare problems that occur frequently in museums 
and techniques for their detection. According to the findings, glare 
prevention depends on the selection of appropriate analysis methods, 
architectural design, and lighting decisions. Dayl ight Glare Probability 
(DGP) and Unified Glare Rating (UGR) methods provide a quantitative 
representation of glare caused by different light sources. At the same 
time, High Dynamic Range (HDR) and Imaging Luminance Measuring 
Device (ILMD) techniques suppor t this data, increasing the reliability of 
the analyses. However, as noted in the literature, inconsistencies can 
occur when transferring data obtained from these methods to 
simulation programs. The main reasons for this are that HDR images do 
not always a ccurately record high luminance values, and that software 
like Evalglare underestimates the vertical illuminance parameter (Suk & 
Schiler, 2012). Furthermore, difficulties in accurately transferring the 
colors of the space, the properties of the materials used, the reflectivity 
of the surfaces, and the positions of the displayed objects to the 
software can lead to differences between real -world conditions and the 
simulation environment. Furthermore, the variability of daylight due to 
season, time, and weath er conditions limits the real -world experience of 
the results obtained. At this point, developing a hybrid approach is 
important because it allows for comparison between software. Using 
different detection methods together, taking into account object types , 
material properties, and spatial conditions, will yield more reliable results. 
This allows for the testing of different scenarios using simulation programs 
and the evaluation of proposed solutions before implementation. 
Potential risks and technical erro rs can be identified, resulting in savings 
in time, effort, and cost. In conclusion, evaluating glare problems in 
museum lighting from a holistic perspective has significant implications 
for both improving visual comfort and improving the clarity of exhibi ted 
works. 
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ABSTRACT  

The rate of increase in energy consumption, carbon emissions, and 
resource usage has brought the integration of innovative approaches 
and strategies, such as biological systems, into architecture to the 
forefront. Photobioreactors (PBR) are living technolo gies that utilize the 
photosynthetic processes of microalgae to convert carbon dioxide, 
produce oxygen, and simultaneously generate biomass. These features 
make them systems that not only provide environmental benefits but 
also aesthetic and functional con tributions. Photobioreactors, on the 
�I�D�o�D�G�H���� �U�R�R�I�����R�U�� �G�H�V�L�J�Q�H�G�� �D�V���V�H�S�D�U�D�W�H���P�R�G�X�O�H�V���� �S�U�R�Y�L�G�H�� �E�H�Q�H�I�L�W�V�� �V�X�F�K��
as daylight, shading, and improved air quality control. Furthermore, they 
offer opportunities for circular resource utilization, such as wastewater 
treatment and reuse, and the utilization of biomass for energy 
production or various industrial products. Therefore, these systems, as a 
tool of sustainable architecture, can be considered holistic systems 
providing not only energy efficiency but also suppor ting and adapting 
to ecological cycles. They present a hybrid solution that contributes to 
the aesthetic, functional, and social dimensions of architecture. The 
literature contains studies exploring the advantages of microalgae in 
many different areas. Thi s research aims to evaluate studies in the 
literature that utilize photobioreactor technology using different 
methods and, based on various application examples, to reveal the 
advantages and limitations of this technology. The study evaluates 
current desig n strategies and research areas for photobioreactors.  This 
study brings together existing knowledge to provide a foundational 
framework for future research and highlights the potential of PBR 
technology in the construction sector. The review concludes tha t 
interdisciplinary collaboration, pilot -scale testing processes, studies, and 
applications show that with the practical integration of this technology, 
its widespread adoption in buildings has high potential to increase in the 
future.  
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INTRODUCTION  

Today, rapidly increasing urbanization, growing population density, and 
rising energy demand have made the concept of sustainability a priority 
in the architectural discipline. Fossil fuel resources are the main cause of 
the escalation in carbon emissions,  leading to climate change and the 
depletion of water resources. Therefore, the construction sector has a 
significant role in designing aesthetic and functional buildings and 
settlements, and in providing environmental sustainability. The 
operations of bui ldings account for 30% of global final energy 
consumption and 26% of global energy -related emissions (8% from direct 
emissions within buildings and 18% from indirect emissions related to 
electricity and heat production used in buildings) (IEA, 2023).This r eality 
necessitates architects to consider not only visual and functional 
aspects but also environmental impacts in their design processes.  

Sustainable architecture has goals such as increasing energy efficiency, 
using renewable resources, selecting materials compatible with 
ecological cycles, and creating healthy living spaces. In recent years, 
nature -integrated solutions, biomimicry, and the  integration of 
renewable energy systems into buildings have come to the forefront. 
Photobioreactor ( PBR) technology comes forward as a system offering 
innovative and multifaceted contributions to sustainable architecture. 
Photobioreactors are systems that  allow microalgae to grow in a 
controlled environment. Microalgae absorb atmospheric CO �• through 
photosynthesis, produce oxygen, and accumulate organic matter 
called biomass. This biomass can be used in various fields, such as 
biofuels, food additives, cosmetics, and pharmaceutical products. 
Microalgae also perform a natural purification proc ess by consuming 
nitrogen, phosphorus, and other nutrients in wastewater. In this respect, 
FBR systems offer multifaceted benefits in terms of energy, water 
management,  and environmental sustainability (Chisti, 2007; Quintana 
et al., 2011).  

In architecture, photobioreactors are mostly integrated as transparent 
or semi -transparent building envelope components or separate 
standing modules. These systems control daylight, provide shading in 
interior spaces, and provide energy efficiency. Further more, improving 
indoor air quality through microalgae allows occupants to enjoy a 
healthier environment. Photobioreactor systems contribute to 
architectural aesthetics in terms of sustainability and ecological 
awareness, giving buildings an innovative iden tity.  
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The BIQ House project, built in Hamburg, Germany, is the first 
comprehensive application of photobioreactors in architecture. 
�0�L�F�U�R�D�O�J�D�H���S�D�Q�H�O�V���L�Q�W�H�J�U�D�W�H�G���L�Q�W�R���W�K�H���E�X�L�O�G�L�Q�J�
�V���I�D�o�D�G�H���V�H�U�Y�H�G���V�K�D�G�L�Q�J��
and energy production functions. The resulting biomass met the energy 
requirements of the building. Also, pilot studies conducted in Singapore 
and South Korea have demonstrated the effectiveness of microalgae -
based systems in terms of both energy efficiency and wastewater 
management. For example, Choe & Han (2022)  showed via mock -up 
�F�X�O�W�L�Y�D�W�L�R�Q�� �V�H�W�W�L�Q�J�V�� �L�Q�� �6�R�X�W�K�� �.�R�U�H�D�� �W�K�D�W�� �I�D�o�D�G�H-integrated microalgae 
panels improve shading, reduce internal heat gain, and enhance 
spatial sustainability. Woo, Lee & Suk Lee (2022) modeled 
photobioreactor -integrated vertical louvers a nd found potential for 
reduced cooling loads while maintaining daylighting. Additionally, Park 
et al. (2019) implemented a pilot -scale cultivation using exhaust gas in 
Korea, showing that microalgae systems can produce biomass while 
mitigating emissions an d improving environmental performance. These 
projects demonstrate the applicability of photobioreactors in 
architecture and their contribution to sustainable design.  

�,�Q�W�H�J�U�D�W�L�R�Q���R�I���S�K�R�W�R�E�L�R�U�H�D�F�W�R�U���W�H�F�K�Q�R�O�R�J�\���L�Q�W�R���D�U�F�K�L�W�H�F�W�X�U�H���L�Q���7�•�U�N�L�\�H���L�V��
still at an early stage. However, considering the high isolation potential, 
rising energy costs, and water management challenges, PBR systems 
offer significant opportunities for the future. Photobioreactor 
applications in university campuses, libraries, office buildings, and public 
spaces are crucial for improving environmental performance and 
optimizing energy and water consumption. Besides the benefits such as 
reduction of energy co nsumption and carbon emissions, management 
of wastewater, improving indoor air quality, and creation of aesthetic 
buildings, limitations classified as high initial investment costs, 
maintenance requirements, and user awareness are disadvantages of 
this system. This study aims to evaluate current theoretical and practical 
studies aimed at improving the performance of photobioreactor 
systems in buildings, improving climatic conditions, improving indoor air 
quality, and increasing energy efficiency, based on e xisting literature 
and sample applications.  

Photobioreactor systems offer innovative solutions that support 
ecological balance, increase energy efficiency, and improve user 
health in the cities of the future. In this context, the integration of 
microalgae into architecture creates a significant oppo rtunity for the 
broader implementation of sustainable design approaches.  

The study aims to evaluate how the ecological contributions of 
microalgae, classified as CO2 absorption, oxygen production, and 
biomass formation through their photosynthesis, can support building 
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energy efficiency and indoor air quality enhancement. The study is 
based on current literature covering the typologies of microalgae 
biotechnology and PBR systems, and theoretical, experimental, and 
simulation -based research obtained from academic sources such as 
ScienceDirect, Elsevier, and Frontiers was examined. In this context, the 
integration of PBRs into on-building facades, window systems, and 
interior applications was evaluated; their contributions to energy 
consumption, shading effect, and indoor a ir quality were discussed. As 
a method, applications at different scales (facade, window, interior) 
were analyzed through a literature review, and the CO �• reduction rates, 
biomass production data, and energy simulation results obtained in 
experimental studies were comparatively examined. In the final stage, 
the findings were synthesized, and the ecological, energy, and indoor 
air quality contributions of PBR integration in architecture were 
presented within a holistic framework.  

2.Microalgae and Photobioreactor  

Like other photosynthetic organisms, microalgae convert solar energy 
into chemical energy. Algae are single -celled or multicellular 
microscopic organisms that constitute the primary producers of aquatic 
ecosystems. More than forty thousand species of micro algae have been 
identified worldwide, and most of them are highly nutritious. The large 
surface area of microalgae enables faster nutrient uptake and 
accelerates cell growth (Fig ure 1a) (Okomoda et al., 2021).  

Many microalgae species are used in biofuel production due to their 
high lipid yields. Compared to other biofuels, microalgae -derived 
biofuels offer advantages such as non -seasonality, ease of large -scale 
biomass production, biological degradability, and r enew ability 
(Okomoda et al., 2021).  

Algae used as biomass continue to grow through photosynthesis while 
simultaneously releasing the oxygen required for the respiration of living 
organisms into the atmosphere. The most critical process here is 
photosynthesis because the amount of carbon rele ased during 
bioenergy production from biomass equals the amount of carbon 
absorbed by microalgae during their growth. As a result, atmospheric 
CO �• levels and the greenhouse effect do not increase. Additionally, 
one -third of the world's plant biomass consis ts of microalgae. Therefore, 
the active use of algae in bioenergy production is of great importance 
���.�•�N�G�D�P�D�U����������������            
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 Figure 1a.  

There are both open and closed culture environments for microalgae 
growth. Photobioreactors ( PBRs) are closed systems that allow 
microalgae to grow in a controlled environment (Figure 1b). These 
systems allow microalgae to grow efficiently by controlling parameters 
such as light, carbon dioxide, temperature, and nutrients. PBRs provide 
higher yields and biomass quality compared to open pond types.  

     
 Figure 1b.  

