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PREFACE

Cultural heritage plays a significant role in driving sustainable urban
development. As both an economic and cultural asset, it stimulates
economic growth, enhances urban livability, and contributes to
environmental adaptability. Moreover, the reuse of abandoned or
underutilized heritage buildings and cultural landscapes offers a
practical alternative to demolition, bypassing the wasteful processes of
destruction and new construction, and thus prolonging the lifespan of
cultural assets.

The adaptive reuse of cultural heritage can be instrumental in
circularizing the flows of energy, raw materials, and human and cultural
capital. In this regard, it plays a vital role in the transition towards a
circular economy. Beyond its environmental significance, adaptive
reuse also generates substantial economic, social, and cultural benefits.
Reusing historic buildings, sites, and landscapes enables diverse
communities to attach new meanings and values, strengthening local
identity and shared urban memory.

Recent UNESCO policy frameworks reaffirm the central role of culture
in sustainability and resilience. The MONDIACULT 2022 Declaration
redefines culture as a “global public good” and a fundamental
dimension of sustainable development, emphasizing its relevance for
climate action, digital transformation, and inclusive governance.
Similarly, the Re|Shaping Policies for Creativity Global Report (2022)
emphasizes the need for innovative cultural policies and cross-sectoral
strategies to integrate culture into sustainable development agendas.
Complementing these efforts, the UNESCO Culture|2030 Indicators
framework (2019), implemented globally from 2020 onward) provides
a robust evidence base for assessing the contribution of culture to the
Sustainable Development Goals (SDGs), encouraging data-driven
decision-making for cultural heritage management and adaptive reuse.

However, existing regulatory and planning tools are often not flexible
enough to allow sustainable and circular transformation processes.
Financial resources and funding schemes—Iargely dependent on public
budgets—remain limited worldwide. Therefore, transforming cultural
heritage and landscapes from being perceived as a financial burden into
becoming a shared resource for collective memory, social inclusion,
and sustainable growth has become an urgent necessity.

To achieve this, flexible, transparent, and participatory management
tools are required to leverage the transformative potential of cultural
heritage and to foster adaptive reuse practices. Cities must adopt



governance approaches that embrace complexity, encourage
collaboration among diverse stakeholders, and view heritage as a
dynamic infrastructure that evolves in response to societal needs and
environmental imperatives.

Adopting a circular economy and sustainable development perspective,
this book aims to address this critical gap in the field of architecture and
the built environment. It introduces innovative economic and
environmental models, as well as digital and analytical techniques, that
can be effectively employed in the adaptive reuse of historic buildings.
By linking theoretical perspectives with practical applications, the book
demonstrates how architectural practice can contribute to the transition
toward a circular, low-carbon, and culturally resilient future.

The chapters compiled within this volume explore this theme from
multiple perspectives. Case studies such as Thermal Heritage in
Transition: Kiikiirtlii Bath, Bursa, Tiirkiye exemplify the integration of
heritage conservation with environmental performance and adaptive
reuse. Methodological and technological contributions—including
Circular Economy Principles in Preface

Cultural heritage is increasingly recognized as a catalyst for sustainable
urban development and a cornerstone of the circular economy. As both
an economic and cultural asset, it contributes to economic vitality,
enhances urban livability, and supports environmental adaptability. The
adaptive reuse of underutilized or abandoned heritage buildings and
landscapes offers a compelling alternative to demolition, as it avoids
resource-intensive construction processes while extending the lifespan,
functionality, and meaning of cultural assets.

This approach resonates with the principles of the circular economy,
where flows of energy, materials, and cultural capital are reconfigured
to minimize waste and maximize value. Adaptive reuse not only
mitigates environmental impacts but also generates significant
economic, social, and cultural benefits. By reactivating heritage assets,
communities can reconnect with their past, foster inclusive urban
narratives, and strengthen their collective identities.

UNESCOQO’s Culture: Urban Future report (2016) first emphasized that
“culture is both an enabler and a driver of sustainable development,”
highlighting the transformative potential of heritage in shaping resilient
cities. Building upon this foundation, the Policy Document on World
Heritage and Sustainable Development (2015) called for heritage-based
strategies that integrate environmental, economic, and social
dimensions through inclusive governance and adaptive reuse. More



recently, the MONDIACULT 2022 Declaration reaffirmed culture as a
global public good and a core dimension of sustainability, directly
linking it to climate action, digital transformation, and social inclusion.
The Re|Shaping Policies for Creativity Global Report (2022) further
expanded this perspective by emphasizing the need for innovative
cultural policies and cross-sectoral frameworks that integrate culture
into sustainable development agendas. Complementing these policy
directions, UNESCQ’s Culture|2030 Indicators Framework (2019-
2023) provides evidence-based metrics to evaluate the contribution of
culture to the Sustainable Development Goals (SDGS), promoting data-
driven and accountable decision-making for cultural heritage
management. Together, these instruments reaffirm that adaptive
reuse—when grounded in circular and sustainable principles—can
serve as a powerful mechanism for resilience, creativity, and inclusive
growth.

Despite this growing recognition, regulatory frameworks and planning
tools often lack the flexibility to support circular and sustainable
transformation processes. Financial constraints—especially the reliance
on public funding—further limit the scope of adaptive reuse initiatives.
As noted in the European Commission’s Horizon 2020 CLIC Project
(2020), unlocking the potential of cultural heritage requires “innovative
governance models, circular business strategies, and participatory
financial mechanisms” that treat heritage not as a cost, but as a
regenerative resource.

To reposition cultural heritage as a foundation for circular practices,
cities must adopt transparent, adaptive, and engaging tools to manage
change while embracing complexity. This calls for a paradigm shift that
sees heritage not as static memory, but as dynamic infrastructure for
sustainability.

This book, Contemporary Approaches in Architecture: The Role of
Architecture in the Circular Economy, responds to this urgent need. It
brings together innovative models, methodologies, and case studies that
demonstrate how architectural practice can integrate circular economy
principles, particularly through the adaptive reuse of historic buildings.
The book bridges environmental, economic, and cultural dimensions,
offering a forward-looking framework for architects, planners, and
policymakers committed to shaping resilient and regenerative cities.

The volume opens with the chapter “Thermal Heritage in Transition:
Kiikdirtlii Bath, Bursa, Tiirkiye," which exemplifies how the adaptive
reuse of historic thermal architecture can balance conservation with



technological modernization. Subsequent chapters expand this focus to
broader sustainability frameworks, such as "Circular Economy
Principles in Building Construction Management: Pathways to
Sustainability” and "Adaptive Re-use of Heritage Buildings: A
Cornerstone for Circular Economy in the Built Environment.”

The book’s middle section explores the integration of BIM-based and
digital LCA tools, presenting methodological frameworks and case
applications, including Life Cycle Assessment of a Cultural Heritage
Building in Turkey Based on Digital Modeling: Integration of
ArchiCAD and One Click LCA, and The Use of Life Cycle Assessment
Tools in the Restoration of Historical Buildings: The Case of
OpenLCA.

Further contributions—such as Assessing Sustainability of a Turkish
Cultural Heritage Building through Revit Tally-Based Life Cycle
Analysis, and Comparative Analysis of Life Cycle Assessment Results
Conducted Using Different Software in the Kiikiirtlii Historical Bath
Building—critically evaluate methodological compatibilities and
limitations. These analyses are complemented by discussions on
integrating LCA and LCC approaches to assess alternative structural
systems, as well as explorations of artificial intelligence and textile
waste reuse in the context of architectural circularity.

The final chapters, including Circular Economy and Life Cycle
Assessment (LCA) Based on Physico-Chemical Effects in Pneumatic
(Inflatable) Structured Sports Buildings: Bursa Case Study, expand the
discourse to contemporary building technologies and emerging
materials, bridging heritage conservation with innovation-driven
design.

Through these interdisciplinary contributions, the book positions
architecture at the forefront of the circular transition—bridging
environmental science, digital technology, cultural heritage
management, and economic innovation. By uniting academic rigor with
practical applicability, it offers scholars, practitioners, and
policymakers a robust framework for rethinking how the built
environment can become a regenerative agent within the circular
economy paradigm.

This volume was developed within the editorial framework of the
Journal of Architectural Sciences and Applications (JASA), which
began its publication in 2016. Since 2021, JASA Editorial Board
Members have overseen the publication of highly valuable e-books that
make meaningful contributions to the architectural discipline. In 2024,



in collaboration with IKSAD Publishing House, a series of English-
language, peer-reviewed international e-books will be produced to
serve the evolving needs of architectural research and practice.

With this volume, we aim to deepen awareness of circular economy
principles in architecture, highlight the transformative potential of
adaptive reuse, and offer a concrete academic contribution to the field.
The call for chapter submissions received a wide range of applications,
from which 14 were critically selected through a rigorous peer-review
process. We extend our sincere gratitude to all individuals and
organizations who contributed to the completion of this book—
including the authors, reviewers, IKSAD Publishing House, and Prof.
Dr. Atila Giil, the General Coordinator of the Architectural Sciences
book series.

We would like to express our sincere gratitude to all chapter authors for
their intellectual contributions, dedication, and collaboration
throughout the preparation of this volume. We are also indebted to the
peer reviewers for their constructive feedback, which greatly enhanced
the academic quality of the book. Our appreciation extends to the
institutions and research centers that provided support and resources
during the editorial process, as well as to the publishing team for their
professionalism and patience. Any remaining shortcomings are entirely
our own.
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1. Introduction

Bursa, one of the ancient cities of Anatolia, stands out with its multi-
layered history extending from the Roman to the Ottoman periods. One of
the city’s most defining characteristics has always been its rich thermal
resources. During the Roman period, baths were not only spaces for
hygiene and health but also important centers of social life (Sehitoglu,
2008). This tradition continued during the Byzantine period; monumental
structures such as the Basilicae Thermae reflected the culture of health and
sociability in the city. In the Ottoman era, baths and thermal buildings
became important foci of urban development, while the Cekirge and
Kiikiirtlii districts emerged as prominent centers of treatment, cleanliness,

and social interaction (Erer, 2004) (see Fig. 1).
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Flgure 1. View of the New Thermal Baths Kara Mustafa Pasha,
Kaynarca, and Sulfurous Thermal Baths from the Mudanya Road in 1894.




The Kiikiirtlii Bath is one of the most tangible examples of this continuity.
Its origins date back to the Roman period; its function was expanded
during the Byzantine era as a bath complex, and it was reconstructed
during the reign of Sultan Murad I. Further extensions were made in the
time of Bayezid Il and Suleiman the Magpnificent, revealing the historical
layers of the structure. Archival sources even indicate that Suleiman
himself was treated here and, after recovering, ordered the domes to be
covered with lead, a fact that demonstrates the building’s place not only in

health but also in political and social memory (Erer, 2004) (see Fig. 2).

Figu e 2. Kkl'irth'i Kaplicasi (Uludag University, 2024)
2. Historical Development

By the sixteenth century, the complex had been enlarged in accordance
with the classical Ottoman hamam sequence, incorporating the camekéan
(changing hall), sogukluk (intermediate/warm zone), and sicaklik (hot
room), a layout consistent with the established typology of Ottoman baths
(Goodwin, 2003; Erer, 2004). In the nineteenth century, as European
balneology advanced, Bursa’s thermal facilities underwent modernization.
At Kiikiirtlii, the introduction of sira banyolar (serial, cell-like bathing
units) constituted one of the first applications of this typology in Turkey
(Basoglan, 2010). Contemporary accounts note extensions executed with

materials and technical expertise imported from Italy, aligning the




complex with the protocols of modern European spa culture. The addition
of hotel rooms further recast the site as a combined treatment and

accommodation facility (Kilig, 2011) (see Fig. 3).
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Figure 3. Construction activities of the thermal spring according to
periods (Basoglan, 2010)

During the Republican period, the bath was nationalized in 1978 and
incorporated into Uludag University in 1981, becoming the first
university-affiliated thermal treatment center in Turkey (Uludag
University, 2024).

Architecturally, Kiikiirtli presents a multi-layered palimpsest formed
through successive extensions over time. An initial two-room nucleus
expanded into the classical Ottoman arrangement, and in the nineteenth
century, it absorbed serial baths and hotel rooms, giving the complex the
character of a modern health facility (Erer, 2004). The gardens, fountains,
pools, and planted areas enhanced the site’s amenity while embedding it
within the urban landscape and civic life (Kilig, 2011) (see Fig. 4). In terms

of fabric, cut stone, brick, and timber dominate the historic phases; the




domes exhibit traditional Ottoman masonry, whereas nineteenth-century
additions register selective Western influences in detailing and program.
For the deeper, longue-durée context of bathing culture and typological
continuities from Roman and Byzantine precedents to the Ottoman period,
see Yegiil’s foundational synthesis (1992), which helps situate Kiikiirtlii

within a broader Mediterranean tradition.