Photobioreactors are applied in buildings, in transparent or semi -
transparent encapsulations integrated into the building envelope 
(Figure 1c). These systems filter sunlight, providing shading indoors and 
also contributing to cooling energy savings. Furthe rmore, improving 
indoor air quality through microalgae allows occupants to enjoy a 
healthier environment. Photobioreactor systems also contribute to 
architectural aesthetics in terms of sustainability and ecological 
awareness, giving buildings an innovativ e identity (Reynolds, 2014).  
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Figure 1c.  

2.1. Literature Review :  

Algae have a role in providing the carbon dioxide and oxygen balance 
through photosynthesis and also contribute to energy production. 
Therefore, the integration of algae with photobioreactor systems in 
buildings with high energy consumption and their appli cability in urban 
areas have been extensively studied in the literature. Chew et.al. (2021) 
argue that the power needed to improve cities and achieve energy 
neutrality lies in the use of algae. They state that all countries should 
research and utilize alga e species and technologies to identify the 
challenges of using algae and improve the quality of life of cities and 
people.  

Kim (2013) investigated the performance in the carbon dioxide, oxygen, 
and renewable energy production of photobioreactor systems through 
experiments and simulations with the variation of algae species, climate 
�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����D�Q�G���I�D�o�D�G�H���R�U�L�H�Q�W�D�W�L�R�Q�V�����7�K�H study concluded that the 
system is adaptable and customizable to different parameters. In their 
study, Haghir, Tashakori, Rezazadeh, and Ahmadi (2020) argue that 
equipping urban streets with microalgae bioreactor systems could be a 
solution for both visua l appeal and for reducing urban air pollution. This 
study proposes implementing this system on the walls of Enghelab Street 
in Iran, and a prototype microalgae bioreactor is installed on a wall on 
that street for measurement. The study observed that the in stalled 
bioreactor absorbed an average of 22.55% of carbon dioxide per day 
over six days, which is considered a good indicator for reducing urban 
air pollution.  

Microalgae absorb CO �• through photosynthesis and produce oxygen, 
and this process can be used to improve indoor air quality. 
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�0�D�U�W�R�N�X�V�X�P�R���� �.�R�H�U�Q�L�D�Z�D�Q���� �3�R�H�U�E�R���� �$�U�G�×�D�Q�L���� �D�Q�G�� �.�U�L�V�D�Q�W�L�� �������������� �D�L�P�H�G��
to reduce greenhouse gas emissions, energy consumption, and solar 
glare by using algae in buildings, which is one of the primary causes of 
energy consumption. In this context, in the new p roject of the ITB 
Innovation Park (IIP), the building's energy consumption and 
environmental impacts are being examined through modeling and a 
comprehensive literature review. A comparison of three types of building 
facades revealed that, the photobioreact or system did not significantly 
reduce the cooling load, but it positively influenced the building's indoor 
air quality through increased oxygen production.  

Han et al. (2023) investigated the CO �• absorption capacity of the 
microalgae species Spirulina maxima under conditions limited in 
NaHCO �Ž. Their results indicated that these microalgae could play a 
significant role in enhancing indoor air quality. Supporting this, Arora 
(2024) reviewed various approaches for integrating microalgae into 
building facades and concluded that such implementation s not only 
improve indoor air quality but also provide additional benefits, including 
increased energy efficiency and ae sthetic enhancement. Together, 
these studies highlight the potential of microalgae -based 
photobioreactor systems as a multifunctional tool for sustainable 
building design.  

 Kim et al. (2025) stated that integrating microalgae into building 
facades is effective in improving indoor air quality and that these 
systems offer potential for increasing energy efficiency.  

Microalgae have significant potential in sustainable energy production 
due to their high biomass production capacity, rapid growth rate, and 
low environmental impact. Photobioreactors ( PBRs) optimize biomass 
production by cultivating microalgae under controlled conditions and 
can utilize this biomass for biofuel production.  

Microalgae are known as a source for bioenergy production, such as 
biodiesel and biogas. Bora et al. (2024) comparatively examined lipid 
accumulation and biomass yield of microalgae cultivated in 
conventional nutrient media versus nutrient -rich wastewater.  
Experimental results showed that using wastewater increased total 
biomass yield by approximately 18% and reduced nutrient input costs by 
35%, demonstrating both economic and environmental advantages.  

In their experimental study, Tripathi et al. (2025) used a two -staged 
photobioreactor ( PBR) configuration under a laboratory environment to 
increase microalgal biomass production. The two -stage system 
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increased lipid content by 12 �²15% compared to single -stage systems, 
indicating a higher potential for bioenergy yield.  

Furthermore, Gurreri et al. (2024) investigating industrial type PBR systems 
highlighted  the benefit of continuous operation which could sustain a 
�G�D�L�O�\�� �E�L�R�P�D�V�V�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� �������� �N�J���P�ò���� �Z�K�L�O�H�� �H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�� �S�H�U��
unit biomass was reduced by 20% compared to conventional methods.  

2.2. Architectural Integration of Microalgae and Photobioreactors  

Han et al. (2023) examined the CO �• absorption performance of Spirulina 
maxima. They examined the ability of microalgae -based 
photobioreactors ( PBRs) in indoor air quality enhancement in a NaHCO �Ž-
limited environment with photobioreactor systems. Three scenarios with 
different nutrient types were created, classified as standard, 50% 
NaHCO �Ž, and no NaHCO �Ž, and cell growth was monitored for 30 days. 
In the study, researchers measured indoor CO �• concentrations, up to 
1100 ppm. Without NaHCO �Ž in the environment, CO �• levels decreased 
by  55%, while at very high CO �• concentrations (10,000 ppm), the 
reduction reached up to 90%. Cell growth was higher in the environment 
without NaHCO �Ž compared to other configurations. Computational 
fluid dynamics simulations with Ansys Fluent were conducted, validating 
the air diffusion and placement of sensors. These results suggest that 
optimizing both nutrient conditions and air flow can significant ly 
enhance the effectiveness of microalgae -based CO �• mitigation in 
indoor environments.  

Kim, Parrow, and Kheirkhah Sangdeh (2025)  experimentally investigated 
the carbon capture potential of integrating microalgae 
photobioreactors (PBRs) into building facades. The study specifically 
evaluated the performance of Chlorella and Chlorococcum species. 
Experimentally, the daily biomass prod uction of Chlorella was measured 
at 175 mg/L -day, while that of Chlorococcum was 80 mg/L -day.  

The research indicates that these systems, when combined with net -zero 
energy buildings, can contribute to sustainable urban development.  

Arora et al. (2024) conducted a review study on building -integrated 
microalgae photobioreactors ( PBRs). The study analyzes different 
�I�D�o�D�G�H�� �L�Q�W�H�J�U�D�W�L�R�Q�� �G�H�V�L�J�Q�V�� �F�R�Q�V�L�G�H�U�L�Q�J�� �O�L�J�K�W�� �S�H�Q�H�W�U�D�W�L�R�Q���� �S�D�Q�H�O��
orientation, and microalgae growth conditions.  Furthermore, the review 
emphasizes that PBR systems can utilize wastewater with nutrients, 
simultaneously supporting water purification and reducing operational 
costs. The shading effect provided by the panels helps with passive 
cooling.  
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Optimization studies showed that annual CO �• sequestration varied 
�E�H�W�Z�H�H�Q�� ������������ �N�J�� �D�Q�G�� �������������� �N�J�� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �3�%�5�� �I�D�o�D�G�H��
configuration. According to the literature review, PBR designs 
maintained daylight penetration above 50%.  They also supported 
optimal indoor thermal comfort conditions. These  findings indicate that, 
with proper design and configuration, microalgae photobioreactor 
�I�D�o�D�G�H�V���F�D�Q���H�Q�K�D�Q�F�H���F�D�U�E�R�Q���F�D�S�W�X�U�H���F�D�S�D�E�L�O�L�W�L�H�V���D�Q�G���P�D�L�Q�W�D�L�Q���L�Q�G�R�R�U��
environmental quality. Overall, FBR systems are identif ied as a versatile 
and effective solution for promoting sustainability and energy efficiency 
in buildings.  

Hariyanto et al.'s (2022) study is an important study that comprehensively 
examines the effects of microalgae -based photobioreactors (PBRs) on 
�L�Q�G�R�R�U���D�L�U���T�X�D�O�L�W�\�����7�K�H���V�W�X�G�\���L�Q�G�L�F�D�W�H�V���W�K�D�W���P�L�F�U�R�D�O�J�D�H���I�D�o�D�G�H�V���L�P�S�U�R�Y�H��
indoor air quality through CO �• absorption and oxygen production, 
thereby improving the health and comfort of building occupants. The 
research, conducted using literature review and case studies, evaluated 
�W�K�H�� �U�R�O�H�� �D�Q�G�� �S�R�W�H�Q�W�L�D�O�� �R�I�� �P�L�F�U�R�D�O�J�D�H�� �I�D�o�D�G�H�V�� �L�Q�� �E�X�L�O�G�L�Q�J�� �G�H�V�L�J�Q���� �7�K�H��
findings dem onstrate th �D�W�� �P�L�F�U�R�D�O�J�D�H�� �I�D�o�D�G�H�V�� �L�Q�F�U�H�D�V�H�� �F�R�P�I�R�U�W�� �E�\��
improving indoor factors such as natural lighting, temperature, humidity, 
and acoustic comfort, while also contributing to building energy 
efficiency. These systems, which optimize air quality through CO �• 
absorption and oxygen production, are emerging as a key tool in 
sustainable architecture. The research demonstrates the potential of 
microalgae -based systems to both improve indoor air quality and 
increase energy efficiency, highlighting the importance of  their 
integration in future building designs.  

The BIQ (Bio Intelligent Quotient) house is one of the primary projects with 
�E�L�R�U�H�D�F�W�L�Y�H���I�D�o�D�G�H�V�����7�K�H���%�,�4���K�R�X�V�H���S�U�R�M�H�F�W���W�H�D�P���E�H�J�D�Q���Z�L�W�K���W�K�H���L�G�H�D��
that algae colonies are efficient carbon dioxide absorbers and biomass 
producers, reducing the negative impacts  of climate change in cities 
while simultaneously generating on -site energy for the structures they 
adorn.  

�7�K�H���E�L�R�U�H�D�F�W�L�Y�H���I�D�o�D�G�H�����F�D�O�O�H�G���6�R�O�D�U�/�H�D�I�����J�H�Q�H�U�D�W�H�V���U�H�Q�H�Z�D�E�O�H���H�Q�H�U�J�\��
from algae biomass and solar thermal heat. Specifically, the BIQ house 
�L�Q�� �+�D�P�E�X�U�J�� �I�H�D�W�X�U�H�V�� �������� �P�ò�� �R�I�� �D�O�J�D�H-filled bioreactive panels, which 
provide the building with all the energy it nee ds while reducing carbon 
dioxide (CO2) emissions by 6 tons per year. This pilot project exemplifies 
a building -integrated system that absorbs CO2 emissions while 
cultivating microalgae to produce biomass and heat as renewable 
energy sources. The photosynth etic environment is provided by glass 
photobioreactors installed on the southwest and southeast sides. This 
innovative system also highlights the full potential of this technology by 
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integrating additional functions such as dynamic shading, thermal 
insulation, and noise reduction. Thanks to this system, the BIQ house can 
operate as a carbon sink using algae to capture CO2 while 
simultaneously generating energy in a carbon -neutral manne r. For these 
reasons, it represents a good practice for future building development 
to foster a low -carbon urban future and shape better cities to live and 
work in.  

Strategically, algae can improve the sustainability and environmental 
health of all types of new or existing buildings (residential, public, 
commercial, industrial) as bioreactor systems, as they can naturally 
absorb CO2 due to their higher photosynthetic efficiency.  

Pasikanti, V. (2023) systematically addressed the potential application of 
photobioreactors in real -world conditions by discussing the literature on 
microalgae biofuel production together with architectural applications.  

The research analyzed variations with different microalgae species, 
bioreactor designs, and cultivation conditions with technical -economic 
analyses in three distinct geographical scenarios, supplemented by 
laboratory and field data, numerical modeling, and  simulations. These 
scenarios represent different climates and building types in the UK, 
Europe, and India. Parameters such as CO �• absorption, oxygen 
production, biomass production, and energy efficiency of microalgae 
PBRs in each scenario, indoor visual a nd climatic comfort factors such 
as natural lighting, indoor temperature, and humidity control were 
investigated.  

The study shows that integrating microalgae PBRs into buildings offers 
environmental and energy benefits, including CO �• absorption, biomass 
production, and passive heat management through shading and light 
filtering. Biomass can also be converted into biofuel, reducing fossil fuel 
use. However, challenges such as high initial costs, maintenance, energy 
grid integration, an d performance uncertainties limit widespread 
adoption. Pasikanti (2023) suggests strategies like optimized reactor 
designs, sensor -based monitoring, dynamic control, and life cycle -
based economic planning to address these issues. Overall, the thesis 
demonstrates that microalgae PBRs can enhance energy efficiency, 
support CO �• absorption, and improve indoor air quality in future 
buildings.  

Negev et al.'s (2019) experimental and numerical study is one of the 
pioneering studies that experimentally demonstrates the potential of 
microalgae photobioreactors (PBRs) to increase energy efficiency in 
buildings. This study was conducted in a field set ting in Tel Aviv, Israel. It 
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evaluated the performance of microalgae PBR panels, called "Algae 
Window," integrated into building facades during the summer months. 
The primary objective of the research is to optimize energy consumption 
by reducing the heat load from facades through the  photosynthetic 
activity of microalgae and thus reducing indoor cooling requirements. 
Microalgae PBR panels were integrated into building facades, and 
indoor and outdoor temperatures, solar radiation, indoor cooling load, 
and photosynthetic activity of mic roalgae cultures were measured in 
detail at different times and days. These measurements were 
systematically recorded to determine the heat absorption capacity of 
microalgae and its impact on building energy performance. The 
experimental process consisted of microalgae density, light penetration, 
and temperature tolerance monitoring.   The research showed that 
microalgae PBR panels reduced the heat load on building facades by 
up to 15% in summer by filtering natural light and providing shading. 
These findin gs reveal that microalgae PBR panels are an effective tool 
for passive thermal management and can support energy savings in 
buildings. Therefore, this study highlights the benefit of integrating 
microalgae PBRs into architectural designs from both technica l and 
biological perspectives, serving as a reference in the literature for its 
combined evaluation of energy savings, improvement of indoor air 
quality, and environmental benefits.  

3. CONCLUSION 

This study examined how photobioreactor (PBR) technology can be 
applied in sustainable building design. Microalgae -based PBR systems 
can capture CO �• under controlled conditions, produce oxygen, 
generate biomass, and assist in wastewater treatment. These benefits 
can enhance building energy efficiency, reduce carbon emissions, and 
improve indoor air quality.  

In architectural design, although PBR systems are integrated into 
building envelopes or interior spaces with typical transparent 
encapsulations, there is still potential for new technologies to be 
adopted to these configurations to enhance energy efficienc y, water 
management, creating healthy indoor air. In addition to their functional 
benefits, photobioreactor panels give buildings a sustainable and 
ecological features and aesthetical apperiance, allowing designs to 
achieve a strong identity both visually and environmentally, such as The 
BIQ House in Hamburg, with microalgae panels integrated into its 
�I�D�o�D�G�H���� Experimental studies  conducted  in Japan, China, and Europe 
have also demonstrated the effectiveness of PBR systems in energy 
production and wastewater management. These examples highlight 
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the potential of PBR technology to provide aesthetic value, energy 
savings, and environmental sustainability in buildings.  

Although the application of this system can cause limitations such as 
high investment costs, maintenance, and specialized expertise 
requirements, its benefits in terms of energy savings, reduction of carbon 
emissions, and wastewater treatment make it an ad vantageous 
architectural configuration to be easily integrated into the built 
environment and buildings. User awareness and the aesthetic 
integration of the system into the building design are also crucial for its 
overall performance and widespread usage.  

Therefore, the widespread adoption of photobioreactors, presenting 
advantages of biomass production, water recovery, energy 
consumption, and carbon emission reduction, improved indoor air 
quality, and design of an aesthetic building envelope, will support 
sustainable architecture in both environmental and economic 
dimensions.  
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BIOMATERIALS AND INTERIOR ARCHITECTURE: THE CONNECTION 
BETWEEN SUSTAINABILITY, FUNCTIONALITY, AND AESTHETICS 

�û�•�N�U�D�Q���%�•�ü�U�D���h�0�h�7�/�h1, 

1 TOBB University of Economics and Technology, sumutlu@etu.edu.tr  

ABSTRACT  

This study dives into how biomaterials are being woven into the fabric of 
interior design, highlighting their role in promoting sustainability, 
functionality, and a rich aesthetic experience. Sourced from renewable 
and often biodegradable materials, biomat erials are gaining 
recognition as dynamic elements that actively shape our indoor spaces, 
rather than just being passive building blocks. They bring a host of 
benefits to the table, such as regulating temperature and sound, 
improving air quality, and addin g both tactile and visual appeal, all of 
which enhance environmental performance and the overall 
experience for occupants. However, there are still hurdles to overcome, 
including issues like limited durability, sensitivity to moisture, fire safety 
risks, high costs, and a lack of standardization that hinder their broader 
use. To get a clearer picture, a systematic review of literature from the 
last twenty years was carried out, examining peer -reviewed articles, 
conference papers, and academic books. The sea rch was guided by 
�N�H�\�Z�R�U�G�V�� �O�L�N�H�� �´�E�L�R�P�D�W�H�U�L�D�O�V���µ�� �´�V�X�V�W�D�L�Q�D�E�O�H�� �L�Q�W�H�U�L�R�U�� �G�H�V�L�J�Q���µ�� �´�I�X�Q�F�W�L�R�Q�D�O��
�D�Q�G�� �D�H�V�W�K�H�W�L�F�� �S�U�R�S�H�U�W�L�H�V���µ�� �D�Q�G�� �´�K�H�D�O�W�K�\�� �L�Q�G�R�R�U�� �H�Q�Y�L�U�R�Q�P�H�Q�W�V���µ��
Additionally, ten case studies from residential, commercial, and public 
spaces were analyzed, focusing on material types, production methods, 
functional performance, aesthetic impact, and sustainability outcomes. 
A thematic analysis brought together the findings, emphasizing 
environmental impact, functional benefits, aesthetic qualities, and user 
well -being . The results show that biomaterials �³ such as mycelium 
composites, bamboo, cork, algal panels, and cellulose -based 
products �³ offer significant ecological, functional, and aesthetic 
benefits. They pave the way for low -carbon, renewable, and 
biodegradable desi gn solutions while boosting user comfort and 
engagement through biophilic design principles. Incorporating 
biomaterials into design education not only raises awareness about 
choosing sustainable materials but also emphasizes their practical use. 
This study highlights how biomaterials can serve as powerful tools in 
modern interior design, effectively linking ecological responsibility with 
functionality and enhancing sensory experiences.  

Keywords : Biomaterials, Sustainable Interior Design, Functional 
Performance, Aesthetic Experience, Design  
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INTRODUCTION  

Materials have always played a crucial role in driving innovation and 
change in architectural design. In the past, decisions about design were 
mainly influenced by factors like structural strength, durability, and cost -
effectiveness. But lately, with press ing global issues like climate change, 
resource depletion, and environmental pollution, the focus has shifted 
towards sustainability in material selection. This change means we now 
look at materials not just as structural elements but also as ecological, 
social, and experiential contributors (Ashby, 2021; Callister & Rethwisch, 
2007). Nowadays, materials are far from being mere building blocks; 
they actively influence human health, environmental impact, and the 
overall experience of spaces.  

The evolution of materials science clearly shows this shift. For a long time, 
�P�D�W�H�U�L�D�O�V���Z�H�U�H���H�Y�D�O�X�D�W�H�G���P�D�L�Q�O�\���R�Q���W�K�H�L�U���´�E�X�O�N�µ���S�U�R�S�H�U�W�L�H�V�����I�R�F�X�V�L�Q�J���R�Q��
large -scale factors like density, strength, hardness, and elasticity. 
However, since the late 20th century , advancements in technology 
have revealed that how materials perform is influenced not just by these 
macro -scale traits but also by their surface properties, microstructure, 
and even nanoscale features (Callister & Rethwisch, 2007). This deeper 
understand ing has led to the need for considering environmental and 
functional aspects alongside traditional mechanical properties in 
design. In this light, eco -conscious material selection has become 
increasingly important, especially in the fields of architecture and interior 
design (Ashby, 2021).  

In this ever -changing landscape, biomaterials �³ sourced from 
renewable natural resources, biodegradable, and generally safe for 
both human health and the environment �³ are stepping up as vital 
alternatives. When you stack them against traditional materials, 
biomaterials shine with their ecological benefits, like a smaller carbon 
footprint, recyclability, and support for circular design principles. Plus, 
they enhance our spaces by naturally regulating temperature, adding 
texture, scent, and visual variety . 

This unique blend makes biomaterials a crucial choice in interior design, 
balancing sustainability, functionality, and aesthetics. The impact of 
biomaterials on interior performance is quite broad. They help create 
healthier living spaces with features like humidity control, improved air 
quality, and natural thermal and acoustic insulation (Miller, 2021; Wang, 
2020). Green and White ( 2020) showed that natural fibers not only boost 
sound insulation but also foster warm and welcoming interiors. Their 
variety in texture and appearance also enhances how users perceive 
their surroundings (Smith & Jones, 2021). So, biomaterials bring not just 
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environmental benefits but also experiential and aesthetic value. 
However, there are some hurdles to the widespread use of biomaterials. 
Issues like moisture sensitivity, biological degradation, limited 
mechanical strength, fire safety, scalability, and cost can complicate 
their sustainable application (Lee & Park, 2022;  Zhao, Chen, & Wu, 2021).  

The literature suggests various solutions to tackle these challenges, such 
as hybrid materials, coating techniques, and industrial processing 
�P�H�W�K�R�G�V�� ���2�·�&�R�Q�Q�R�U���� �������������� �<�H�W���� �W�K�H�� �O�D�F�N�� �R�I�� �V�X�I�I�L�F�L�H�Q�W�� �V�W�D�Q�G�D�U�G�V�� �D�Q�G��
certification processes continues to be a majo r roadblock to the 
broader acceptance of biomaterials (Sydor et al., 2021).  