T e *: ) A V.
Figure 4. Garden, pools, and green infrastructure articulating the
complex’s civic and landscape presence ( Kilig, 2011)




3. Heritage, Adaptation and Sustainability

The Kiikiirtli Bath is not only a monument of cultural continuity but also
an evolving socio-technical system that has practiced sustainability and
circularity long before these were formalized as design doctrines. Its
architectural and functional evolution—from a modest dual-chamber
structure in the fourteenth century to today’s university-affiliated health
and rehabilitation center—demonstrates uninterrupted adaptive reuse,
material circularity, and life-cycle extension. In this sense, Kiikiirtlii
operates as a “living organism,” continually adjusting to shifting social,
medical, and environmental expectations while preserving its spatial logic
and cultural meaning.

3.1 Life-cycle thinking and material circularity

Circularity in the built environment aims to retain value by minimizing
waste, extending the service life of products, and reusing resources
(Pomponi & Moncaster, 2017; Geissdoerfer et al., 2017). Read through
this lens, seven centuries of incremental adjustments at Kiikiirtli illustrate
life-cycle thinking by design: rather than demolition and replacement, the
complex grew through targeted additions and programmatic integrations
that conserved embodied cultural and material capital.

Material choices reinforce this circular logic. Locally sourced cut stone,
brick, lime mortar, and timber were selected for availability, durability,
and thermal performance. Classic studies demonstrate that material
selection and reuse potential significantly influence whole-life energy
needs (Thormark, 2006), while high thermal inertia assemblies can reduce
operational loads (Cabeza et al., 2014). The domed spaces, built with

traditional Ottoman masonry, offer both structural stability and passive




thermal regulation. Nineteenth-century sira banyolar were added without
erasing earlier phases, producing a stratified identity. This additive method
resonates with what Brambilla et al. (2020) term a “heritage-based circular
approach,” in which adaptation secures continuity rather than rupture;
similarly, Fivet & Briitting (2023) stress material reuse and planned
maintenance cycles as primary drivers of sustainability.

Within historic architecture, adaptive reuse extends service life and limits
demolition waste (Bullen & Love, 2011; Conejos, Langston, & Smith,
2013). Kiikiirtlii’s transition from imperial bath to modern medical spa
exemplifies this “strategic adaptation” (Langston et al., 2008), where new
functions—whether the enlarged camekan in the Bayezid Il period or
nineteenth-century hotel rooms—responded to contemporary health
paradigms while retaining the spatial core. Regular, like-for-like
maintenance of domes, vaults, and wall surfaces further aligns with Life
Cycle Assessment (LCA) thinking; evidence from heritage-LCA studies
suggests that conservation-led strategies can materially reduce whole-life
carbon when indicators are explicitly tracked (Zanni et al., 2019).

3.2 Energy, water, and regenerative systems

Ottoman bathhouses were early exemplars of energy and water efficiency,
leveraging geothermal sources and passive design. At Kiikdirtli,
geothermal water from Bursa’s springs underpins a quasi-closed loop of
heat supply, distribution, and recovery (Lund, 2010; Mertoglu et al., 2015).
Heated water channelled through ductwork and thermal masses serviced
bathing, space conditioning, and atmospheric regulation with minimal

exogenous energy.




The spatial hierarchy—sogukluk, 1liklik, sicaklik—functions as passive
thermal zoning, anticipating contemporary low-carbon strategies that
privilege zoned conditioning, thermal mass, and buoyancy-driven
ventilation. As Lucchi (2022) notes, many historic typologies embed
“passive intelligence” that can be paired with modern monitoring to create
hybrid systems balancing authenticity and performance. Today’s
rehabilitation program continues this logic by reusing geothermal energy
for hydrotherapy and heating; the ensemble of treatment cabins, small and
large thermal pools, and therapeutic baths demonstrates how technological
upgrades can be integrated without destabilizing the ecological
equilibrium (Erer, 2004; Kilig, 2011).

Landscape elements act as environmental infrastructure. Gardens,
fountains, pools, and planted courtyards mediate microclimate, enhance
comfort, and support psychological well-being—values the Florence
Charter (1981) recognizes as intrinsic to historic gardens. Recent discourse
links such restorative environments to biophilic regeneration, positioning
heritage sites as catalysts for urban ecological renewal (Lucchi, 2022;
ICOMOQOS, 2019).

3.3 Social and cultural sustainability

Heritage sustainability is also social: it concerns continuity of use, cultural
memory, and community well-being. Historically, Ottoman baths
functioned as social condensers, among the few public venues where
women participated actively in urban life (Ergin, 2015). These practices of
ritual purification, conviviality, and care align with contemporary notions
of social sustainability within circular-economy frameworks (Geissdoerfer
etal., 2017).




Kiikirtlii’s ongoing public-health role sustains intangible heritage—not
only the built form but also the living practices and shared meanings that
recur in place. In Halbwachs’ terms, collective memory is reproduced
through repeated social action; Smith (2006) similarly frames heritage as
an active cultural process rather than a static artifact. The complex’s
inclusive operation aligns with UN SDG 11 (Sustainable Cities and
Communities) (UN, 2015). Under Uludag University, Kiikiirtlii has
become a hybrid socio-ecological institution, bridging historical identity
with clinical research and education. This interdisciplinary model
resonates with the New European Bauhaus and the European Green Deal,
which invite culture, science, and sustainability to co-produce a built
environment oriented toward health, beauty, and ecological responsibility
(European Commission, 2021; ICOMOQOS, 2019).

In sum, Kiikiirtli demonstrates how heritage can drive circular
transformation. Its long record of material reuse, spatial adaptation, and
social continuity embodies the very principles the circular economy seeks
to institutionalize—turning a historic monument into a regenerative
system with durable social and environmental relevance.

4. Cultural Heritage and Urban Memory

Cultural-heritage buildings are primary vessels of a city’s historical
memory. Urban memory emerges as a collective experience that is
inscribed in space, and its conservation underwrites cultural continuity
(Halbwachs, 1992). In this sense, historic structures are not merely stone,
brick, and timber; they are carriers of practices, rituals, and values that
sustain shared identities (Smith, 2006).




Bursa exemplifies this dynamic with unusual clarity. The thermal-bath
tradition, rooted in Roman engagement with natural hot springs, evolved
into indispensable social venues in the Ottoman period and, in the
Republican era, acquired a new identity as sites of scientific and medical
care (Sehitoglu, 2008; Erer, 2004).

Within this trajectory, Kiikiirtlii Bath stands out as a powerful conduit
between past and present—a place where sultans sought treatment, where
local communities socialized, and where contemporary research and
rehabilitation now occur. In the city’s memory, baths signify not only
health but also social solidarity, cultural belonging, and collective well-
being. Preserving Kiikiirtlii therefore safeguards more than an architectural
artifact: it protects Bursa’s identity and the continuity of the social
practices through which that identity is reproduced.

5. Towards a Circular Heritage Model for Bursa

The case of Kiikiirtlii Bath illustrates how heritage structures can become
active participants in a city's circular economy. Instead of treating heritage
as static relics, cities can mobilize these assets as living infrastructures that
support regeneration—environmentally, socially, and economically. A
Circular Heritage Model for Bursa could be developed around three
interrelated principles:

e Material and Energy Circularity: Implement LCA-based
conservation strategies (1SO 14040; CEN/TS 15978), prioritize the
reuse of original materials, and introduce reversible interventions.
Hybrid retrofitting, which combines geothermal systems and
passive thermal methods, can reduce carbon emissions while

preserving authenticity (Lucchi, 2022; Brambilla et al., 2020).
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e Socio-Cultural Continuity: Maintain the bath’s role as a public
wellness and education center through inclusive design and
cultural programming. Integrating social well-being into heritage
policy aligns with the New European Bauhaus ethos of “beautiful,
sustainable, together.”

e Governance and Knowledge Integration: Encourage
partnerships between municipalities, universities, and private
stakeholders for sustainable management of thermal heritage.
Through public-academic collaboration, Bursa could position
itself as a hub for heritage innovation, linking conservation science
and circular design.

These principles converge within the vision of the European Green Deal
(European Commission, 2019) and UN SDG 11, framing cultural heritage
as both a responsibility and a resource. By adopting such a model, Bursa
can transform its historic bath culture into a prototype for regenerative
urbanism—where heritage buildings actively contribute to sustainable
development goals rather than being passive symbols of the past.

6. Conclusion

Cultural heritage structures mediate between the past and present, shaping
social identity through the spatial inscription of memory. Their
significance lies not only in aesthetic and architectural merit but also in
their capacity to sustain cultural continuity, social memory, and
environmental responsibility (Ahunbay, 2009). Each heritage building
reveals the historical layers of its city and conveys accumulated knowledge

to future generations.
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Bursa—first Ottoman capital and long a thermal city—has preserved a
bath culture whose roots reach back to Roman and Byzantine engagements
with hot springs. Within this lineage, Kiikiirtlii Bath serves as both
evidence of historical continuity and a spatial embodiment of health,
cleanliness, and sociability. Its successive adaptations across regimes and
centuries mark it as living heritage, able to absorb change while retaining
typological and cultural essence.

Kikirtlii’s significance is therefore architectural and mnemonic. It is a
distinctive cultural landscape: a site of imperial convalescence, everyday
social life, and, in the Republican era, Turkey’s first university-affiliated
thermal health center. Today, conservation and adaptive reuse policies that
prioritize reversibility, compatibility, and maintenance-led care can secure
this legacy while advancing Sustainable Development Goal 11 on
inclusive, resilient, and sustainable cities (UN, 2015).

Protecting and transmitting Kiikiirtli to future generations thus means
more than restoring a single building. It entails sustaining Bursa’s
historical memory, reinforcing civic identity, and contributing to the global
project of circular heritage—where cultural assets operate as regenerative
systems within urban life. Read this way, Kiikiirtlii is not merely a thermal
facility but a strategic node at the intersection of continuity, memory, and
sustainability—an enduring example of how the past can illuminate a low-

carbon, circular future.
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1. Introduction

The building construction sector is one of the most resource intensive
industries worldwide, accounting for approximately 36% of global energy
consumption, 37% of energy-related CO. emissions, and 40% of raw
material use (IEA, 2022; UNEP, 2020). It also generates vast amounts of
construction and demolition waste, estimated at nearly one-third of global
solid waste, much of which is landfilled rather than reused or recycled
(Sheen, 2024; Husgafvel & Sakaguchi, 2021). These figures highlight the
sector’s central role in resource depletion, environmental degradation, and
climate change, underscoring the urgent need to transition from a linear
“take—make—dispose” model to a more regenerative, circular economy
(CE).

The circular economy has gained increasing attention in construction
research as a pathway to minimize waste, extend asset lifespans, and
optimize resource use (Chammout & El-Adaway, 2025). Core principles
include resource efficiency, design for adaptability and disassembly,
material reuse, recycling, and lifecycle thinking (Kumabh et al., 2023). Life
cycle is an approach that aims to optimize sustainability, efficiency and
environmental impacts (Celebi & Arpacioglu, 2025). Resource
consumption and environmental emissions, as well as recycling and reuse
potential, are important factors affecting the life cycle of a building (Celebi
and Arpacioglu, 2023). At the policy level, initiatives such as the European
Union Circular Economy Action Plan (European Commission, 2020) and
the United Nations Sustainable Development Goals (United Nations,
2015) have positioned the built environment as a priority domain for

circular transitions. Yet, despite this momentum, the integration of CE in
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practice remains fragmented. Much of the literature emphasizes technical
aspects such as recycling technologies, modular construction, or material
passports (Gondak et al., 2025; Eze et al., 2024), while giving less attention
to the managerial processes that determine how circularity is embedded in
building projects.

Recent studies have begun to explore CE adoption during early project
phases, suggesting that decisions in planning and pre-construction strongly
shape lifecycle outcomes (Wijewansha et al., 2021; Katipe Arachchige et
al., 2025). For example, incorporating CE requirements into project briefs,
procurement strategies, and design coordination can set a trajectory toward
more sustainable delivery (Abadi & Sammuneh, 2020). However, these
contributions tend to focus on specific subdomains rather than offering a
comprehensive framework for embedding CE across all phases of building
construction management.