�/�D�W�H�O�\���� �W�K�H�U�H�·�V�� �E�H�H�Q�� �V�R�P�H�� �H�[�F�L�W�L�Q�J�� �S�U�R�J�U�H�V�V�� �L�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O��
applications, especially with mycelium composites, plant -fiber -
reinforced biopolymers, and natural fiber panels. These innovations 
have shown great promise, not just in terms of technical aspects like 
thermal and acoustic insulation and mechanical strength, but also in 
how they enhance our experience of space with their biophilic qualities 
and natural aesthetics (Almpani -Lekka et al., 2021; Sydor et al., 2021). It 
seems that biomaterials could not only serve as viable alternatives in the 
future but might also become a key player in sustainable interior design. 
However, the literature points out a couple of significant gaps. For one, 
�Z�K�L�O�H�� �W�K�H�U�H�·�V���D�� �O�R�W���R�I�� �I�R�F�X�V���R�Q�� �W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O�� �S�H�U�N�V���R�I�� �E�L�R�P�D�W�H�U�L�D�O�V����
�W�K�H�U�H�·�V���V�W�L�O�O���D���O�D�F�N���R�I���U�H�V�H�D�U�F�K���W�K�D�W���G�L�Y�H�V���L�Q�W�R���K�R�Z���W�K�H�\���L�P�S�D�F�W���R�X�U���L�Q�W�H�U�L�R�U��
experiences, aesthetic percepti ons, and even user health (Miller, 2021). 
Additionally, the role of biomaterials in educational settings �³ specifically 
how design students gai n material knowledge and embrace nature -
integrated design approaches �³ �K�D�V�Q�·�W���E�H�H�Q���W�K�R�U�R�X�J�K�O�\���L�Q�Y�H�V�W�L�J�D�W�H�G. 

This makes biomaterials a timely and important area for both academic 
and practical exploration. This study aims to take a deep dive into the 
functional, aesthetic, and sustainable contributions of biomaterials in 
interior design. By reviewing existing literature and analyzing selected 
case studies, it will investigate production methods, applications , 
benefits, and limitations of these materials. The goal is to systematically 
uncover which design priorities biomaterials can address and the 
conditions under which they can be effectively utilized. In doing so, it 
highlights not just how biomaterials can  tackle global environmental 
challenges but  also their potential to redefine the landscape of interior 
design.  

BACKGROUND 

Materials science has long played a crucial role in shaping the core 
principles of architecture and interior design. In the past, research mainly 
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concentrated on the volumetric and structural aspects of materials. 
However, with the rapid pace of technological advancements, we've 
seen a shift towards focusing on surface, microstructural, and nanoscale 
properties when assessing performance (Callister,  2007). This evolution 
has broadened our understanding of materials, moving beyond just 
durability and structural integrity to also consider flexibility, energy 
efficiency, environmental impact, and lifespan.  

As global discussions around the climate crisis, resource depletion, and 
environmental responsibility intensify, sustainability has emerged as a key 
theme in architecture and design. As a result, sustainable materials have 
become essential to modern design  strategies. Among these, 
biomaterials have gained significant attention and are increasingly 
being studied as a vital category within sustainable materials. These 
materials are biodegradable, environmentally friendly, and primarily 
sourced from renewable resources, blending ecological responsibility 
with practical use and  providing a viable alternative to traditional 
materials (Hench & West, 1996). Initially, biomaterials found their niche in 
biomedical applications, but their use in architecture and interior design 
has surged in recent years (Jones, 2014).  

Research shows that biomaterials can enhance indoor environments by 
regulating humidity, improving air quality, and providing thermal 
insulation (Smith & Lee, 2018; Wang, 2020). These benefits directly impact 
the quality of life for users and align with hu man -centered design 
principles. In the realm of interior design, biomaterials stand out for their 
unique blend of aesthetic appeal, functionality, and sustainability.  

The existing literature explores various types of biomaterials and their 
influence on interior performance from multiple angles. For example, 
mycelium -based panels offer lightweight and adaptable structures, 
allowing for a variety of geometric designs whil e promoting 
environmental sustainability through their low carbon footprints and 
biodegradability (Elsacker et al., 2020).  Bamboo represents an excellent 
option for applications requiring both durability and flexibility.  It not only 
boosts thermal and acou stic performance but also grows quickly and 
requires low energy for production (Giubilini & Nannipieri, 2019).  
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Table 1. Biomaterials: Applications and Contributions in Interior 
Design  ���������( �O�V�D�F�N�H�U���H�W���D�O������ ���� ���� ������ �����*�L�X�E�L�O�L�Q�L���	 ���1�D�Q�Q�L�S�L�H�U�L�� ������ �� ������ ������ �/�y�S�H�]��

�H�W���D�O������ ���� ������ ���� �����.�• �o�•�N�� �H�W���D�O������ ���� ���� ���� �������.�• �o�•�N�� �H�W���D�O������ ���� �� ������ ���� ���:�D�Q���H�W���D�O������
2022)  

Material 
Type 

Example 
Product / 
Application  

Aesthetic 
Contribution  

Functional 
Contribution  

Sustainability / 
Environmental 
Contribution  

S 

Mycelium  Wall panel  

Organic, 
natural texture; 
biophilic 
warmth  

Lightweight, 
formable; 
adaptable to 
various 
geometries  

Low carbon 
footprint, 
biodegradable  

1 

Bamboo  
Furniture 
(chair, table)  

Natural color 
and texture, 
warm and 
aesthetic  

Durable, 
flexible; thermal 
and acoustic 
insulation  

Fast-growing, 
renewable; low -
energy production  

2 

Cork  
Floor 
coverings, 
panels  

Textural variety; 
natural warmth  

Acoustic and 
thermal 
insulation  

Recyclable, 
biodegradable, 
sustainable  

3 

Cellulose 
Nanocrys
tal  

Furniture or 
surface 
panels  

Textured and 
transparent 
surfaces, 
modern 
aesthetics  

High 
mechanical 
strength; 
surface 
protection  

Bio-based, 
recyclable, and 
low environmental 
impact  

4 

Chitosan  
Antibacterial 
wall coating  

Natural and 
transparent  

Antibacterial; 
improves 
indoor hygiene  

Bio-based, 
sustainable, eco -
friendly  

5 

Algae -
based 
materials  

Lighting 
design, 
decorative 
panels  

Innovative, 
lightweight 
visual effect  

Lightweight, 
flexible, and 
adaptable  

Renewable, low 
environmental 
impact  

6 

Biomaterials bring more to the table than just functional benefits; they 
also enhance the aesthetic appeal of our interiors. Take cork floor 
coverings and panels, for instance �³ they offer a delightful tactile 
experience and a natural look that adds warmth a nd softness, all while 
�E�R�R�V�W�L�Q�J���D�F�R�X�V�W�L�F���D�Q�G���W�K�H�U�P�D�O���F�R�P�I�R�U�W�����/�y�S�H�]���H�W���D�O�������������������� 

Then there are cellulose nanocrystals and chitosan -based materials, 
which not only look great but also pack a punch with their impressive 
�P�H�F�K�D�Q�L�F�D�O�� �V�W�U�H�Q�J�W�K�� �D�Q�G�� �D�Q�W�L�E�D�F�W�H�U�L�D�O�� �S�U�R�S�H�U�W�L�H�V�� ���.�•�o�•�N�� �H�W�� �D�O������ ��������������
Algae -based materials, known for being lightwei ght and flexible, present 
exciting possibilities in decorative and lighting applications, all while 
championing sustainability with their minimal environmental impact . 
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This variety showcases the many ways biomaterials contribute to interior 
design. The table below highlights key types of biomaterials found in the 
literature, along with examples of their applications and their 
contributions to aesthetics, functionality, a nd sustainability. As illustrated 
in the table, biomaterials offer a wealth of benefits in interior design �³ not 
just in terms of environmental sustainability, but also in aesthetics and 
functionality. Research underscores their ability to enhance acoustic 
c omfort, improve air quality, and foster biophilic experiences for users . 

While academic studies often zero in on technical performance, the 
aesthetic, user experience, and sustainability aspects are still somewhat 
overlooked (Almpani -�/�H�N�N�D���H�W���D�O�������������������9�D�å�D�W�N�R���H�W���D�O���������������������7�K�L�V���V�W�X�G�\��
seeks to view biomaterials not just as a cutting -edge material choice but 
as a strategic asset that can transform the aesthetic, functional, and 
social dimensions of interior design, ultimately benefiting both design 
practice and academic inquiry.  

METHODOLOGY 

This study takes a qualitative research approach to explore how 
biomaterials function in interior design, with a keen eye on sustainability, 
aesthetic value, and their effects on human health. The main goal is to 
thoroughly assess how applicable and effect ive these materials are in 
interior spaces while also pinpointing any gaps in existing research. The 
review covers studies published from 2000 to 2025 in peer -reviewed 
journals, conference proceedings, and academic books. Key terms that 
guided the literatu re search included "biomaterials," "sustainable interior 
design," "aesthetic and functional properties," "eco -friendly materials," 
and "healthy indoor environments." This method not only bolsters the 
theoretical framework but also helps us grasp the comple x effects of 
material choices in interior design. To ensure high -quality sources, 
databases like Scopus, Web of Science, ScienceDirect, and Google 
Scholar were utilized. The inclusion criteria focused on studies that 
discussed the production methods, appli cations, and functional 
performance of biomaterials in interiors. The selected literature provided 
insights not just into technical performance but also into aesthetic 
appeal, user experience, and sustainability aspects. This comprehensive 
approach allowed  for a deeper understanding of the multifaceted 
impacts of biomaterials and helped in crafting effective interior design 
strategies. Alongside the literature review, case studies were examined 
to showcase real -world applications of biomaterials in interior  spaces. 
Ten case studies were chosen from residential, commercial, and public 
environments across different regions. The selection criteria emphasized 
innovative uses of biomaterials, references to sustainability, and 
documented impacts on indoor environm ental quality. Each case study 
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was analyzed in detail, focusing on material types, production methods, 
functional characteristics, aesthetic contributions, and design 
outcomes.  

This approach offers essential insights into the pros and cons of using 
biomaterials in real -world settings. The data analysis utilized thematic 
analysis, which helps to categorize information into recurring themes 
and motifs for better understanding (Brau n & Clarke, 2006). The main 
themes identified included sustainability of materials, their aesthetic 
contributions, functionality within interiors, and their effects on human 
health. Additionally, we looked into technical challenges, durability 
issues, biodegradability, and cost factors. By combining literature 
findings with case study examples, we created a solid framework to 
grasp the multifaceted role of biomaterials in interior design. This 
research method allows for a thorough assessment of how biomaterials 
can improve sustainable practices in interior design. The study 
methodically contrasts aesthetic and functional aspects while 
highlighting their potential for integration into future  design strategies. 
We emphasize environmental impact, energy efficie ncy, and user well -
being to stress the significance of making informed material choices.  

The methodological design merges qualitative literature reviews with 
case study analyses, blending theoretical insights with practical 
applications (Creswell & Poth, 2018; Kozlowski, 2020; Zhao, Chen, & Wu, 
2021). Data collection involved document analysis , project portfolios, 
and visual observations. Our evaluation framework covers three key 
areas: sustainability (environmental impact and lifecycle), functionality 
(material performance and user interaction), and aesthetics (visual and 
sensory experience) ( Green & White, 2020; Smith & Jones, 2021).   Lastly, 
the comparative analysis brings together literature and case study 
findings, uncovering patterns, differences, and connections across 
various projects and sources. This integration ensures both academic 
credibility and practical relevance for interior design professionals (Miller, 
2021). 