Moreover, existing holistic frameworks often highlight the importance of
systemic thinking (Alotaibi et al., 2024; Sheen, 2024) but do not explicitly
translate CE principles into construction management processes. The
result is a gap between conceptual ambition and managerial practice.
Agyekum et al. (2024) further note that professionals across the built
environment sector differ in how they prioritize CE principles, revealing
inconsistencies that hinder effective implementation. This underlines the
need for structured approaches that integrate CE into decision-making,
resource allocation, and stakeholder engagement throughout the project
lifecycle.

While technical CE strategies such as modular design, design for

disassembly, and material recycling have been widely examined in the
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literature (Kumah et al., 2023; Sheen, 2024), their practical

implementation depends fundamentally on management processes,

contractual frameworks, and stakeholder coordination (Agyekum et al.,

2024; Chammout & EI-Adaway, 2025). Without these mechanisms, even

the most innovative technical solutions remain fragmented or

underutilized. Building construction management therefore provides a

critical lens through which CE principles can be operationalized across the

building lifecycle, ensuring that decisions made in early phases are

translated into coherent design, construction, and operational practices

(AIA, 2017; 1SO, 2008; RIBA, 2020). Positioning construction

management at the center of this discussion sharpens the research

motivation of this study and ensures stronger alignment with its focus on

lifecycle pathways to sustainability.

This study addresses these gaps by adopting a structured literature review

and thematic synthesis to explore CE principles in building construction

management. The study is guided by the following research questions:

- What are the key circular economy principles relevant to building
construction management?

- How can these principles be applied across the different phases of the
building construction process?

- What are the major barriers and enablers influencing the adoption of
CE in building projects?

- How can building construction management contribute to advancing
sustainability through circular practices at the lifecycle level?

The aim of this study is to provide a structured overview of CE in building

construction management, clarifying its applications, challenges, and
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opportunities. The ultimate targets are threefold: to synthesize and
categorize CE principles, to demonstrate their relevance across lifecycle
phases, and to identify barriers and enablers shaping adoption. By
reframing CE as a management-oriented strategy rather than a purely
technical concern, this chapter contributes to both scholarship and practice.
It argues that building construction management holds a decisive role in
operationalizing circularity, enabling the sector to reduce environmental
impacts while delivering long term value.

2. Literature Review

2.1. Circular Economy (CE) and Its Applications in the Construction
Industry

The construction industry has increasingly been recognized as a critical
domain for the transition toward a CE, given its significant contributions
to global energy use, greenhouse gas emissions, and raw material
consumption (Sheen, 2024; UNEP, 2020). Unlike the linear “take—make—
dispose” model, CE emphasizes resource efficiency, waste minimization,
and value retention across the lifecycle of materials and assets (European
Commission, 2020). Applications in the built environment typically
include strategies such as design for adaptability and disassembly, reuse
and recycling of materials, modular and prefabricated construction, and
the adoption of digital tools to improve traceability (Kumah et al., 2023;
Celebi & Arpacioglu, 2024; Gondak et al., 2025).

A substantial body of research demonstrates that CE principles can reduce
construction waste, extend asset lifespans, and improve overall
sustainability outcomes. For example, Kumah et al. (2023) emphasize

design for circularity as a fundamental approach, highlighting strategies

21



for adaptability, modularity, and material recovery. Similarly, Husgafvel
and Sakaguchi (2021) show how CE practices in Japan have advanced
through adaptive reuse and systemic approaches to waste reduction.
Studies focusing on digitalization, such as those by Eze et al. (2024) and
Gondak et al. (2025), highlight the role of building information modelling
(BIM), internet of things (loT), and material passports in enabling data-
driven management of material flows, thus enhancing transparency and
lifecycle accountability.

At the policy and regulatory level, CE in construction has been shaped by
international initiatives such as the European Union Circular Economy
Action Plan (European Commission, 2020) and the United Nations
Sustainable Development Goals (United Nations, 2015), which explicitly
identify the built environment as a priority sector for sustainability
transformation. These frameworks encourage strategies like extended
producer responsibility and lifecycle costing pushing the industry toward
more holistic resource management practices (Celebi & Arpacioglu,
2025).

Despite this growing body of work, challenges remain in mainstreaming
CE practices in construction. Research often highlights barriers such as
high upfront costs, limited client awareness, fragmented supply chains,
and the absence of standardized tools for design and material management
(Agyekum et al., 2024; Chammout & EI-Adaway, 2025). Moreover, much
of the literature has concentrated on specific technical aspects, such as
recycling technologies or modular systems (Katipe Arachchige et al.,
2025; Abadi & Sammuneh, 2020), leaving a gap in understanding how CE

can be systematically embedded in broader managerial processes.
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2.2. Building Construction Management and Lifecycle Phases
Building construction management is a structured process that organizes
and coordinates activities across the entire lifecycle of a project. Rather
than being limited to the construction stage alone, it encompasses a
sequence of phases that provide continuity from initial project definition
to long-term operation. Professional standards developed by organizations
such as the American Institute of Architects (AlA), the International
Organization for Standardization (1ISO), and the Royal Institute of British
Architects (RIBA) provide widely recognized frameworks for defining
and managing these phases.

The AIA standard documents, including AIA Document A201: General
Conditions of the Contract for Construction (AIA, 2014) and the AIA
Handbook of Professional Practice (AlA, 2017), outline responsibilities
and contractual frameworks for design, construction, and post-
construction processes. These documents emphasize the interdependence
of planning, contractual arrangements, and execution, highlighting the role
of the construction manager as a coordinator of multiple professional
inputs.

The 1SO 22263:2008 standard complements this perspective by defining
project management processes in terms of structured information flows
across feasibility analysis, design development, execution, and operation
(ISO, 2008). These standard underscores the importance of systematic
information management and stakeholder communication throughout the
building lifecycle.

Similarly, the RIBA Plan of Work 2020 provides one of the most detailed
breakdowns of project stages, beginning with strategic definition and
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concept design, continuing through technical design and construction, and
concluding with handover and in-use phases (RIBA, 2020). Its stage-based
structure emphasizes the progressive elaboration of project objectives,
technical requirements, and performance targets.

Synthesizing across these professional frameworks, building construction
management can be reasonably divided into four overarching phases that
provide clarity and consistency for both academic research and
professional practice:

Briefing and Planning covering strategic definition, feasibility studies,
cost estimation, and project initiation, as emphasized in the RIBA Plan of
Work 2020 and supported by ISO guidelines on feasibility and project
initiation (1SO, 2008; RIBA, 2020).

Design encompassing conceptual, schematic, and technical design, as well
as coordination among architectural and engineering disciplines, as
defined in AIA Document A201 (AIA, 2014), the AIA Handbook of
Professional Practice (AIA, 2017), and the RIBA Plan of Work (RIBA,
2020).

Construction involving procurement, on-site management, quality
control, and coordination of labor and materials, responsibilities outlined
extensively in AIA A201 (AIA, 2014) and supported by 1SO standards for
execution and information flow (1SO, 2008).

Operation and Maintenance extending from handover through the long-
term use, maintenance, and adaptation of the building, as described in the
RIBA Plan of Work 2020 (RIBA, 2020) and ISO 22263:2008 (ISO, 2008)
This phase-based understanding provides a systematic lens for analyzing

how managerial processes structure the delivery and performance of
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building projects. It also establishes a foundation for subsequent sections
of this chapter, where these phases serve as the reference framework for
mapping thematic insights.

2. Material and Method

This study employs a qualitative research design based on a structured
literature review and thematic synthesis of academic, industry, and policy
sources. The methodological purpose is to construct a framework for
embedding CE principles into building construction management
processes. This is achieved not through new empirical data, but through a
secondary data strategy that consolidates insights from multiple domains
into a conceptual model that is academically rigorous and practically
applicable.

The source material comprises three categories. First, peer-reviewed
academic publications were retrieved from Web of Science and Scopus
databases, with a focus on studies published between 2020 and 2025 that
address CE in construction, sustainability in building projects, and
lifecycle management (e.g., Wijewansha et al., 2021; Katipe Arachchige
et al., 2025; Chammout & EIl-Adaway, 2025; Alotaibi et al., 2024).
Second, policy and industry documents such as the European Union
Circular Economy Action Plan (European Commission, 2020) and the
United Nations Sustainable Development Goals (United Nations, 2015)
were reviewed to capture the broader sustainability imperatives shaping
CE discourse in the built environment. Third, professional practice
standards were considered to structure the lifecycle perspective,
particularly the AIA Document A201 and the AIA Handbook of
Professional Practice (AlA, 2014; AIA, 2017), 1SO 22263:2008 (1SO,
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2008), and the RIBA Plan of Work 2020 (RIBA, 2020). These standards
provided the basis for classifying project phases according to
internationally recognized practice.

From these sources, a set of six CE principles was identified on the basis
of recurrence and emphasis across multiple references: design for
adaptability and disassembly (Kumabh et al., 2023), resource efficiency and
waste minimization (Sheen, 2024), material reuse and recycling
(Husgafvel & Sakaguchi, 2021), lifecycle costing and risk assessment
(Abadi & Sammuneh, 2020), extended stakeholder and producer
responsibility (Agyekum et al., 2024), and digital enablement through
tools such as BIM, 10T, and material passports (Gondak et al., 2025; Eze
etal., 2024).

To operationalize the analysis, these principles were aligned with four
phases of building construction management briefing and planning,
design, construction, and operation and maintenance defined according to
the combined guidance of AlA, 1SO, and RIBA frameworks. This ensured
that the classification of phases reflects both standardized lifecycle
definitions and professionally practiced workflows (Figure 1).

As illustrated in Figure 1, the CE principles were then mapped to the
lifecycle phases, producing a conceptual framework that demonstrates
how circularity can be embedded across the managerial processes of
building projects. This mapping exercise constitutes the analytical core of
the study, as it translates broad CE principles into phase-specific practices

applicable to building projects.
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Figure 1. Research methodology flow (Created by the author)
In the final step, possible drivers and enablers were distilled through
thematic synthesis of the reviewed literature and linked to the mapped CE
principles across phases (Figure 1). These are not presented as empirical
findings but as discussion-oriented insights that indicate potential
pathways for adoption or obstacles to implementation.
3. Findings and Discussion
3.1. Findings
The analysis resulted in a conceptual framework that maps six CE
principles across four key phases of building construction management:

briefing and planning, design, construction, and operation and
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maintenance. This framework (Table 1) illustrates how CE principles can
be systematically embedded in the managerial processes that govern the
building lifecycle, highlighting that circularity is not solely a matter of
technical solutions but also of coordinated decision-making and project
management.

Tablel. Mapping CE principles into building construction management
phases (created by the author).
Building Construction Phases

Briefing & Design Construction  Operation &
CE Principles Planning Maintenance
Design for Set project  Architectural Implement Enable
adaptability goals for / structural modular/adapt  adaptability in
& disassembly adaptability  design for -able methods  use/renovations

disassembly

Resource Identify Optimize Minimize Maintain
efficiency & resource designs for waste via site  efficiency in
waste efficiency material logistics building
minimization  targets efficiency operations
Material Plan for Specify Recover and Recover/recycle
reuse & material recyclable reuse onsite during
recycling recovery at  /reusable materials renovations

project materials

scope
Lifecycle Integrate Embed Track costs vs.  Evaluate
costing & risk  lifecycle lifecycle lifecycle lifecycle
assessment cost & risk  analysis in benefits performance

models design

decisions

Extended Assign Facilitate Ensure Ensure
stakeholder & stakeholder collaboration contractor user/owner
producer responsibili  across compliance awareness &
responsibility tiesin design teams  with CE responsibility

contracts
Digital Define Apply BIM-  Use loT for Maintain digital
enablement digital based real-time passports for
(BIM, 10T, strategy for  circular resource building
material circular design tools  monitoring components
passports) data
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In the briefing and planning phase, the integration of CE is particularly
critical as this stage sets the overall direction of the project. Principles such
as lifecycle costing and risk assessment ensure that resource efficiency,
adaptability, and reuse are embedded into project objectives and
procurement strategies from the outset (Abadi & Sammuneh, 2020). Early
stakeholder engagement provides an opportunity to align client ambitions
with circular practices, although lack of awareness and perceived higher
costs remain common obstacles (Wijewansha et al., 2021; Agyekum et al.,
2024).

The design phase translates circular ambitions into concrete specifications.
At this stage, design for adaptability and disassembly, alongside material
reuse and recycling strategies, become operationalized through
architectural and engineering decisions (Kumah et al., 2023). The
increasing use of digital tools such as BIM, material passports, and
modular design systems facilitates the adoption of CE principles by
simulating resource flows and future adaptability (Gondak et al., 2025; Eze
et al., 2024). Nevertheless, resistance to unfamiliar practices and the
absence of standardized tools remain significant barriers.

During the construction phase, CE principles are enacted through
procurement, resource management, and on-site practices. Emphasis is
placed on minimizing waste, recovering materials, and applying modular
and prefabricated systems to reduce inefficiencies (Sheen, 2024). Digital
monitoring tools, including loT-enabled platforms, enhance real-time
tracking of resources. Yet, challenges persist due to supply chain
immaturity, limited contractual obligations for circular compliance, and

cost-driven decision-making (Chammout & El-Adaway, 2025).
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Finally, in the operation and maintenance phase, CE practices focus on
extending building lifespan and preparing for future adaptability.
Preventive maintenance, adaptive reuse, and refurbishment strategies are
essential to retaining value over time (Husgafvel & Sakaguchi, 2021).
Digital enablement through BIM and material passports supports long-
term tracking of components, allowing for more efficient maintenance and
eventual recovery of resources (Alotaibi et al., 2024). Despite this
potential, weak regulatory enforcement and limited owner incentives
remain barriers to consistent adoption.

Overall, the findings emphasize that CE integration is most effective when
approached from a lifecycle perspective, with early phases serving as the
foundation for long-term success. While design and construction phases
allow for operationalization of circular principles, it is the briefing and
planning phase that provides the strategic leverage for embedding circular
objectives. The operation and maintenance phase, in turn, ensures that
these principles are sustained and translated into long-term environmental
and economic benefits.

3.2. Discussion

While the framework illustrates opportunities for embedding CE
principles across the building lifecycle, the extent of their implementation
is shaped by a combination of institutional, managerial, and technical
conditions. These factors may act as drivers that facilitate adoption or as
barriers that hinder progress, depending on the context in which projects
are delivered. To acknowledge the conceptual scope of this study, they are
presented as “possible drivers” and “possible enablers” distilled from the

literature and professional standards. Table 2 summarizes these dynamics,
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showing how such conditions influence outcomes at each phase of

building construction management.

Table 2. Possible drivers and enablers influencing the integration of CE
principles across building construction phases (created by the author)

Phase

Possible Barriers

Possible Enablers

Briefing &
Planning

Limited client awareness
of CE benefits (Agyekum
et al., 2024)

Early stakeholder collaboration
(Wijewansha et al., 2021)

Perceived higher upfront
costs

Lifecycle costing and risk
assessment (Abadi &
Sammuneh, 2020)

Fragmented roles and
unclear responsibilities

Policy drivers (European
Commission, 2020)

Design

Lack of familiarity among
professionals (Kumah et

Design for adaptability and
disassembly (Kumah et al.,

al., 2023) 2023)
Limited standardized CE  BIM and material passports
design tools (Gondak et al., 2025)

Resistance to non-
conventional methods

Integrating modular and flexible
design strategies

Construction

Supply chain immaturity
(Chammout & EI-
Adaway, 2025)

On-site waste reduction and
recovery (Sheen, 2024)

Cost-driven contractor
decisions

Digital monitoring (10T, BIM)
(Eze et al., 2024)

Absence of contractual
CE mechanisms

Modular construction practices

Operation &
Maintenance

Lack of incentives for
owners (Husgafvel &
Sakaguchi, 2021)

Adaptive reuse and
refurbishment strategies
(Husgafvel & Sakaguchi, 2021)

Weak regulatory
enforcement

Preventive maintenance
practices

Limited user awareness

Digital enablement for long-term
data accessibility (Alotaibi et al.,
2024)
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This study’s findings are consistent with prior research emphasizing the
importance of early project phases in setting trajectories for circularity
(Wijewansha et al.,, 2021; Katipe Arachchige et al., 2025). The
identification of briefing and planning as the strategic entry point confirms
earlier observations that lifecycle costing, procurement criteria, and
stakeholder alignment are decisive in shaping outcomes (Abadi &
Sammuneh, 2020). By mapping circular economy principles across all four
phases, however, this study contributes a comprehensive lifecycle-oriented
perspective that highlights how managerial process structure opportunities
for circular adoption.

The findings also align with scholarship that highlights design for
adaptability and disassembly as a cornerstone of circularity (Kumah et al.,
2023), while adding nuance by illustrating how this principle interacts with
digital enablers such as BIM and material passports (Gondak et al., 2025;
Eze et al.,, 2024). In the construction phase, the emphasis on waste
reduction and modular approaches resonates with Sheen’s (2024) systems
analysis of resource flows. Yet, unlike purely technical accounts, this study
underscores the managerial mechanisms—contractual frameworks,
procurement models, and supply chain coordination—that determine
whether such practices are effectively realized. Similarly, in the operation
and maintenance phase, the results confirm the importance of adaptive
reuse and refurbishment (Husgafvel & Sakaguchi, 2021) but also draw
attention to persistent institutional barriers, including limited client
incentives and weak regulatory enforcement, which continue to constrain

long-term circular practices.
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Revisiting the research objectives, the study demonstrates that CE in
building construction management is anchored around six recurring
principles: adaptability, resource efficiency, material reuse, lifecycle
costing, extended responsibility, and digital enablement. These principles
are not isolated but interact across all project phases, with briefing and
planning emerging as the most critical entry point, since early decisions
set trajectories for design, procurement, and long-term performance. The
analysis further shows that barriers to adoption are largely systemic and
institutional, such as low client awareness, inadequate regulatory support,
and immature supply chains, whereas enablers are primarily managerial
and technological, including lifecycle costing approaches, modular design
strategies, and BIM-based material tracking. By synthesizing these
insights into a phase-based framework, the study positions building
construction management as the integrative mechanism through which
circular practices are operationalized, thereby advancing both
sustainability and long-term value creation across the building lifecycle.

Overall, this research supports recent calls for holistic and managerial
perspectives on CE in construction (Chammout & EIl-Adaway, 2025;
Alotaibi et al., 2024), while advancing the debate by offering a phase-
based conceptual framework grounded in professional standards (AIA,
2017; 1SO, 2008; RIBA, 2020). It argues that circularity cannot be
achieved by isolated design innovations or recycling technologies alone
but requires embedding CE principles systematically into the managerial

processes of building projects.
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4. Conclusion and Suggestions

This study set out to examine how circular CE principles can be embedded
across the phases of building construction management, responding to the
urgent environmental and resource challenges faced by the construction
sector. By conducting a structured literature review and thematic synthesis,
six recurring CE principles were identified adaptability, resource
efficiency, material reuse, lifecycle costing, extended responsibility, and
digital enablement and mapped across four lifecycle phases defined by
professional standards: briefing and planning, design, construction, and
operation and maintenance.

The findings demonstrate that CE adoption is not limited to technical
innovations but depends critically on managerial processes that structure
decision-making, procurement, and lifecycle coordination. Briefing and
planning emerged as the most influential stage, where early decisions set
the trajectory for project sustainability. Design operationalizes these
ambitions through specifications and digital tools, construction enacts
them through resource efficiency and on-site practices, and operation and
maintenance sustain circularity through adaptive reuse and long-term
performance monitoring.

The study makes three main contributions. First, it provides a phase-based
framework that clarifies how CE principles can be integrated throughout
the building lifecycle. Second, it highlights the barriers and enablers that
shape implementation, showing that systemic and institutional challenges
must be addressed in parallel with technological and managerial enablers.

Third, it positions building construction management as the coordinating
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mechanism through which circularity can be operationalized, bridging the
gap between conceptual ambition and practice.

Like all conceptual research, this study has limitations. The framework
was developed based on literature, policy documents, and professional
standards, without direct empirical testing. As a result, while it provides a
structured theoretical contribution, its practical applicability may vary
across different regional, cultural, and regulatory contexts. Furthermore,
the reliance on secondary sources may omit emerging practices not yet
widely reported in academic or industry literature.

From a practical perspective, the study underscores the importance of
early-phase integration of CE objectives, the use of digital tools to enhance
traceability, and the need for contractual and policy frameworks that
incentivize lifecycle responsibility. For academia, it points to the value of
holistic, management-oriented approaches in CE research, complementing
existing technical studies.

Future research could extend this framework by testing it empirically in
real project contexts, comparing regional differences in CE adoption, and
exploring how digital innovations such as digital twins and Al-enabled
lifecycle assessment may further support circular practices. Such work
would provide the empirical depth needed to refine the framework and

support its translation into practice.
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1. Introduction

The construction industry, responsible for over one-third of global waste
and nearly 40% of raw material consumption, plays a pivotal role in the
transition toward sustainable development (Dabija et al., 2022; Matar et
al., 2023; Ossio et al., 2023). As the limitations of the linear "take-make-
dispose™ model become increasingly evident in the face of environmental
degradation and resource scarcity, the circular economy (CE) offers a
regenerative alternative — one that aims to close material loops, extend
life cycles, and decouple economic growth from environmental harm
(Geissdoerfer et al., 2017; Ellen MacArthur Foundation, 2020; Hossain et
al., 2020). Within this paradigm shift, the built environment emerges as
both a challenge and an opportunity: buildings are long-lived, materially
intensive, and culturally embedded assets that hold immense potential for
value retention through reuse and regeneration.

Among the various components of the built environment, historic
buildings and heritage structures occupy a unique and pressing position.
Due to their architectural, cultural, and material richness — and often
underutilized state — historic built environments represent ideal
candidates for CE-driven interventions (Ranasinghe & Illankoon, 2024;
Foster, 2020). The reuse of such buildings avoids the premature demolition
of structures with high embodied energy, while also mitigating the
environmental cost of new construction. Moreover, historic buildings
often benefit from public support and policy attention, especially in Europe
where targeted funding and cultural heritage initiatives have promoted the
integration of sustainability and conservation goals (Owojori et al., 2021;

Gravagnuolo et al., 2019).
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In this context, adaptive re-use has emerged as a core strategy for
embedding CE principles into existing building stock, particularly within
the historic built environment. Adaptive re-use not only conserves
resources and reduces carbon emissions but also preserves arhitectural
identity and social meaning (Pomponi & Moncaster, 2017; Ollar, 2024).
As a design philosophy and operational practise, it extends a building’s
lifespan by accommodating new functions while minimizing material
waste and maximizing embodied energy. Despite increasing attention in
research and policy, the alignment between apative re-use and circularity
remains fragmented and underexplored in global practice (Hamida et al.,
2024; Ranasinghe et al., 2024). Adressing this gap, adaptive re-use can act
as a circular economy accelerator, offering tangible pathways for policy
innovation, lifecycle extension, and multidimensional sustainability in the
built environment.

This chapter explores the intersection of circular economy principles and
the historic built environment, with a spesific focus on adaptive reuse as a
strategy for resource efficiency and cultural continuity. Following a
theoretical overwiev of circular economy frameworks in the construction
sector, the discussion highlights the unique potential of heritage buildings
to contribute to circularity through reuse, transformation and lifecycle
extentions. The core of the chapter presents a comparative analysis of
selected adaptive reuse case studies, evaluating their performance in terms
of environmental, architectural and functional outcomes.
Methodologically, the chapter adopts a qualitative research approach
based on document analysis and comparative criteria drawn from existing

literatiire and LCA-informed frameworks. The selected cases represents
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diverse geographical and typological contexts, allowing for a cross-case
synthesis of adaptive reuse practises in heritage settings. The chapter
concludes by outlining key insights and strategic recommendations for
future implementation of circular economy principles in historic building
interventions.

2. Circular Economy in the Built Environment

The Circular Economy (CE) is increasingly recognized as a strategic
response to the global ecological crisis. As defined by the European
Commission in its Circular Economy Action Plan (2020), CE refers to “a
model of production and consumption which involves sharing, leasing,
reusing, repairing, refurbishing and recycling existing materials and
products as long as possible” Similarly, the Ellen MacArthur Foundation
(2013, 2020) describes CE as “an industrial system that is restorative or
regenerative by intention and design,” aiming to keep products,
components, and materials at their highest utility and value at all times.
The urgency for adopting circular economic models extends far beyond
the construction sector. Globally, the linear economy — built ont the
extract-produce-consume-dispose logic— has led to unprecedented levels
of material depletion, biodiversity loss, and greenhouse gas emissions.
According to the Global Circularity Gap Report (2023), only 7.2% of the
global economy is truly circular, highlighting a vast untapped potential for
decoupling economic growth from enviromental harm. The transition to
circularity is now central to international sustainability strategies such as
the European Green Deal, UN SDG 12 (Responsible Consumption and

Production), and climate neutrality targets for 2050.
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Within this broader agenda, the built environment has emerged as a critical
domain for circular intervention. Encompassing buildings, infrastructure,
and urban systems, the sector is responsible for over 35% of total waste in
the European Union and consumes more than 40% of all extracted
materials (Dabija et al., 2022; Ossio et al., 2023). This unsustainable
trajectory demands a fundamental transformation in the way buildings are
conceived, used, and decommissioned.