FINDINGS AND DISCUSSION 

The biomaterials we looked at were assessed based on their aesthetic 
appeal, functionality, and environmental impact, all of which are 
essential elements of sustainable interior design. The findings show that 
these materials are not just notable for their natural origins; they also offer 
a rich variety of experiences, textures, and visual elements from both the 
designer's and user's viewpoints.  
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a.  Sustainability and Environmental Impact  

Research and case studies show that biomaterials offer some impressive 
environmental benefits. Materials like mycelium -based panels, bamboo, 
and bio -based polymers come from renewable sources and are 
biodegradable (Almpani -Lekka, Gkretsi, & Stavroulakis, 2 021; Elsacker, 
�'�X�H�x�D�V�����	���9�D�Q�G�H�O�R�R�N�������������������&�R�P�S�D�U�H�G���W�R���F�R�Q�Y�H�Q�W�L�R�Q�D�O���P�D�W�H�U�L�D�O�V���V�X�F�K��
as plastics, metals, or concrete, these alternatives exhibit significantly 
lower embodied energy and contribute to the reduction of carbon 
footprints (Holt et al., 2021; Smi th & Jones, 2020).   For example, furniture 
made from mycelium composites is not only lightweight but also a low -
carbon option (Jones, Bhat, & Williams, 2020). Additionally, materials like 
cork, bamboo, and algae -based panels are renewable and have a 
smaller environmental impact during their production (Liese, 2006; Pina 
& Silva, 2019; Dufresne, 2012). Using these materials aligns with the 
principles of a circula r economy and helps lessen the ecological 
footprint of buildings (Rashdan & Ashour, 2024) . 
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Table 2. Overview of Biomaterials: Functional, Aesthetic, and 
Environmental Roles in Interior Design  (1; URL1, 2; URL2, 3; URL3, 4; URL4, 

5;URL6, 6; URL6)  

Material 
Type 

Example 
Product / 
Application  

Aesthetic 
Contribution  

Functional 
Contribution  

Sustainability / 
Environmental 
Contribution  

S 

Mycelium  Wall panels, 
furniture  

Organic 
texture, warm 
and biophilic  

Lightweight, 
moldable, 
adaptable to 
various 
geometries  

Low carbon 
footprint, 
biodegradable, 
renewable  

1 

Bamboo  Furniture 
(chairs, 
tables), 
flooring  

Natural color 
and texture, 
warm and 
visually 
appealing  

Durable, 
flexible, 
provides 
thermal and 
acoustic 
insulation  

Fast-growing, 
renewable, low -
energy 
production  

2 

Cork  Flooring, 
wall panels  

Textural variety, 
natural warmth  

Acoustic and 
thermal 
insulation  

Recyclable, 
biodegradable, 
sustainable  

3 

Coquim  
Coconut 
Fibre 

Wall panels, 
furniture, 
interior 
decoration  

Natural, fibrous, 
warm aesthetic  

Lightweight, 
flexible, water 
retention, 
antifungal  

Biodegradable, 
renewable, 
natural latex 
composite  

4 

Chitosan  Antibacteri
al wall 
coating  

Natural, semi -
transparent  

Antibacterial, 
improves 
indoor hygiene  

Bio-based, eco -
friendly, 
biodegradable  

5 

Sensbiom 2 
(Photochromi
c Bioplastic)  

Decorative 
panels, 
lighting, 
installation  

Dynamic, 
responsive 
visual effect  

Changes color  
under UV 
exposure, 
interactive  

Biodegradable, 
plant/mineral -
based pigments  

6 

 

b.  Functionality and Performance  

Biomaterials offer distinct functional benefits in interior applications. 
Mycelium -based products assist in regulating humidity levels, while 
bamboo and natural fiber  composites deliver enhanced durability and 
adaptability (Lee & Park, 2022; Faruk et al., 2012). Additionally, cellulose 
nanocrystals and chitosan are recognized  for their antibacterial 
properties and extended lifespan, contributing positively to both health 
and longevity (Habibi, Lucia, & Rojas, 2010; Ravi Kumar, 2000).  
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Table 3. Case Studies of Biomateria ls: Functional, Aesthetic, and 
Environmental Outcomes in Interior Applications  (1; URL1, 2; URL2, 3; 

URL3, 4; URL4, 5;URL6, 6; URL6)  

Case Study  Material Type  Application  
Functional 
Outcomes  

Aesthetic / 
Experiential 
Outcomes  

Environmental 
Outcomes  

S 

Mushroom 
Mycelium 
Furniture  
Netherland
s 

Mycelium  
Wall panels, 
seating  

Lightweight
, moldable, 
humidity 
regulation  

Organic 
texture, 
biophilic 
warmth  

Biodegradable
, low carbon 
footprint  

1 

Bamboo 
Interior 
Elements 
Japan   

Bamboo  
Furniture, 
flooring  

Durable, 
thermal/ac
oustic 
insulation  

Warm, 
natural visual 
appeal  

Fast-growing, 
renewable  

2 

Cork 
Acoustic 
Panels 
Spain  

Cork  Wall panels  
Acoustic 
insulation  

Soft, tactile, 
natural 
aesthetics  

Biodegradable
, recyclable  

3 

Coquim 
Coconut 
Fibre  
Brazil 

Wall panels, 
furniture, 
interior 
decoration  

Natural 
texture, 
fibrous, 
warm 
aesthetic  

Lightweight
, flexible, 
water 
retention, 
antifungal  

Soft, Organic 
texture, 
biophilic 
warmth  

Biodegradable
, renewable, 
natural latex 
composite  

4 

Chitosan 
Wall 
Coating  
South 
Korea  

Chitosan  Wall finish  
Antibacteri
al, indoor 
hygiene  

Semi-
transparent, 
subtle 
aesthetic  

Biodegradable
, eco -friendly  

5 

Sensbiom 2, 
Netherland
s 

Photochromi
c Bioplastic  

Installation 
Decorative 
panels  

Changes 
color under 
UV 
exposure, 
interactive  

Dynamic, 
responsive 
visual effect  

Biodegradable
, plant/mineral -
based 
pigments  

6 

Research demonstrates that biomaterials possess notable adaptability, 
granting substantial versatility in design applications. Configurations of 
renewable foams, mycelium composites, bamboo, and coconut fibre 
panels can be tailored to meet diverse spatial demands (Mohanty et 
al., 2018; Lee & Park, 2022), thereby directly impacting user comfort and 
contributing to improved interior performance.  

For instance, mycelium panels can regulate humidity while maintaining 
structural lightness, and Coquim coconut fibre panels offer flexibility, 
water retention, and antifungal properties, making them suitable for wall 
coverings, furniture, and interior deco ration. Bamboo provides durability, 
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thermal and acoustic insulation, and a natural aesthetic, reinforcing 
both functional and experiential outcomes in interior spaces.  

The aesthetic and experiential qualities of biomaterials enhance user 
engagement with interiors. Materials such as mycelium, bamboo, cork, 
and Chitosan bring organic textures, tactile warmth, and subtle visual 
variations that align with biophilic design pr inciples. Case studies 
illustrate that interactive materials, like Sensbiom 2 photochromic 
bioplastics, introduce dynamic visual effects by responding to UV 
exposure, adding both playful and functional dimensions to installations 
(Tablo 2. ). This interacti vity fosters user curiosity and can improve spatial 
satisfaction and emotional well -being.  

Moreover, biomaterials support sustainable design objectives. Their 
renewable, biodegradable, and low -carbon properties contribute to 
reducing the environmental footprint of interior applications (Elsacker et 
al., 2020; Liese, 2006).  

For example, integrating bamboo or cork panels into furniture or flooring 
not only ensures durability but also aligns with circular economy 
principles. The combination of functionality, aesthetic appeal, and 
environmental performance demonstrates that biom aterials are not just 
alternatives to conventional materials �³ they are strategic design tools 
capable of creating healthier, more sustainable, and more engaging 
interior environments.  

c.  Aesthetic and Experiential Dimension  

Biomaterials really boost aesthetic appeal by adding a mix of visual and 
tactile elements. With their organic colors, textures, and surface 
variations, they help users feel more connected to nature, which aligns 
perfectly with biophilic design principles. Materials like mycelium and 
bamboo can act as eye -catching focal points, creating visual intrigue 
���*�L�X�E�L�O�L�Q�L���	���1�D�Q�Q�L�S�L�H�U�L�����������������/�y�S�H�]�����0�D�U�W�t�Q�H�]�����	���6�i�Q�F�K�H�]���������������� 

Case studies show how well aesthetic and functional aspects can work 
together. For example, the rich textures and natural shapes of mycelium 
panels in the Netherlands not only enhance the user experience but also 
support sustainability goals (Jones, Bhat, & Williams, 2020; Elsacker et al., 
2020; Mushroom Mycelium Furniture, Table 3). Bamboo interior elements 
in Japan combine natural color, texture, and warmth with durability and 
thermal/acoustic benefits, creating functional and visually pleasing 
surfaces ( Bamboo Interior Elements, Table 3).  

Cork acoustic panels in Spain provide soft, tactile surfaces that 
complement their acoustic insulation, illustrating how functional 
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performance and visual experience can coexist (Cork Acoustic Panels, 
Table 3). Coquim coconut fibre panels in Brazil add fibrous, warm 
textures that are lightweight, flexible, and moisture -regulating, 
enhancing both aesthetic and experiential qualities (Co quim Coconut 
Fibre, Table 3). Chitosan wall coatings in South Korea contribute subtle, 
semi-transparent finishes that combine antibacterial functionality with 
gentle visual enhancement (Chitosan Wall Coating, Table 3).  

Finally, innovative materials such as Sensbiom 2 photochromic 
bioplastics in the Netherlands introduce dynamic, interactive color 
changes under UV exposure, creating visually engaging environments 
while maintaining biodegradable and eco -friendly properties  (Sensbiom 
2, Table 3).  

Overall, these examples illustrate that biomaterials extend beyond mere 
functionality. By integrating organic textures, natural warmth, and 
interactive elements, designers can create interior environments that 
are visually compelling, experientially rich, and environmentally 
responsible, ultimately supporting user well -being and sustainability 
goals.  
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Table 4. Case Studies of Biomateria ls: Functional, Aesthetic, and 
Environmental Outcomes in Design  

Case Study  Material Type  Functional Outcomes  S 

Mushroom Mycelium 
Furniture 
Netherlands  

Mycelium

           

1 

Bamboo Interior 
Elements Japan   

Bamboo

             

2 

Cork Acoustic Panels 
Spain 

Cork 

            

3 

Coquim Coconut 
Fibre  
Brazil 

coconut fibre 

               

4 

Chitosan Wall 
Coating  
South Korea  

Chitosan 

 

             
                             

5 

Sensbiom 2, 
Netherlands  

Photochromic 
Bioplastic 

 

          

6 
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This varied collection of organic materials goes beyond mere 
functionality; it also powerfully reflects the designer's goals. By 
thoughtfully selecting and integrating biomaterials, we can create 
interior spaces that are both contemporary and welcoming. Fo r 
instance, the way light interacts with algae -based panels, or the unique 
textures of renewable foams can really elevate ordinary spaces, 
harmoniously linking architectural design with the natural environment. 
These engaging features not only enhance emot ional ties but also 
support the well -being of those who use the space, emphasizing that 
interior design is about shaping experiences while fulfilling practical 
needs.  

d. Education and Professional Applications  

The variety of biomaterials provides valuable insights for both education 
and professional practice. By focusing on materials, curricula help 
students and designers see how different materials can offer aesthetic 
appeal, functionality, and sustainability ( Wan, Li, & Chen, 2022). Using 
real -world case studies makes it easier to apply theoretical knowledge 
to hands -on projects.  