In response, circular economy principles in the built enviroment are
operationalized through strategies such as design for adaptability and
disassembly, material reuse, lifecycle optimization and extensions of
building service life (Matar et al., 2023). Rather than being passive
consumers of materials, buildings are increasingly seen as material banks
long term repositories of embodied energy, cultural identity and economic
value. Their transformation and retention through circular practises can
generate environmental, social and economic benefits, aligning local
interventions with global sustainability goals.

However, as Ranasinghe and Illankoon (2024) emphasize, there is still a
lack of consensus on how CE principles should be systematically applied
in practice. Their systematic review identifies three dominant themes in
CE for the built environment: (1) policy and planning frameworks for
reuse, (2) sustainability attributes for circularity, and (3) decision-making
tools. These findings underline the need for a multi-dimensional approach
that integrates design, policy, economics and heritage values.

While Matar et al. (2023) point out that CE remains largely conceptual in
current parctice, Dabija et al. (2022) call for lifecycle-based frameworks

embedded in the earliest design stages. The transition is not technical but
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deeply institutional and cultural requiring new governance structures,
financial models and public engagement strategies.

In summary, the buit environment is both a high-impact sector and a
strategic entry point for implementing circularity. The immense voliime of
existing buildings — especially in cities — present a major opportunity to
embed CE principles not through demolition and replacement, but through
adaptive reuse, transformation and regeneration. The following sections
explore this potential in depth, particularly within the historic built
environment.

3. Adaptive Re-use as a Method for Circular Economy in the Historic
Built Environment

The historic built environment—consisting of culturally, architecturally,
and socially significant buildings—represents a vital reservoir of material,
symbolic, and economic value. These structures often predate modern
construction methods and materials, yet they continue to embody long-
lasting desing intelligence, skilled craftsmanship, and deep-rooted
meanings for communities. Within the framework of a circular economy
(CE), which seeks to extend the lifecycle of resources, reduce waste and
regenerate value, the adaptive reuse of historic buildings emerges as a
highly strategic and multidimensional practice.

Unlike new construction, which typically relies on resource extraction and
high embodied carbon inputs, historic buildings already carry substantial
investments of materials and energy. Their demolition not only results in
waste generation and cultural loss but also negates the opportunity to
ciserve embodied carbon and contribute to sustainable development

objectives. Adaptive re-use, defined as the process of transforming a
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building’s function while conserving its architectural and historical
integrity, aligns with the core goals of CE by maximizing use-value,
minimizing demolition and reactivating underused assets. In doing so, it
avoids the environmental impacts of new construction while
simultaneously preserving cultural heritage.

Multiple studies emphasize that historic buildings are ideally suited for
circular strategies due to their construction quality, spatial adaptibility and
location within existing urban fabrics. Foster (2020) argues that heritage
buildings inherently possess longer lifespans than modern equivalents and
are often located in well established neighborhoods, making them valuable
assets for sustainable regeneration. Gravagnuolo et al. (2018) further
contend that adaptive re-use can support local economic revitalization,
reduce land consumption and reinforce place based identity all while
maintaining material circularity. Similarly, Saleh et al. (2021) highlight the
socio-economic dimensions of adaptive reuse, noting its ability to engage
local stakeholders, attract creative industries and support the green
transformation of urban centers.

Despite its ptential, adaptive re-use in historic contexts requires careful
negotiation between technical upgrades and conservation ethics.
Challenges include structural limitations, heritage protection regulations
and the need for reversible, non-invasive interventions. Succesful cases
often rely on integrated decision making processes involving architects,
conservation experts, engineers and community representatives. As De
Della Torre et al. (2021) suggest, adaptive reuse shold be approached not

as a compromise between preservation and innovation, but as a creative
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design act that generates new cultural, environmental and social value
from existing assets.

To evaluate the contribution of adaptive re-use in hidtoric buildings to
circular economy goals, we propose a structured framework synthesizing
findings from the current literatiire. This framewerk identifies eight core
areas through which historic adaptive re-use can generate circular value.
These include resource efficiency, operational energy performance, waste
reduction, embodied carbon preservation, cultural value retention,
lifecycle extension, economic revitalization, and social cohesion. Each
dimension is supported by specific strategies and indicators, as detailed in
Table 1 below:

Table 1. Core areas through which historic adaptive re-use can generate
circular value (developed by the authors)

Contribution

Example Strategies /

Key References

Category Indicators

1. Resource Material reuse, preservation of Rodrigues &  Freire

Efficiency existing  structure, selective (2017); Gravagnuolo et
demolition al. (2018)

2. Energy Passive design upgrades, HVAC Ascione et al. (2015);

Performance &
Operational Carbon

retrofitting, insulation  of
existing envelopes

Saleh et al. (2021)

3. Waste Reduction

Reduction of C&D waste,
circular planning for
deconstruction

Della Torre et al. (2021);
Bullen & Love (2011)

4. Embodied Carbon
Preservation

Retention of original structural
shell and envelope

Pomponi & Moncaster
(2017); Ellen MacArthur
Foundation (2020)

5. Cultural Value
Retention

Preservation of form, layout, and
historic character

Fusco Girard (2019);
Gravagnuolo et al.
(2018)

6. Extended Building
Life Cycle

Flexible new functions, adaptive
programming (e.g. school —
coworking)

Rodrigues &  Freire
(2017); Gravagnuolo et
al. (2018)

7. Economic
Revitalization

Creative industry reuse, tourism-
based models, revitalization of
abandoned stock

Saleh et al. (2021); Fusco
Girard et al. (2018)
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8. Social Cohesion &  Participation of community in Gravagnuolo &

Place Attachment design, preservation of Angrisano (2022); Fusco
collective memory, symbolic Girard (2019)
continuity

This framework highlights the multi-layered contribution of adaptive reuse
in historic contexts, extending beyond material flows to encompass
cultural continuity, urban regeneration, and stakeholder engagement. In
contrast to technocratic approaches that reduce circularity to metrics of
reuse and recycling, adaptive reuse in heritage contexts promotes a more
integrated and resilient interpretation of CE one that is sensitive to both
environmental thresholds and human values.

In the next chapter, the framework is operationalized and applied to
selected case studies in Europe and Tiirkiye. Through a comparative lens,
the extent to which real-world projects align with circular-economy
strategies is evaluated, and the contextual factors that enable or constrain
them are identified.

4. Comparative Analysis of Selected Cases

This section presents a comparative analysis of seven adaptive reuse (AR)
projects across Europe and Tiirkiye, evaluated through a qualitative
research approach based on systematic document analysis and
comparative criteria derived from existing literature and LCA-informed
frameworks. A comparative multiple-case study design was employed,
guided by a maximum-variation sampling logic. The cases were selected
to represent diverse geographies (Europe and Tiirkiye), scales (from
individual buildings to districts), governance models (public, private,
public—private partnership, and community-led), and intervention types.

Evaluations were conducted against the eight-dimensional framework
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outlined in the previous chapter, enabling both within-case and cross-case
synthesis. Through this diversity, the contextual conditions shaping the
translation of circular economy (CE) principles in heritage-led
transformations are revealed. Each case illustrates a unique context, scale,
and governance approach, allowing commonalities and differences to be
identified across projects. The analysis concludes by deriving key insights
and strategic recommendations for the future implementation of CE
principles in historic building interventions.

The Ex-Mattatoio complex in Rome, formerly a municipal slaughterhouse,
now functions as a university and cultural venue. It’s adaptive reuse
demonstrates high performance across all CE criteria. Key arhitectural
components were retained to ensure material efficiency, embodied carbon
preservation and cultural value. The site was reprogrammed to accomodate
contemporary functions while remaining rooted in its industrial heritage.
Moreover, the adaptive reuse enable social and aconomic activation in the
surrounding area.

Similarly, the Palazzo dell’Innovazione in Salerno repurposed a 19th-
century historic building into a modern technology and entrepreneurship
hub. While highly efficient in terms of material reuse and lifecycle
extension, the project shows slightly weaker social cohesion contributions,
likely due to its programmatic orientation toward innovation sectors rather
than community-centered functions. Nevertheless, it offers a replicable
model for historic structure reactivation through public-private
cooperation and GBC Historic Building certification mechanisms.

The Naples Historic Center revitalization, as discussed by Gravagnuolo et

al. (2019), provides a city-scale approach to adaptive reuse. Various
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underused buildings were transformed into spaces for tourism and the
creative economy. While not all buildings underwent energy performance
upgrades or material audits, the interventions achieved significant
outcomes in cultural value retention, local employment, and stakeholder
engagement. The case emphasizes CE not only as a material cycle but as a
platform for regenerative urban policy.

The Mechelen Circular Hub (Belgium) exemplifies a contemporary reuse
model where heritage spaces host circular businesses and social innovation
labs. Originally an industrial facility, the building was preserved to house
community repair workshops, educational programs, and resource-sharing
activities. Though the cultural character of the site is less emphasized, its
operational model integrates circularity into everyday urban life. This case
demonstrates CE as a lived practice rather than a static retrofit.

A prominent southern European example is Matadero Madrid (Spain),
where a former slaughterhouse complex has been adapted into a large-
scale cultural hub. It strongly contributes across all CE dimensions. The
architectural integrity was preserved through minimal intervention and
reversible installations. The site now operates under an adaptive
governance model that fosters long-term public engagement, reuse of
infrastructure, and mixed funding mechanisms. It represents one of the
most comprehensive applications of circular reuse in the heritage sector.
From Tirkiye, the Bakirkdy Demirciler Sanat Evi in Istanbul stands out as
a fine-grained adaptive reuse project in a metropolitan setting. The
building, once a blacksmith’s workshop, was transformed into a cultural
venue through reversible and low-impact strategies. Despite limited

upgrades to energy systems, the project made strong contributions in
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community-based governance, material retention, and social inclusion. It
highlights the relevance of small-scale interventions in local circular
ecosystems.

Finally, the Kiitahya II. Yakub Celebi Complex offers a rare example of a
monumental religious structure adapted for multifunctional civic use.
Without compromising its spiritual role, the complex now hosts a library,
archive, and public services. This case illustrates how layered adaptive
reuse — respectful of symbolic meanings — can contribute to lifecycle
extension, resource conservation, and civic engagement. The success of
this project lies in its context-sensitive programming and gradual,
participatory transformation. Table 2 summarizes the cases and Table 3
synthesizes each project's contribution across the eight CE categories.
Table 2. Summary of the Selected Adaptive Reuse Projects

Building / Site Period / Original Architectural Current Use
Date Function Features (Post-AR)
Ex-Mattatoio Late 19th Industrial ~ Large industrial Cultural, artistic,
(Rome) century slaughterh  complex,  brick and educational
ouse fagade, wide complex
spans, iron
detailing
Palazzo Medieval Residence  Stone  masonry, Digital
dell’Innovazione origin, / palace courtyard layout, innovation and
(Salerno) later multi-period entrepreneurship
additions additions hub
Naples Historic From Mixed Organic urban Mixed use:
Center (Naples)  Ancient (religious,  fabric, narrow tourism,
Rome to civic, streets, religious commerce, civic
present residential  buildings, life
) Baroque
architecture
Mechelen Early 20th Industrial ~ Reinforced Co-working and
Circular  Hub century warehouse  concrete structure, innovation
(Belgium) spacious interiors, center

industrial
architectural
language
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Matadero Early 20th Municipal Brick fagade, Art, culture, and
Madrid (Spain)  century slaughterh  industrial public  events
ouse typology, large center
courtyards
Bakirkoy Late 19th Guild / Small-scale Art house,
Demirciler Art century workshop  hybrid  timber— workshop,
House (Istanbul) masonry structure  cultural events
Yakup Celebi 14th Religious— Early ~ Ottoman Cultural and
Complex century civic killiye typology, civic functions
(Kiitahya) complex stone—brick (exhibitions,

material, mosque— events)
madrasa—tomb
ensemble

Table 3. Contribution of the projects across the eight CE categories

Case 1. 2. 3. 4, 5. 6. 7. 8.
RE EPC WR EC CV LCE ER SC

Ex-Mattatoio (Rome) v v v v v v v v

Palazzo v v v v v v v v
dell’Innovazione

(Salerno)

Naples Historic Center o v o o v o v v

Mechelen Circular Hub v v v N4 v v v
(Belgium)

Matadero Madrid v v v v v v v v
(Spain)

Bakirkoy Demirciler v v v v v v v v
Sanat Evi (istanbul)

I1. Yakup Celebi v v v v v v v v
Complex (Kiitahya)

Legend: ¢ = Strong contribution | (O = Partial or context-specific
contribution

This comparative analysis reveals that while most cases deliver robust
outcomes in resource efficiency, embodied carbon preservation, and
lifecycle extension, contributions to energy performance and economic

regeneration are more variable, often depending on the scale, financing
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model, and policy context. Social and cultural dimensions emerge as
critical areas where heritage reuse distinguishes itself from generic CE
applications—particularly in fostering symbolic continuity, public value,
and multi-generational use.