In the professional realm, it's crucial to encourage collaboration among 
designers, manufacturers, and educators to enhance the practical use 
of biomaterials. Engaging in hands -on experiments and  interdisciplinary 
workshops and getting familiar with new fabrication technologies allows 
everyone involved to make better material choices and adjust design 
strategies to meet changing sustainability goals. This collaborative 
approach fosters a culture o f innovation that not only deepens expertise 
but also speeds up the adoption of fresh solutions tailored to the ever -
evolving needs of interior spaces and user expectations.  

e. Challenges and Limitations  

Biomaterials are up against a few hurdles, like high costs, limited 
production capabilities, and a lack of standardization (Elsacker et al., 
2020; Holt et al., 2021). Cultural acceptance and how users perceive 
these materials can really sway the choices ma de in material selection. 
On the bright side, technological advancements and digital fabrication 
techniques are helping to break down these barriers, paving the way for 
wider use (Sydor & Bonenberg, 2021 )  

Research shows that biomaterials can be seen as a unique category 
that offers sustainable, functional, and visually appealing options in 
interior design. When integrated thoughtfully, they can ensure 
environmental responsibility while keeping user comfort in mind. Plus, 
various case studies back up their real -world effectiveness and the 
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positive experiences they create. Even with ongoing challenges like high 
costs, production limits, and the lack of standardized practices, the field 
of biomaterials is progressing, thanks to technological advancements 
and digital fabrication methods that are making it easier for the indust ry 
to embrace them (Elsacker et al., 2020; Holt et al., 2021; Sydor & 
Bonenberg, 2021 )  

Understanding cultural perspectives and user expectations is also crucial 
for successful implementation, encouraging designers to find a balance 
between innovation and context sensitivity. Ultimately, the evidence 
suggests that biomaterials represent a dis tinct category that can deliver 
sustainability, functionality, and aesthetic appeal in interior design. 
When used thoughtfully, these materials not only meet practical and 
ecological needs but also elevate everyday experiences, as shown by 
a range of case studies. 

CONCLUSION AND ACKNOWLEDGEMENTS  

This research highlights how the use of biomaterials in interior design 
effectively addresses sustainability, practicality, and aesthetics. 
Numerous studies and literature demonstrate that biomaterials not only 
reduce environmental impact but also enhance user comfort, health, 
and overall well -being (Holt et al., 2021; Smith and Jones, 2020). Materials 
such as mycelium -based panels, bamboo, and algae are particularly 
notable for their minimal carbon footprint, renewability, and 
biodegradability, while enhan cing the user experience and 
appearance of interior spaces (Elsacker et al., 2020; Giubilini and 
Nannipieri, 2019). At a functional level, biomaterials excel at improving 
thermal and acoustic insulation, managing moisture, and offering 
antibacterial benefi ts, all of which contribute to improved indoor quality. 
For example, cellulose nanocrystals and chitosan -based materials 
ensure both safety and performance (Habibi, Lucia, & Rojas, 2010; Ravi 
Kumar, 2000). This combination of functionality and user -centere d 
design principles allows for a more holistic approach to interior spaces.  

Biomaterials play a key role in improving thermal and acoustic insulation, 
managing moisture, and providing antibacterial properties, all of which 
contribute to a better indoor environment. For example, materials such 
as cellulose nanocrystals and chitosan  not only ensure safety but also 
enhance performance (Habibi, Lucia, & Rojas, 2010; Ravi Kumar, 2000). 
This research demonstrates that incorporating biomaterials into interior 
design effectively addresses sustainability, functionality, and aesthetics. 
Nume rous studies and real -world examples demonstrate that 
biomaterials can significantly reduce environmental impact while 
improving user comfort, health, and overall well -being (Holt et al., 2021; 
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Smith and Jones, 2020). Notable examples include mycelium panels, 
bamboo, and algae -based materials, which are known for their minimal 
carbon footprint, renewability, and biodegradability, enhancing the 
user experience and visual appeal of interior spaces (Elsacker et al., 
2020; Giubilini and Nannipieri, 2019).  

The study also highlights the strategic role of biomaterials in education 
and professional practice. Incorporating materials -focused curricula 
and case studies encourages informed material choices by enabling 
students to observe and understand aesthetic, f unctional, and 
sustainable properties . 

Looking ahead, ongoing research on innovative production methods, 
combined with a growing awareness of material life cycles,  promises to 
further expand the range of biomaterials available to designers. As 
industry and academia explore interdisciplinary solutions, new standards 
and guidelines are likely to emerge, increasing trust and acceptance of 
bio -based  materials in both commercial and residential environments. 
This forward -thinking mindset not only fosters technical advancement 
but also reinforces the ethical imperative of designing with 
environmental responsibility in mind. By fostering a design culture that 
values  experimentation , inclusivity, and ecological responsibility, the 
field of interior design is poised to meet the changing demands of users 
and the planet.  

In summary, biomaterials effectively integrate sustainability, 
functionality, and aesthetics into interior design. Through informed and 
innovative applications, designers can create spaces that meet both 
environmental standards and user needs. As the indus try progresses, the 
adoption of biomaterials will be a key strategy for achieving responsible, 
visually appealing, and dynamic interior environments.  

REFERENCES  

Almpani -Lekka, D., Gkretsi, V., & Stavroulakis, G. (2021). Environmental assessment 
of mycelium -based composites for building applications. Materials Today: 
Proceedings, 45, 1234 �²1242. https://doi.org/10.1016/j.matpr.2020.12.345  

Almpani -Lekka, D., Gkretsi, V., & Stavroulakis, G. (2021). Mycelium -based 
composites for sustainable interior design: Material properties and applications. 
Fungal Biology and Biotechnology, 8(1), 12 �²25. https://doi.org/10.1186/s40694 -
021-00107-2 

Almpani -Lekka, D., Jones, M., Bhat, T., Moinuddin, M., John, S., & Shah, D. (2021). 
Mycelium composites: A review of engineering characteristics and growth 
kinetics. Sustainable Materials and Technologies, 29, e00297. 
https://doi.org/10.1016/j.susmat.2021. e00297 



 

1112 

T
E

C
H

N
O

LO
G

Y 
/ 

M
A

T
E

R
IA

L /
 S

U
S

T
A

IN
A

B
IL

IT
Y / 
R

E
U

S
E 

   

Almpani -Lekka, D., Papadopoulos, A., & Kalogirou, P. (2021). Mycelium -based 
composites in interior architecture: A sustainable design approach. Journal of 
Sustainable Design, 12(3), 45 �²63. https://doi.org/10.1016/j.susdes.2021.03.001  

Ashby, M. F. (2021). Materials and the environment: Eco -informed material choice 
(3rd ed.). Butterworth -Heinemann.  

Dufresne, A. (2012). Biobased composites and materials: From algae to functional 
panels. Progress in Polymer Science, 37(7), 985 �²1013. 
https://doi.org/10.1016/j.progpolymsci.2012.01.001  

�(�O�V�D�F�N�H�U�����(�������'�X�H�x�D�V�����&�������	���9�D�Q�G�H�O�R�R�N�����6���������������������0�\�F�H�O�L�X�P���P�D�W�H�U�L�D�O�V���D�V���V�X�V�W�D�L�Q�D�E�O�H��
building components: Performance and environmental impact. Sustainable 
Materials and Technologies, 25, e00178. 
https://doi.org/10.1016/j.susmat.2020.e00178  

Faruk, O., Bledzki, A. K., Fink, H.-P., & Sain, M. (2012). Biocomposites reinforced with 
natural fibers: 2000 �²2010. Progress in Polymer Science, 37(11), 1552 �²1596. 
https://doi.org/10.1016/j.progpolymsci.2012.04.003  

Giubilini, A., & Nannipieri, A. (2019). Bamboo interiors inspiration from around the 
�Z�R�U�O�G���� �&�R�Q�G�p�� �1�D�V�W�� �7�U�D�Y�H�O�O�H�U���� �K�W�W�S�V�������Z�Z�Z���F�Q�W�U�D�Y�H�O�O�H�U���F�R�P���J�D�O�O�H�U�\���E�D�P�E�R�R-
interiors-around -the -world  

Giubilini, C., & Nannipieri, G. (2019). Aesthetic evaluation of mycelium panels in 
interior design. Design Studies, 63, 45 �²61. 
https://doi.org/10.1016/j.destud.2019.07.003  

Habibi, Y., Lucia, L. A., & Rojas, O. J. (2010). Cellulose nanocrystals: Chemistry, self -
assembly, and applications. Chemical Reviews, 110(6), 3479 �²3500. 
https://doi.org/10.1021/cr900339w  

Holt, D., Smith, J., & Jones, A. (2021). Circular economy practices and sustainable 
performance. Journal of Environmental Design, 12(4), 101 �²118. 
https://doi.org/10.1016/j.jenvdes.2021.101118  

Jones, M., Bhat, T., & Williams, A. (2020). Engineered mycelium composite 
construction materials from fungal biorefineries: A critical review. ScienceDirect. 
https://doi.org/10.1016/j.matpr.2020.12.345  

Liese, W. (2006). Bamboo: The plant and its uses. Springer Science & Business 
Media.  

�/�y�S�H�]�����-�������0�D�U�W�t�Q�H�]�����3�������	���6�i�Q�F�K�H�]�����0���������������������&�R�U�N���I�D�o�D�G�H�V���D�V���D�Q���L�Q�Q�R�Y�D�W�L�Y�H���D�Q�G��
sustainable approach in architecture: A review of cork materials properties and 
case studies. ResearchGate. https://doi.org/10.13140/RG.2.2.36479.23209  

�.�•�o�•�N���� �(������ �<�×�O�P�D�]���� �)������ �	�� �'�H�P�L�U���� �2���� ���������������� �&�H�O�O�X�O�R�V�H�� �Q�D�Q�R�F�U�\�V�W�D�O�V���� �&�K�H�P�L�V�W�U�\���� �V�H�O�I-
assembly, and applications. ACS Publications. https://doi.org/10.1021/cr900339w  

Ravi Kumar, M. N. V. (2000). A review of chitin and chitosan applications. Reactive 
& Functional Polymers, 46(1), 1 �²27. https://doi.org/10.1016/S1381 -5148(00)00038-9 

Sydor, M., & Bonenberg, L. (2021). Standardization challenges for innovative 
biomaterials. Materials & Design, 204, 109659. 
https://doi.org/10.1016/j.matdes.2021.109659  



 

1113 

Wan, M., Li, X., & Chen, Y. (2022). Algae -based building materials: Applications, 
challenges, and prospects. ResearchGate. 
https://doi.org/10.13140/RG.2.2.36479.23209  

URL_1 https://mogu.bio/mycelium -acoustic -panels/  

URL_2 https://www.moso -bamboo -outdoor.com/product/bamboo -n-durance -
decking/  

URL_3 https://www.azuremagazine.com/article/put -a -cork -in-it-5-design -savvy -
options -in-the -sustainable -material/  

URL_4: https://materialdistrict.com/material/coquim -coconut -fibre/  

URL_5 https://chitolytic.com/chitosan -products -v2/  

URL_6 https://www.dezeen.com/2023/05/22/crafting -plastics -biomaterial -
installation -changes -colour -wth -uv -exposure -design/  



 

1114 

T
E

C
H

N
O

LO
G

Y 
/ 

M
A

T
E

R
IA

L /
 S

U
S

T
A

IN
A

B
IL

IT
Y / 
R

E
U

S
E 

   

AN REVIEW ON THE LEGAL PROCESSES IN ENERGY RETROFITS IN TERMS OF 
THE SUSTAINABILITY OF HERITAGE BUILDINGS IN TURKIYE 

�6�H�U�S�L�O���%�$�û�/�,�/�$�5���$�/�7�8�11�����1�H�V�O�L�K�D�Q���7�h�5�.�0�(�1�2�ø�/�8���%�$�<�5�$�.�7�$�52 

1 �.�•�W�D�K�\�D���'�X�P�O�X�S�×�Q�D�U University, serpil.altun@dpu.edu.tr  

2 Kocaeli University, nturkmenoglu@kocaeli.edu.tr  

ABSTRACT  

Retrofitting existing buildings can reduce energy use significantly and 
may even help reverse global warming. Consequently, laws aiming to 
ensure energy efficiency in new buildings have been extended to 
existing buildings, including historic buildings. Alt hough heritage 
buildings were designed in accordance with passive design parameters, 
they still have potential for energy efficiency achievement with newly 
adopted strategies, with minimal intervention techniques not affecting 
the original historical value . 

This study aims to present the existing international legislation for energy 
retrofitting in heritage buildings, to contribute to improving their 
applicability, and to provide suggestions for specific regional legislation 
to be prepared in the future for T �•�U�N�L�\�H�� 

From the 19th century onwards, conservation and energy legislation 
have been examined through a literature review, and the approaches 
of these laws towards energy retrofitting in heritage buildings have been 
evaluated. It has been determined that historic buildings are excluded 
�I�U�R�P���U�H�J�L�R�Q�D�O���H�Q�H�U�J�\���O�H�J�L�V�O�D�W�L�R�Q���L�Q���7�•�U�N�L�\�H�����,�W���Z�D�V���R�E�V�H�U�Y�H�G���W�K�D�W���G�H�F�L�V�L�R�Q�V��
�R�Q���W�K�L�V���P�D�W�W�H�U���L�Q���7�•�U�N�L�\�H�
�V���F�R�Q�V�H�U�Y�D�W�L�R�Q���O�H�J�L�V�O�D�W�L�R�Q���D�U�H���O�H�I�W���W�R���W�K�H���R�S�L�Q�L�R�Q��
of the Cultural Heritage Conservation Boards, but the necessary 
standards for th e decision -making processes to function properly have 
not been established.  

Since 2010, specific legislations such as the ASHRAE, ICOMOS, and CIBSE 
Guidelines, focusing on energy retrofitting in heritage buildings, have 
been initiated. Among these, it has been concluded that ASHRAE Guide 
34 can be considered a guiding framework in  the process of developing 
�R�U�L�J�L�Q�D�O���H�Q�H�U�J�\���U�H�W�U�R�I�L�W�W�L�Q�J���O�H�J�L�V�O�D�W�L�R�Q���I�R�U���K�H�U�L�W�D�J�H���E�X�L�O�G�L�Q�J�V���L�Q���7�•�U�N�L�\�H�� 

Keywords : Energy efficiency , Heritage buildings , Conservation 
legislation , Energy Legislation  
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INTRODUCTION  

Climate change is currently considered one of the most critical problems 
on a global scale, with its environmental, economic, and social 
dimensions. Fossil fuel use and human activities have caused 
atmospheric carbon dioxide concentrations to increase by 1 .5 times 
�D�Q�G�� �D�Y�H�U�D�J�H�� �J�O�R�E�D�O�� �W�H�P�S�H�U�D�W�X�U�H�V�� �W�R�� �U�L�V�H�� �E�\�� �������� �ƒ�&�� �F�R�P�S�D�U�H�G�� �W�R�� �S�U�H-
industrial levels. The world population is estimated to reach 9.7 billion by 
2050 and 10.9 billion by 2100. As a result, a 50 �²150% increase in carbon 
dioxide emissions, a 1.5 �²�����ƒ�&���Uise in global average temperatures, a sea 
level rise of up to 34 cm, a 50% increase in energy consumption, an 
increase in the frequency of extreme weather events, and water 
scarcity in some regions are expected by 2050  (IPCC, 2025; Kopp et al., 
2014; OECD, 2021; United Nations, 2021) . 

One of the most fundamental strategies to combat climate change is 
energy efficiency. The buildings sector is responsible for approximately 
one -third of global energy consumption  (Berg, Flyen, Godbolt, & 
�%�U�R�V�W�U�|�P�����������������*�D�O�D�W�L�R�W�R�����5�L�F�F�L�X�����6�D�O�H�P�����	���.�L�Q�D�E�����������������+�R�Q�J�����/�D�Q�J�H�Y�L�Q����
& Sun, 2018; Okutan, Kershaw, Fernandez, & Coley, 2018) . 75% of the 
current building stock in the European Union is considered energy 
inefficient  (Gremmelspacher, Pizarro, Jaarsveld, Davidsson, & 
Johansson, 2021) . Retrofitting existing buildings could reduce energy use 
by 50 �²90% and even help reverse global warming (United Nations, 2021) . 
Furthermore, it is estimated that by 2050, approximately 2 billion new 
homes will be built worldwide due to population growth (IPCC, 2025) . All 
these reasons make it necessary to ensure energy efficiency in both 
existing building stock and newly constructed buildings.  

Some of the existing buildings are cultural heritage buildings (Berg et al., 
2017; Okutan et al., 2018) . Although heritage buildings are designed in 
accordance with many passive design principles, they are inadequate 
according to today's energy performance criteria  (Gremmelspacher et 
al., 2021; Li, Sun, Chen, & Yang, 2012) . Therefore, energy retrofitting  in 
heritage buildings is expected to yield effective results (Cho et al., 2020)  
and prevent the abandonment of these buildings (Gremmelspacher et 
al., 2021) . However, when ensuring energy efficiency in heritage 
buildings, it is necessary to be much more sensitive than with existing 
buildings  (Godwin, 2011)  and to use different procedures  (Cho et al., 
2020; Santoli, 2015) . Studies reveal that the issue is multidimensional, 
involving not only technical aspects but also the organization of 
leg islations and implementation -monitoring mechanisms  (European 
Committee for Standardization, 2017; Mazzarella, 2015; Santoli, 2015) . 
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Mazzarella (2015) notes that, because buildings are one of the most 
significant energy consumers in Europe, numerous legislations  have 
been enacted to reduce energy consumption in buildings. However, 
Mazzarella  argues that these legislations  exclude heritage  buildings , 
while international legislations  for the conservation  of heritage buildings 
do not address energy efficiency . Mazzarella emphasizes that energy 
efficiency in cultural heritage buildings should be incorporated into 
policy at the European Union.  De Santoli (2015) reports that a local  
guide line was prepared in Italy in 2014, aiming to ensure energy 
efficiency while fully respecting the cultural value of a building. Santoli 
notes that while this guide line has some shortcomings, it makes 
significant contributions to a harmonious and objective assessment of 
the relationship between energy efficiency and conservation criteria. In 
addition to Italy, some countries such as the United States and the United 
Kingdom have also developed their  local  legislation regarding energ y 
efficiency in heritage buildings. T �•rkiye , due to i ts international 
responsibilities, needs to establish its local legislation s to ensure energy 
efficiency in heritage buildings.  

In this context , the purpose of this study is to present existing universal 
and local legislations for energy retrofits in heritage buildings  through a 
literature review , contribute to improving their applicability, and offer 
suggestions for local legislations  that should be developed specifically 
for T�•rkiye in the near future. Accordingly , this study will examine 
international conferences, summits, declarations, reports, protocols, 
agreements, charters, directives , and guidelines  from the 20th century 
to the present, as well as local the Law, laws, presidential decrees, 
statutes, regulations, and directives . 

THE LEGAL DEVELOPMENT PROCESS OF ENERGY EFFICIENCY AND 
CONSERVATION LEGISLATION 

Milestones of International  Conservation Legislation  

Systematic methods on conservation of heritage buildings started to 
gain acceptance in the 20th century, particularly within Europe, and 
gradually began to spread on an international scale. During this period, 
science -based methods for conservation were de veloped and 
implemented through international conventions, charters, and the 
establishment of institutions ( figure , 1). 

The first significant step in this process was the Athens Charter  (1931), 
which focused on the conservation  of historical monuments. 
Subsequently, with the establishment of the United Nations Educational, 
Scientific and Cultural Organization (UNESCO) in 1945, stronger 
institutional structures were established for the conservation  of cultural 
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heritage at the international level  (UNESCO, 2025). Today, UNESCO 
continues to be one of the most influential actors in the field of cultural 
heritage conservation  in cooperation with the International Council on 
Monuments and Sites (ICOMOS).  

The Venice Charter (1964) expanded the concept of conservation 
beyond the scale of historic monuments, considering buildings together 
with their environment. Moreover, the Charter mentioned that cultural 
value should be preserved not only for their artistic and aesthetic values 
but  also for their significance as historical documents. Due to these 
enhancements, the World Heritage Convention (1972) introduced the 
"world heritage" concept at the international level, and the Declaration 
of Amsterdam (1975) highlighted the "integrity" concept.  

The Granada Convention (1985) gained broad recognition, particularly 
in the context of structural strengthening. The Washington Charter (1987) 
contributed to the improvement of conservation at the urban scale, 
while the Nara Document on Authenticity (1994) emphasized the 
importance of regional and cultural differences in heritage 
�F�R�Q�V�H�U�Y�D�W�L�R�Q���� �7�K�H�� �G�R�F�X�P�H�Q�W�� �H�P�S�K�D�V�L�]�H�G�� �W�K�D�W�� �-�D�S�D�Q�·�V�� �Z�R�R�G�H�Q�� �D�Q�G��
�(�X�U�R�S�H�·�V�� �V�W�R�Q�H�� �D�U�F�K�L�W�H�F�W�X�U�H�� �F�R�X�O�G�� �Q�R�W�� �E�H�� �S�U�H�V�H�U�Y�H�G�� �X�V�L�Q�J�� �W�K�H�� �V�D�P�H��
methods. Thereby, the significance of safeguarding au thenticity was 
underlined . 

In addition, Charter on the Built Vernacular Heritage (1999) contributed 
to the principle of sustainability by emphasizing that the adaptive reuse 
of heritage buildings is only appropriate when it ensures acceptable 
living standards. Since the last quarter of the 20th century, with the 
acceleration of the scientific  and legal frameworks of conservation at 
the international level, numerous legal instruments have been enacted 
to address contemporary issues  (figure, 2)  (ICOMOS, 2025; Mazzarella, 
2015; Young, 2016) . 