These cases collectively illustrate how adaptive reuse, when executed
thoughtfully, acts as a holistic CE strategy that bridges environmental,
cultural, and social sustainability in historic contexts.

5. Conclusion

This chapter has examined how adaptive reuse (AR) of historic buildings
can function as an effective strategy for implementing circular economy
(CE) principles in the built environment. Through a synthesis of recent
literature and comparative case analysis, it has demonstrated that heritage
structures are not merely passive recipients of conservation but can
actively contribute to sustainability transitions when approached through
a circular lens.

The literature review revealed that CE in the construction and heritage
sectors is evolving beyond material recovery to include long-term value
retention, energy performance, community regeneration, and symbolic
continuity. However, adaptive reuse in heritage contexts introduces unique
challenges, requiring the integration of cultural, social, and technical
criteria. The proposed evaluation framework responded to this complexity
by identifying eight interrelated contribution categories: resource
efficiency, energy performance, waste reduction, embodied carbon
preservation, cultural value retention, life cycle extension, economic

revitalization and social cohesion. This multidimensional lens enables
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more holistic assessments of adaptive reuse beyond the boundaries of
environmental metrics alone.

The comparative analysis of seven case studies across Europe and Tiirkiye
confirmed tha framework’s relevance and applicability. While all cases
demonstrated meaningful alignment with multiple CE dimensions, their
contribution profiles varied based on scale, program type, governance
structure, and cultural context. For instance, large-scale transformations
like Matadero Madrid and Ex-Mattatoio Rome achieved high levels of
circularity across all dimensions, integrating long term public use with
architectural presevration. Mid-scale projects such as Palazzo
dell’Innovazione and Mechelen Circular Hub demonstrated strong
material and lifecycle performance, but their social contributions were
more context-spesific. Meanwhile, community based or multifunctional
reuses — such as Bakirkdy Demirciler Sanat Evi and Kiitahya Il. Yakub
Celebi Complex — highlighted the potential of adaptive reuse to generate
symbolic and civic value with relatively modest physical interventions.
Collectively, these cases reinforce the understanding that circularity in
heritage reuse is not a one size fits all model. Instead, it is best
conceptualized as a spectrum of aligned strategies, in which technical
efficiency, cultural meaning, and user engagement intersect. The ability of
adaptive reuse to reconcile these often competing dimensions positions it
as a unique tool for linking climate action, urban resilience and heritage
continuity.

By integrating analytical insights from literature and practice, this chapter
has contributed to building a more structured and comparative

understanding of how adaptive reuse supports the circular transition in
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historic contexts. The proposed framework can inform design processes,
policy assessments and heritage management strategies. Further research
may expand this framework with quantitative life cycle metrics, user
experience studies or post-occupancy avaluations to better quantify long
term CE outcomes in adaptively reused heritage assets.

As the global construction sector seeks to decarbonize and local
governments pursue urban regeneration under sustainability mandates,
historic buildings — often viewed as static legacies — can instead become
living assets within the circular city. Adaptive reuse, when planned and
governed thoughtfully, offers not only environmental dividends but also

enduring cultural and social capital.
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1. Introduction

The rapid depletion of our planet’s natural resources and the irreversible
environmental damage have increased the urgency of sustainability. In
this context, developments in the Architecture and Building Design field
have accelerated considerably and been integrated into the Life Cycle
Assessment (LCA) system.

LCA is a comprehensive method that analyzes the impact of a building
during its lifetime. The LCA approach, which started after the Second
World War and has come a long way since then, has established a
methodological framework, especially with 1SO 14040 standards, and
has found application in the construction sector (ISO, 2006; Bjern et al.,
2018).

In the early periods, it was limited to a specific area due to the long and
complex nature of the LCA processes in the construction sector and the
lack of legal legislation. However, with the widespread use of Building
Information Modeling (BIM) technology, it has become possible to
integrate many data in the design process and provide results. This
development has paved the way for BIM-based LCA applications and
facilitated the integration of environmental sustainability into design
decisions (Soust-Verdaguer et al., 2017).

In this chapter, the historical development and types of LCA will be
introduced, and BIM-LCA integration methods, tools used, and their
working principles will be discussed. The aim is to reveal how to
integrate LCA processes with digital tools in the architecture and

construction sector.
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2. Methodology and Materials

This study aims to evaluate the applications, databases, software, and
integration types for using Building Information Modeling (BIM) with
Life Cycle Assessment (LCA), which is essential for sustainable building
production. In this study, a qualitative research approach was adopted, and
a systematic literature review was used.

A systematic review of international and national academic publications
on the topic of BIM-LCA integration was conducted. Sources such as
Scopus, Google Scholar, Web of Science, DergiPark, and YOK Thesis
were used for the literature review. To observe academic developments
over the years, a search was conducted in the Web of Science (WQOS)
database using the keywords 'life cycle assessment’ OR 'LCA'" AND
'building information modelling' OR 'BIM' for the years 2014 to 2024. The
increase during this period is shown in Figure 5. The results indicated that
the topic is becoming increasingly important. In this context, recent and
comprehensive studies such as Pan & Teng (2021), Wastiels & Decuypere
(2019), and Potr¢ Obrecht et al. (2020) were referenced. Additionally,
these studies conducted in Tiirkiye were reviewed to present the field's
current state in the country.

Within the scope of the analysis, software frequently used in the sector,
such as Tally, One Click LCA, and OpenLCA, was evaluated. The
databases used by this software (e.g., Ecoinvent, GaBi) were analyzed
comparatively regarding data accessibility and environmental impact
calculation capacity. The evaluation considered aspects such as application
integration models and regional data compatibility.

Five main types of integration between BIM and LCA software were
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analyzed. This analysis examined features such as data transfer formats
(e.g., IFC compatibility), direct plug-in connections, and BIM-based data
flow capacity. These types are classified based on the theoretical
framework developed by Wastiels and Decuypere (2019) and Potr¢
Obrecht et al. (2020).

The software and databases analyzed are presented in a comparative table
according to defined criteria. This table includes information about the
scope of use, license type, origin, and ease of integration. This aims to help
readers understand the differences between the available tools more easily.
3. Development of Life Cycle Assessment Concept in History

Rapid population growth, industrialization, and wars have significantly
increased environmental problems and caused many environmental
disasters, and carbon emissions, one of the most important indicators in
this regard, have shown a significant increase. The increase in
greenhouse gas emissions was a key driver behind developing the LCA
methodology, which clearly shows the situation. According to the results
of the greenhouse gas inventory of the Turkish Statistical Institute
(2023) , the total greenhouse gas emission in 2023 was calculated as 552.2
million tons (Mt) of CO2 equivalent. (Figure 1) Total greenhouse gas
emission per capita was 4.1 tons CO2 equivalent in 1990, 6.6 tons of CO2
equivalent in 2022, and 6.5 tons of CO2 equivalent in 2023, showing an
almost 3-fold increase in carbon emissions in thirty years and a 2-fold
increase in carbon emissions per capita. (Figure 2).
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Figure 2. Total and per capita greenhouse gas emissions, 1990-2023
(TUIK, 2023)

In this framework, the Life Cycle Assessment (LCA) concept emerged
in the 1960s with high energy consumption and environmental concerns.
Companies initially carried out their processes. Over time, it became
more systematic, and ISO 14040 and ISO 14044 standards were
established in the 1990s. (1SO, 2006a; ISO, 2006b) (Table 1).

Table 1. Historical Development of LCA (Koésiirgeli, 2022; Bjorn et al.,

2017)
Development Step Year
Harold Smith publishes the first report focused on LCA. 1963

Coca-Cola commissioned its first study comparing beverage containers 1964
U.S. EPA publishes the first publicly available and peer-reviewed

study of the RDD. 1974
In order to harmonize the LCA terminology and methodology 1993
The SETAC Code of Practice is published.

GaBi, the first widely used commercial LCA software, was released in 1989
its first version

With the first release of another standard commercial LCA software

called SimaPro 1990

Published
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The International Journal of Life Cycle Assessment, the academic

journal entirely dedicated to LCA, was born 1996
ISO 14040 was published on the framework and principles of the LCA 1997
method.

ISO 14041, which defined the objective and scope of the LCA method, 1998
was published.

ISO 14042 standard on life cycle impact assessment is published. 2000
ISO 14043 standard on life cycle interpretation is published. 2000
An ISO 14040-based LCA guideline was created. 2007
TSE has put TS EN ISO 14044 into effect. 2007
ILCD handbook published 2010

EN 15978:2011 Sustainability of Construction Works-Buildings

Assessment of Environmental Performance - Calculation Method 2011
published

EN 15804:2012 Sustainability in Construction - Environmental
Product 2012
Declarations-Building Product Category Rules Published

ISO 21930 Sustainability in Building and Construction - Construction
Product 2017
and Services Environmental Product Declarations standard emerged.
ISO 14071 Critical review processes and competence

Published

ISO 14072 Organizational LCA (OLCA) requirements

Published

In the Regulation on Zoning of Planned Areas: The phrase "building
life cycle analysis to be applied in projects to be determined by the
Ministry" has been added and it is recorded by the principles to be
determined by the Ministry, by the relevant building information
modeling (BIM) standards and digitally in the data infrastructure to
be established electronically by the Ministry or the administrations
to be authorized by the Ministry, electronically

The condition that it is checked, approved, and stored in the
environment has been introduced.

2024

2024

2025

3.1 Integration of Life Cycle Assessment into the Construction Sector
The basic backbone of the LCA method has been established within the
framework of 1SO 14040. The systematics of the established LCA
consists of four steps that are feedforward/feedback and iterative (Figure
3) (ISO 14040, 2006a; 1SO 14040, 2006b).
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Figure 3. Life Cycle Environment (1SO 14040, 2006)
The life cycle processes of buildings are classified into five groups:

U3WWOd 39A) 3]

production process (Al- A3), application process (A4-Ab), use process
(B1- B7), end-of-use process (C1- C4), and benefits and burdens beyond
the system boundaries (D) (Figure 4) (ISO 21930, 2017; Silvestre et al.,
2016).

&
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Al- A3 Product stage A4 - AS Construction stage B1-BS Use stage C1- C4End of life stage

Al Raw material extraction A4 Transport to construction site Bl Use Cl Deconstruction & demolition
A2 Transport to manufacturing site A5 Installation / Assembly B2 Maintenance C2 Transport

A3 Manufacturing B3 Repair €3 Waste processing

B4 Replacement

B5 Refurbishment L Disposal

Figure 4. Integration of BIM-LCA in the construction sector (OneClick
LCA, n.d.)

The life cycle of buildings is limited within the framework of specific
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standards with SO 21930, EN 15804, and EN 15978 (Kosurgeli, 2022).
These limits can be expressed in 3 stages:

1. Cradle-to-Gate: Processes for extracting, transporting, and
processing the raw material needed to produce a building.

2. Cradle-to-Grave: Processes that start with the extraction of the
raw material needed for the production of buildings until the
product consumes its life,

3. Cradle to Cradle: The process that starts with the extraction of
the raw material needed for the production of a building, and then
at the end of the useful life of the product, it is included in the
reuse and/or recycling processes (Table 2) (Kosurgeli, 2022;
Silvestre et al., 2016).
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Table 2. Relationship between Process-Based LCA and System
Boundaries

Cradle to cradle

Cradle to grave

Cradle to gate

Product Phase (A1-A3)

Al-raw material extraction and
processing

A2 - transportation to the
manufacturer

A3-production

Implementation Phase (A4-Ab)

Ad-transport to the construction site

A5-building assembly

Use Phase - information
modules on structural
components of the building (B1-
B5)

B1-use of the dried product or
Implementation

B2-care

B3-repair

B4-change

B5-renovation

Use Phase - information
modules on the operation of the
building (B6-B7)

B6-utility energy use

B7-operating water use

Post Use Phase (C1- C4)

C1-demolition, dismantling

C2 - transportation to the waste
treatment plant

C3-recovery and/or recycling

C4-destruction

Benefits and Burdens Outside
System Limits (D)

D - reuse, recovery, and/or
recycling

In order to realize sustainability in buildings, it is necessary to evaluate (1)

embodied energy, (2) the energy used and (3) the emissions arising from

them. There are three basic methods for this. These are 'Process-Based

LCA' (process-based LCA), '‘economic input-output based LCA', and

‘hybrid LCA!'. In this way, LCA can measure the environmental impacts of

the whole life cycle.
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4. Building Information Modeling: Integration of Life Cycle
Assessment

Today, design and production processes have become digitalized, and
building information modeling (BIM) has become increasingly important.
Although there are many different definitions for BIM, it is a digital project
management system that provides a basis for creating, using, storing and
sharing the data that may be needed in a common data environment in a
digital environment by providing multidisciplinary work within the scope
of the project throughout the life cycle of the building (Eastman et al.,
2011).

LCA-BIM integration has gained importance with the development of
BIM tools. LCA-BIM integration has significantly progressed, especially
in the last decade (Table 3) ( Safari & AzariJafari, 2021; Duru & Kog,
2021).
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Table 3. Historical Development of LCA-BIM Integration (Safari &
AzariJafari, 2021)

Year Description
2012  Technical research on different BIM tools was initiated.

The calculation process was usually carried out with commercial LCA
software or Excel.

Data flow was linear in BIM-LCA approaches.
2013 A framework for LCA integration with IFC-based BIM was proposed.
Research focused more on the early stages of design.

2014  First plugin for the BIM tool developed.

2015  Research shifted to a more detailed design phase.

The green pattern was developed using Revit's library parameterization
method.
2016  The model's LOD (Level of Detail) level was a key point in BIM-LCA studies.

2017  IEA EBC Annex 72 project members started to develop guidelines.
The studies focused more on the connection of parametric tools with BIM.

2018 A BIM-based semi-automated framework has been developed to find the
optimal design.

2019  The first new approach to applying LCA was developed throughout the
building design process.

A new approach to mixing LCA databases based on different LOD levels
was carried out.

2020  Intensive research on dynamic approaches was carried out.
LCA was implemented with real-time monitoring throughout the design
process.
Dynamic LCA capabilities are integrated directly into BIM.

There is a growing body of publications on the Integration of Life Cycle
Assessment. When the Web of Science (WOS) index is searched by
selecting ("life cycle assessment” OR "LCA"™) AND (“building
information modeling™ OR "BIM") as keywords, it is seen that the number

of publications has increased significantly when the last 10 years of data
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are examined. The number of publications increased from 6 in 2014 to 100
in 2024 (Figure 5).

Number of Publications

120
100
80
60
40
20

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Figure 5. Number of publications (“life cycle assessment™ OR "LCA")
AND ("building information modeling"OR "BIM")
In this way, complex and lengthy LCA processes have become more
standardized. Today, many LCA plugins have been developed for
popular BIM tools such as Revit and Archicad. In an LCA study by 1SO
standards, the need to process a large amount of data and assumptions to
create the product's life cycle has created many regional databases (Table
4) (Hollberg & Ruth, 2016).
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Table 4. LCA database (Pan & Teng, 2021)

No  Software Region Fee Phase Year
Status

1 AusLClI Australia E Cradleto- -
gate

2 Base Carbone France E Cradle to- grave -

3 BEDEC Spain E Cradleto- -
gate

4 CLCD China E Cradleto-gate 2009

5 Ecoinvent Switzerland H Cradleto- 1990
grave

6 Eco-Profiles Europe E Cradleto-gate 2015

7 EF databases Europe H Cradleto- -
grave

8 ELCD Europe E Cradle to- grave 2006

9 ETH-ESU 96 Switzerland E Cradleto- 1996
grave

10 GaBi databases  Germany H Cradleto-gate -

11 ICE UK E Cradleto- 2005
grave

12 IDEMAT Netherlands E Cradleto-gate 2001

13 INIES France E Cradleto- 2004
gate

14 IVAM LCA Netherlands H Cradle to- grave 2004

data

15 Milieudatabase Netherlands E Cradleto- -
gate

16 Oekobaudat.de Germany E Cradle to- grave -

17 U.S. LCI us E Various 2012

In order to bridge the gap between the database and the LCA method,
"LCA software tools" have been developed. Thanks to "LCA software
tools™, "LCA databases”, and "LCA plug-ins", a multi-faceted analysis can
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be performed by reducing the effort and time spent on LCA study (Table
6) (Sevim Kosan & Beyhan, 2024).

"LCA software tools work according to the principle of three predefined
application patterns. Level 1: level 1 (product level), level 2 (assembly

level/building component group), level 3 (whole building level) (Sevim

Kosan & Beyhan, 2024).

Table 5. LCA software tools (Sevim Kosan & Beyhan, 2024)

Software Level Origin
SimaPro Netherlands
Sphera Germany
(Formerly: GaBi)

Umberto Level 1

OpenLCA

EConLCA Turkey
Envest England
BEES Level 2 USA
Athena Canada
BREAM England
DGNB Germany
LEED Level 3 USA
B.E.S.T Turkey
Yes-TR

4.1 Building Information Modeling: Types of Integration between

Tools of Life Cycle Assessment

Wastiels & Decuypere, (2019). Integrating Building Information

Modeling (BIM) and Life Cycle Assessment (LCA) can be realized
through different technical infrastructure and scenarios (Obrecht et al.,
2020). The integration approaches defined in the literature can be
classified under five main headings according to data transfer methods,

workflows, and software infrastructures used:
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1. Type -Bill of Quantities (BOQ)-Based Integration: In this approach,
data from the BIM model is exported and subsequently analyzed in
standalone LCA software such as SimaPro, GaBi, or OpenLCA.
According to researchers' observations, this remains the most prevalent
scenario in practice. The BOQ is typically managed via Excel (XLS) or
CSV files (Figure 6).

o © o o
Figure 6. Export-Based Integration (Wastiels & Decuypere, 2019)
2. Type - IFC-Based Integration: In this method, data obtained from the
BIM model is exported in IFC (Industry Foundation Classes) format. This

open standard ensures data interoperability between software applications and

is preferred in multi-disciplinary collaboration projects (Figure 7).

BiM

IFC

o e o
CBMSotwwe  LcAsowwe  Remits

Figure 7. IFC-Based Integration (Wastiels & Decuypere, 2019)
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3. Type -Intermediate BIM Layer Integration: This method involves
initial data transfer from one BIM environment to another BIM software
(e.g., ArchiCAD — Revit). The data is then processed in more detail and
optimized for LCA analysis within this intermediate BIM software
before being directed to specialized LCA tools. This approach offers

advantages in terms of data detailing and model optimization (Figure 8).

BiM
: IFC L3

© Lo o o
Figure 8. Integration with the Intermediate BIM Layer (Wastiels &
Decuypere, 2019)

4. Type -Direct BIM Plugin Integration. This integration method
utilizes LCA tools that operate directly within the BIM platform. For
example, plugins like Tally or One Click LCA that integrate with
Autodesk Revit enable the analysis of environmental impacts, such as
carbon footprint, concurrently with the design process. This scenario
offers a significant advantage to designers due to its real-time analysis
capability (Figure 9).
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Figure 9. Direct BIM Plugin Usage (Wastiels & Decuypere, 2019)
5. Type Embedding LCA Data into BIM Objects: This approach

directly associates environmental performance data (e.g., EPDs -

Environmental Product Declarations) with BIM objects. This allows the
environmental impacts of each building element to be defined at the model
level (Figure 10).

LCA Plug-in

LCA profiles date e —

LCA Software

o ° o
Xy
Figure 10. Embedding LCA Data into BIM Objects (Wastiels &
Decuypere, 2019)
5. Conclusion and Recommendations
Within the scope of this study, a comprehensive evaluation of the
integration of BIM-based Life Cycle Assessment applications has been

conducted. The sources examined in the study show that BIM and LCA
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integration is an important sustainability tool for the construction sector
and has high potential to significantly reduce environmental impact in the
early stages of design processes.

As a result of the research and analysis conducted, it is believed that
regionally used databases for LCA tools can be standardized and modified
to be used worldwide, enabling more reliable processes and comparisons.
Among the LCA software examined, Tally, One Click LCA, and open
LCA stand out, and these tools have potential for use at different levels of
integration in architectural design processes. The impact and effective use
of LCA software are influenced by factors such as data access, usage fees,
and user interface. In this context, in countries such as Turkey, which lack
databases, legal regulations and incentives to adopt these tools will
facilitate the development of local databases, increase the reliability of
results, and facilitate their use in the sector.

The increasing integration of LCA and BIM has significantly increased the
number of studies on this subject in the academic world, and it is
anticipated that further action in this area in architectural education will
greatly contribute to the construction sector and this integration in the
future.

Analyses specific to Tiirkiye show that BIM- LCA integration is still at an
initial stage and has been addressed in a limited number of academic
studies. According to the sources reviewed, data insufficiency, the absence
of local standards, and low sectoral awareness are considered to be the
main obstacles to BIM-LCA integration in Tiirkiye.

In conclusion, BIM-based LCA applications are becoming increasingly

widespread worldwide. It is crucial for Tiirkiye to develop policies that
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support this integration in the sector. The initial stages to develop the
needed policies can be proposed as follows:

e Local LCA databases should be created through collaboration
between academia, the sector, and the public sector;

e Software training and infrastructure support should be increased;

e The use of LCA software should be encouraged in the initial stages
of projects.

e The necessary regulatory framework must be established to
standardize BIM—LCA integration in Turkey.

e Courses on BIM-LCA should be added to the curricula of relevant
university faculties to lay the groundwork for sustainability-
focused design.

Such collaboration will contribute significantly to making environmental

assessments a standard practice in sustainable building design processes.
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1. Introduction

Climate change, rapid depletion of natural resources, and environmental
degradation are among the most pressing global issues of our time.
Although the built environment sector is at the heart of the transformation
toward the 2050 carbon-neutral targets, the construction industry still
consumes 32% of global energy and is responsible for 34% of global CO-
emissions (UNEP & GlobalABC, 2025). Considering the significant
environmental impact of the construction sector, architectural practices
need to integrate the principles of circular economy and sustainable
development. This imperative stems from the projected reduction in CO2
emissions from construction materials on a global scale, estimated to reach
up to 38% by the year 2050 (Ellen MacArthur Foundation, 2022). A
fundamental scientific tool that enables the systematic evaluation of the
environmental impacts of building materials at every stage of their life
cycles is life cycle assessment or LCA (European Committee for
Standardization, 2011). Life Cycle Assessment (LCA), when employed in
conjunction with circular economy strategies, has been demonstrated to
reduce waste production and enhance resource efficiency (Benachio et al.,
2020). Life Cycle Assessment (LCA) is a comprehensive approach to
environmental impact assessment that encompasses a wide range of issues,
including ozone depletion, water use, acidification, eutrophication, and
carbon emissions (Hauschild, 2019).

Recently, interest in environmental performance assessment tools has
increased significantly in the construction sector, particularly following
the European Union's adoption of the 2050 carbon neutrality target

(European Commission, 2019). The strategic roadmap identifies a series
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of targets aimed at reducing carbon emissions throughout the building
lifecycle and achieving net-zero emissions in all new buildings by 2050
(Toth et al., 2022). Achieving the target of zero operational carbon in new
buildings is linked to the climate goals of the European Green Deal.

In collaboration with ARUP and Ellen MacArthur Foundation, developed
the Circular Buildings Toolkit — CBT - to help the construction sector align
with the EU’s carbon neutrality goals (ARUP, 2023). Designed as a
practical guide, the CBT integrates circular economy principles throughout
the building life cycle and closely aligns with the EU’s Level(s) framework
for sustainable buildings (Atta, 2023). Notably, the European
Commission’s four key circularity indicators—material inventories and
lifespans, construction and demolition waste, design for adaptability, and
design for deconstruction (EC, 2021 are directly reflected in the core
strategies of the CBT. This demonstrates the toolkit’s role as a bridge
between EU policy and implementation on the ground.