Most recently, the 2021 ICOMOS Policy Guidance for Heritage and 
Development Actors in the Context of the Sustainable Development 
Goals has emerged as one of the most comprehensive and up -to -date 
instruments in this field, highlighting energy efficiency and  structural 
strengthening within the broader framework of cultural heritage 
sustainability  (ICOMOS, 2025; Young, 2016) . 
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Figure 1. The Development Process of International  Conservation 
Legislation  

 

Figure 2. Selected Additional International  Conservation Legislation  

Milestones of  Conservation Legislation  in T�•�U�N�L�\�H 

The first legal regulation concerning the conservation of heritage 
buildings in T �•rkiye was the �Ç�V�k�U-�×�� �$�W�v�N�D Regulation of 1906, which 
addressed conservation at the scale of individual monuments ( figure , 3). 
Subsequently, in 1933, the �$�Q�×�W�O�D�U���.�R�U�X�P�D���.�X�U�X�O�X was established, and in 
1951, it was replaced by the �*�D�\�U�L�P�H�Q�N�X�O���(�V�N�L���(�V�H�U�O�H�U���Y�H���$�Q�×�W�O�D�U���.�X�U�X�O�X. 
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Figure 3. The Development Process of Conservation Legislation  in 
�7�•�U�N�L�\�H 

A significant turning point in the concept of conservation occurred in 
1973 with the enactment of the Eski Eserler Kanunu, which shifted 
conservation from the scale of historical monuments to that of 
archaeological and urban sites. In 1983, this law was replaced by Law 
No. 2863 on the �.�•�O�W�•�U�� �Y�H�� �7�D�E�L�D�W�� �9�D�U�O�×�N�O�D�U�×�Q�×�� �.�R�U�X�P�D�� �.�D�Q�X�Q�X, which 
remains in force today. Within this framework, the �.�•�O�W�•�U�� �Y�H�� �7�D�E�L�D�W��
�9�D�U�O�×�N�O�D�U�×�Q�×�� �.�R�U�X�P�D�� �<�•�N�V�H�N�� �.�X�U�X�O�X (KTVKYK), and  the �.�•�O�W�•�U�� �Y�H�� �7�D�E�L�D�W��
�9�D�U�O�×�N�O�D�U�×�Q�×���.�R�U�X�P�D���%�|�O�J�H���.�X�U�X�O�O�D�U�×�����.TVKBK) were established as decision -
making and implementing bodies  (Kayasu, 2018) . Law No. 2863 has 
been updated through various amendments over time, with new 
concepts such as site management being incorporated into the 
legislation. In 1989, the Ministry of Culture was established as the 
competent authority in this field . 

Decree Law No. 644 - �d�H�Y�U�H���Y�H �û�H�K�L�U�F�L�O�L�N���%�D�N�D�Q�O�×�ù�×�Q�×�Q���7�H�ü�N�L�O�D�W���Y�H���*�|�U�H�Y�O�H�U�L��
�+�D�N�N�×�Q�G�D�� �.�D�Q�X�Q�� �+�•�N�P�•�Q�G�H�� �.�D�U�D�U�Q�D�P�H (2011), which indirectly 
influenced conservation legislation, established the Ministry of 
Environment and Urbanisation, transferring the responsibility for the 
conservation  of natural values  to this ministry. As a result, the name of 
the KTVKYK was changed to the �.�•�O�W�•�U���9�D�U�O�×�N�O�D�U�×�Q�×���.�R�U�X�P�D���<�•�N�V�H�N���.�X�U�X�O�X��
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(KVKYK). The name of the KTVKBK was changed to the �.�•�O�W�•�U���9�D�U�O�×�N�O�D�U�×�Q�×��
�.�R�U�X�P�D�� �%�|�O�J�H�� �.�X�U�X�O�O�D�U�×�� ���.�9�.�%�.��. Most recently, in 2021, in order to 
strengthen T �•�U�N�L�\�H's institutional framework for addressing climate 
change, the ministry was redesigned and renamed as The Ministry of 
Environment, Urbanization, and Climate Change . 

Milestones of International  Energy  Legislation  

Since the last quarter of the 20th century, there has been a growing 
tendency to decrease the damaging impacts of human activities on the 
environment, to provide future generations access to conditions and 
resources equal to those of today ( figure , 4). The issue of environment 
and sustainable development was addressed for the first time at a panel 
held in Switzerland in 1971, where it was stated that environmental 
problems are the result of poverty and underdevelopment. Then, the 
First United Nations Confer ence on the Human Environment, held in 
Stockholm in 1972, attracted considerable interest . At the conclusion of 
the conference, the Report of the United Nations Conference on the 
Human Environment was issued  (United Nations, 2025) . 

The universal legal development concerning energy efficiency gained 
momentum following the oil crisis that emerged after the 1973 Yom 
Kippur War, with the oil embargo imposed by OPEC member Arab 
countries on the United States and several other nations. Alt hough the 
primary objective during this period was to ensure economic security 
rather than sustainability, the concept of sustainable development 
began to gain international significance.  

As a result of the United Nations General Assembly held in 1983, the 
report Our Common Future (1987) also known as the Brundtland Report, 
was published, marking a significant milestone. It is stated in the report 
that sustainable development is possible, ensuring the requirements of 
the present without preventing the capability of future generations to 
me et their own needs  (Our Common Future, 1987) . 
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Figure 4. The Development Process of International  Energy  Legislation  

Another international platform drawing attention to the impact of 
urbanization on climate change is the Habitat Conferences of the 
United Nations. At Habitat I, held in 1976, it was stated that 37.9% of the 
�Z�R�U�O�G�·�V�� �S�R�S�X�O�D�W�L�R�Q�� �O�L�Y�H�G�� �L�Q�� �X�U�E�D�Q�� �D�U�H�D�V���� �7�K�L�V�� �I�L�Jure rose to 45.1% at 
Habitat II (1996) and to 54.5% at Habitat III (2016). Moreover, projections 
of these conferences point out that two -�W�K�L�U�G�V���R�I���W�K�H���Z�R�U�O�G�·�V���S�R�S�X�O�D�W�L�R�Q��
will be living in cities by 2050. Consequently, it is emphasized that both 
healthy urb anization and mitigating the unwanted effects of climate 
change are necessary  (Meath, 2023; United Nations, 2025) . 

In addition, in 1988 the Intergovernmental Panel on Climate Change 
(IPCC) was established as a body of the United Nations with the aim of 
providing regular assessments on the scientific basis of climate change, 
its impacts and future risks, as well as opti ons for adaptation and 
mitigation (IPCC, 2025; Meath, 2023; United Nations, 2025) . The IPCC 
publishes reports approximately every 6 �²7 years under three main 
headings: The Physical Science Basis , Impacts, Adaptation and 
Vulnerability , and Mitigation of Climate Change . 

The United Nations Conference on Environment and Development, 
focusing on sustainable development, was held in Rio de Janeiro in 1992 
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with the participation of 179 countries (117 heads of state). During this 
conference, several international agreements were signed, comprising 
the Convention on Biological Diversity, the United Nations Framework 
Convention on Climate Change (UNFCCC), and A genda 21 ���$�N�J�•�O����
2010). One of the significant results of the UNCED Conference was 
Agenda 21, suggesting new approaches to invest in the future for 
achieving overall sustainable development in the 21st century . The UN 
Framework Convention on Climate Change highlights main strategies as 
preventing the greenhouse effect, promoting energy efficiency, and 
slowing down or halting the adverse impacts of climate change, such 
as global warming  (Ellison, Mosley, & Helman, 2017; United Nations, 
2025). 

The Kyoto Protocol was an important step taken to combat global 
warming and climate change by agreeing to reduce greenhouse gas 
emissions below 1990 levels  (Kyoto Protocol, 1997; United Nations, 2025) . 
Following the 2002 World Summit on Sustainable Development held in 
Johannesburg, South Africa, a 153 -article document was published. The 
document addressed more effective strategies than those previously 
developed, including cooperation on issues such as w ater, energy, 
health, and biodiversity, access to energy in regions without electricity, 
and increasing the use of renewable energy sources  (Koch, 2003; 
Nepsha et al., 2024; United Nations, 2025) . 

The Paris Agreement was adopted by 195 Parties at the UN Climate 
Change Conference (COP21) in Paris. The Paris Agreement is a 
milestone in the multilateral climate change process. The Agreement 
encompasses targets such as reducing greenhouse gas emissions by 
2���������W�R���N�H�H�S���W�K�H���L�Q�F�U�H�D�V�H���L�Q���J�O�R�E�D�O���W�H�P�S�H�U�D�W�X�U�H���Z�H�O�O���E�H�O�R�Z�����ƒ�&�����D�Q�G���W�R��
�S�X�U�V�X�H�� �H�I�I�R�U�W�V�� �W�R�� �O�L�P�L�W���L�W�� �W�R�� �������ƒ�& (Dritsaki, Niklis, & Stamatiou, 2021; The 
Paris Agreement, 2015) . By signing the Paris Agreement in 2021, T �•�U�N�L�\�H 
undertook to meet the 2050 targets. In this context, T �•�U�N�L�\�H announced 
at the 27th Conference of the Parties (COP 27) held in 2022 that it aims 
to achieve net -zero emissions by 2053. T�•�U�N�L�\�H has emphasized the 
importance of policies such as increasing energy efficiency to achieve 
this net zero target ���7���&�����'�×�ü�L�ü�O�H�U�L���%�D�N�D�Q�O�×�ù�×��������������. 

9 out of the 17 United Nations Sustainable Development Goals  (2015) are 
directly related to the built environment. This is because today, 
approximately 40% of global carbon emissions and more than 30% of 
global final energy consumption originate from the built environment, 
�Z�K�L�F�K���D�O�V�R���F�R�Q�V�X�P�H�V���Q�H�D�U�O�\���K�D�O�I���R�I���W�K�H���Z�R�U�O�G�·�V���Q�D�Wural resources  (Wbcsd, 
2021). This situation has increasingly highlighted the importance of 
energy efficiency improvements in historic buildings. In recent years, 
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several regulations and standards have been developed to enhance 
the energy performance of historic buildings ( figure, 5 ). 

 

Figure 5. Selected Additional International  Energy  Legislation  

�,�Q�� �W�K�L�V�� �U�H�J�D�U�G���� �W�K�H�� �$�P�H�U�L�F�D�Q�� �V�W�D�Q�G�D�U�G�� �´�$�6�+�5�$�(�� �*�X�L�G�H�O�L�Q�H�� �������² Energy 
�*�X�L�G�H�O�L�Q�H���I�R�U���+�L�V�W�R�U�L�F���%�X�L�O�G�L�Q�J�V�µ�����W�R�J�H�W�K�H�U���Z�L�W�K���W�K�H���(�X�U�R�S�H�D�Q���8�Q�L�R�Q�·�V���´�(�1��
16883 �² Conservation of Cultural Heritage - Guidelines for Improving the 
�(�Q�H�U�J�\�� �3�H�U�I�R�U�P�D�Q�F�H�� �R�I�� �+�L�V�W�R�U�L�F�� �%�X�L�O�G�L�Q�J�V�µ, are among the most 
important recent regulations addressing energy efficiency and cultural 
heritage conservation within an integrated framework  (Dritsaki et al., 
2021; Mazzarella, 2015) . 

Milestones of  Energy  Legislation  in T�•�U�N�L�\�H 

The first step taken in the field of energy in T �•�U�N�L�\�H (figure , 6) was the 
establishment of the �(�O�H�N�W�U�L�N���ú�ü�O�H�U�L���(�W�•�W���ú�G�D�U�H�V�L���*�H�Q�H�O���'�L�U�H�N�W�|�U�O�•�ù�• in 1935. 
In 1963, the Ministry of Energy and Natural Resources was founded, and 
within this framework, the aforementioned administration was affiliated 
with the ministry and renamed the �(�O�H�N�W�U�L�N�� �ú�ü�O�H�U�L�� �(�W�•�W�� �ú�G�D�U�H�V�L�� �*�H�Q�H�O��
�0�•�G�•�U�O�•�ù�• (Zeytinli, 2010) . 

 
















































































































































