As operational energy use in buildings continues to decline due to
advances in energy-efficient technologies, material-related (embodied)
impacts have become increasingly significant across the building life cycle
(Buyle et al.,, 2013; LETI, 2020; Sturgis et al., 2023). This shift
underscores the need for a holistic approach that considers all life cycle
stages—particularly material production, construction, and end-of-life
scenarios—as key sources of environmental impact. Research suggests
that rethinking material processes could eliminate nearly half of a
building’s carbon footprint (Figure 1) (Nugent et al., 2022). In this context,
circular economy strategies such as reuse, recycling, and long-lasting

design practices such as repair, remanufacture, modularity offer promising
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solutions (Geissdoerfer et al., 2017; Ellen MacArthur Foundation, 2019;
Adams et al., 2017).
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Figure 1. Estimated life cycle emission distribution for residential
buildings based on EN 15978 and IStructE data (Nugent et al., 2022)

Life Cycle Assessment (LCA) provides a scientific basis for evaluating the
performance of materials throughout their lifecycle, enabling them to
obtain resolution of environmental impacts early in the design process
(Ortiz et al., 2009; Hollberg and Ruth, 2016). Incorporating digital
interfaces, such as BIM-based LCA, further expands this process by
embedding sustainability in architectural practice (Esteve et al., 2022).
The conceptual and policy framework delineated thus far illustrates the
essential function of LCA in architecture. The existing literature is dense
and varied, which means that we need to make a complete map of the field
and look at its trends in a systematic way. This chapter of the book meets
this need by giving not only the theoretical background but also, through
a bibliometric approach, a unique look at the scope, trends, and

interdisciplinary links of LCA research in architecture.
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This book chapter examines approved publications on LCA in architecture
using bibliometric procedures based on the Web of Science database. The
aim of the study is to analyze the relevant components, chapters, applied
methods, and thematic scope of existing research. The chapter seeks to
answer the following questions:

— Which disciplines are most active in LCA-related research, and how is
architecture positioned among them?

— What countries, institutions, highly cited studies, and research themes
are most prominent in this field?

— Over the past 2.5 years, which topics have LCA in building studies
focused on?

Overall, the chapter provides a comprehensive overview of current
research trends and identifies potential future directions for LCA in
architecture, positioning it as a vital tool for advancing sustainability and
circular economy goals in the built environment.

2. Material and Method

This study adopts a systematic approach to literature selection, applying a
series of filters to narrow down publications related to LCA and examine
its disciplinary positioning—particularly within architecture. As shown in
Figure 2, the process includes four search stages and two filtering steps,
each with specific strategies and exclusion criteria. The bibliometric
analysis was conducted in three phases:

1. A general quantitative analysis of LCA-related literature,

2. A quantitative analysis of current literature on building LCA

3. Mapping LCA's position within architecture-related disciplines using

VOSviewer,
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Although Google Scholar provides broad access, the Web of Science
(WoS) database was selected for its advanced filtering capabilities and
reliable subject classifications (Gusenbauer, 2019). WoS was preferred
over Scopus due to its citation-based journal classification system, which
is more accurate and consistent (Wang & Waltman, 2015).

FILTERS NUMBER OF PUBLICATIONS RELATED TO LCA ANALYSIS

Search in Web of Science database-
{Key+Abs+Title: LCA or “life cycle
assessment” or “life cycle analysis™ } AT
ALLFIELDS

65,758 results

20,797 results

1. Quantitative analysis:
subject category

Search in Web of Science database
{Key+Abs+Title: LCA or “life cycle assessment”

or “life cycle analysis”} AT disciplines related to distribution, temporal
architecture field. trends, relative annual
= — 2 It
rates

Search in Web of Science database- {Author Key+Key
plus: LCA or “life cycle assessment” or “life cycle
analysis” AND ion or building or

2. Quantitative analysis:
country, sustainable goals,
research area,

4,404 results

Exclusion criteria:

-Published before 2023: 3,193
-Language other than English:12
-Absence of key words:1

-Document type: Review Article: 183, Proceeding Paper: 31 3. Mapping (vosviewer)

Co-occurrence
Citation for authors

Search in Web of Science database- {Key+Abs+Title: LCA or “life
cycle assessment” or “life cycle analysis”) AT architecture field.

Figure 2. Flow diagram of the literature screening and selection process
(Created by the author)

This study employed a three-phase approach to collecting and analyzing
bibliometric data. In the first phase, a general overview of LCA-related
publications across all subject areas was obtained by scanning all available
records that included the term life cycle assessment in their topic fields (n
= 65,758). This initial dataset was used to explore the broader disciplinary
distribution of LCA-related research. Then, the dataset was refined by
identifying the top five research areas most frequently associated with
architecture in LCA-related records, narrowing the scope to 20,797

89



publications. In the final step of this phase, the search was further restricted
to publications explicitly categorized under the field of architecture (n =
339). These three sets were analyzed using quantitative methods to
compare subject category distributions, temporal publication trends, and
relative annual growth rates.

In the second phase, the search strategy was expanded by adding the terms
construction, building, or architecture alongside life cycle assessment to
retrieve records from all disciplines without applying a specific research
area filter. The goal here was to capture all relevant sources related to LCA
in the context of buildings and construction, resulting in 4,404 records. To
focus on recent research trends, the dataset was filtered to include only
publications from 2023 to mid-2025, based on the rationale that the most
concrete regulatory steps towards mandatory LCA implementation—such
as the 2022 draft of the Construction Products Regulation (CPR) and the
wider adoption of the Level(s) Framework after 2020—took place in this
period (Nugent et al., 2022; Toth et al., 2022). Publications dated 2022 and
earlier (n = 3,193) were excluded for this reason.

After removing non-English publications (n = 12), documents with
missing keywords (n = 1), and non-article document types (n = 214), the
resulting cleaned dataset of 984 records was analyzed using VOSviewer to
ensure the consistency and accuracy of bibliometric data in the third phase.
VOSviewer is a widely used and freely accessible software tool that allows
for the graphical visualization of bibliometric maps, based on co-
occurrence matrices and similarity measures (Van Eck & Waltman, 2010).

In the co-occurrence analysis, the Association Strength normalization
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method was selected, as it balances differences in frequency and improves
the thematic clustering of terms.

3. Findings and Discussion

Three main sections comprise the presentation of the results gathered for
this book chapter. The quantitative data about the general LCA literature
is assessed in the first section, which also presents statistical findings like
publication volume, subject distribution, and temporal trends. The second
section, focuses specifically on the field of architecture-related disicplines,
shows Geographical distribution, representational strength, and SDG
priorities in building-scale LCA research. Based on co-occurrence and
clustering analyses, the third and final section offers bibliographic maps
that show the relational structures found in the literature.

3.1. Quantitative Insights Into LCA Literature

A search using the keywords LCA, “life cycle assessment”, or “life cycle
analysis” yielded 65,758 results across 206 Web of Science (WoS) subject
categories and 148 research areas. These results were quantitatively
analyzed along three dimensions: subject category distribution, temporal
trends, and relative annual growth rates. In the next step, additional search
terms—>building, construction, or architecture—were included to further
refine the dataset, and the resulting publications were also subjected to
subject category distribution analysis. Furthermore, the analysis includes
the relational distribution of the publications in connection with
sustainability goals and an examination of the countries to which the

publications are affiliated.
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3.1.1. Subject category distribution

LCA research is primarily concentrated in disciplines such as
environmental sciences, engineering, materials science, energy,
agriculture, and chemical engineering (Table 1). The most frequent Web
of Science categories include “Environmental Sciences” (35%), “Green &
Sustainable Science & Technology” (24%), and “Engineering
Environmental” (24%). In contrast, architecture remains notably
underrepresented, with only 339 publications (0.5% of the total dataset)
directly classified under the ‘“Architecture” category. Similarly,
architecture-related fields such as “Regional & Urban Planning” (0.4%)
and “Urban Studies” (0.3%) also show limited engagement with LCA.
However, broader domains relevant to the built environment—such as
“Construction & Building Technology” (6%), “Civil Engineering” (7%),
and “Green & Sustainable Science & Technology” (24%) —demonstrate
significantly higher LCA publication volumes. These findings suggest that
while architecture has yet to establish a strong presence in LCA research,
closely related fields offer considerable interdisciplinary potential for

advancing sustainability in the built environment.
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Table 1. Top 10 Web of Science Categories for LCA Publications

Publication Publication
Volume- WoS Category- Volume-Second
WoS Category-LCA First Phase Building LCA Phase
Total % Total %
Pubs. Pubs.
1.Environmental 23.297 %35 1.Construction Building 389 %40
Sciences Technology
2.Green Sustainable 15.705 %24 2. Engineering Civil 379 %39
Science Technology
3.Engineering 15.665 %24 3. Environmental 305 %31
Environmental Sciences

10.843 %16 4. Green Sustainable 269 %27

4.Energy Fuels Science Technology

5 Environmental Studies 5.296 %8 5. _ Engineering 194 %20
Environmental

6.Engineering Chemical 4.694 %7 6. _ Environmental 154 %16
Studies

7.Engineering Civil 4.354 %7 7. Energy Fuels 143 %15

8.Construction Building 4.020 %6 8. Materials Science 72 %7

Technology Multidisciplinary

9.Materials Science 3.233 %5 9. Engineering 29 %3

Multidisciplinary Multidisciplinary

10.Chemistry 2.285 %3 25 %3

Multidisciplinary 10. Physics Applied

52.Architecture 339 %05

An analysis of building-scale LCA studies reveals a disciplinary shift
compared to the broader LCA literature. While “Environmental Sciences”
and “Green & Sustainable Science & Technology” remain significant,
“Construction & Building Technology” (40%) and “Civil Engineering”
(39%) become the leading categories, indicating a stronger alignment with
applied building and engineering domains. Additionally, fields such as
“Applied Physics” and “Engineering Multidisciplinary” gain visibility,
while categories like “Chemical Engineering” and “Chemistry” drop out
of the top ten. However, this does not suggest a reduced focus on material-

or energy-related approaches, as such themes are widely addressed under
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other classifications including “Materials Science” and “Energy & Fuels.”
These findings reflect how the thematic and disciplinary emphasis of LCA
research varies depending on the scale of analysis.

3.1.2. LCA publication trends and growth rates.

Between 1998 and 2024, there has been a substantial and steady increase
in LCA-related publications, rising from 1,479 to 62,366—an
approximately 42-fold growth—demonstrating LCA’s expanding
interdisciplinary relevance. Similarly, architecture and related disciplines
have shown notable growth, with the number of publications increasing
from 33 in 1998 to 19,678 in 2024. Although the architecture category
remains a smaller subset, it has exhibited significant percentage growth,
particularly in recent years (Figure 3).
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Figure 3. Annual Numbers of LCA Publications: Comparison between All
Disciplines and Architecture Related Fields (1998-2024) (Created by the
author)
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Publications specifically classified under “Architecture” rose from 3 to
335 during the same period. Despite low absolute numbers, percentage-
based growth has been pronounced, with notable surges in 2013 and 2019.
Annual growth rates across all disciplines range between 12% and 18%,
whereas architecture-related fields show more variability, typically
between 14% and 35%. Within architecture alone, annual increases can
reach up to 60—70% in certain years, indicating a growing and accelerating
interest in LCA within the field (Figure 4).
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Figure 4. Annual rates of LCA Publications: Comparison between All
Disciplines and Architecture Related Fields and Architecture (1998-2024)
(Created by the author)

3.2. Geographical Distribution, Representational Strength and SDG
Priorities in Building-Scale LCA Research

The country-level distribution of publications reveals that global research
output is heavily concentrated in specific geographic regions (Figure 5).

China leads by a significant margin, contributing 22.1% of the total
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publications, followed by Italy (9.1%), Australia (8.7%), the United States
(8.5%), and the United Kingdom (7.6%). These figures highlight the
dominance of China and the United States in sustainability- and LCA-
focused research, underscoring the influence of national policies and
institutional investments in these countries. Although individual European
countries contribute smaller shares, Italy, the UK, Spain, Germany, and
Scandinavian nations collectively form a major academic hub. Turkey’s
contribution of 2.8% indicates a developing research profile. In contrast,
the contribution from countries in the Global South and other developing
regions remains notably limited. This uneven distribution points to a lack
of inclusive international research collaborations, particularly in

underrepresented areas.
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Figure 5. Country-Level Distribution of LCA Publications (Created by the
author)

Recent building-scale LCA studies show growing alignment with the UN
Sustainable Development Goals (SDGSs), particularly SDG 11 (Sustainable

96



Cities and Communities), which appears in 69.4% of the publications.
Other highly associated goals include SDG 7 (Affordable and Clean
Energy, 70.9%), SDG 12 (Responsible Consumption and Production,
70.0%), and SDG 13 (Climate Action, 69.5%). These figures highlight a
strong emphasis on the pressing need to reduce carbon emissions, use
natural resources more responsibly, and improve energy performance in
the built environment. While these priorities have long shaped Life Cycle
Assessment (LCA) research at the building scale, more recent studies have
also begun to reflect a broader understanding of sustainability. In
particular, connections to Sustainable Development Goals (SDGs) 6
(Clean Water and Sanitation), 14 (Life Below Water), and 15 (Life on
Land) point to a rising interest in evaluating the impacts of buildings on
water systems and biodiversity.

3.3. Bibliographic Mapping of the LCA Literature: Keywords,
Clusters, and Citations

In this section, a bibliometric analysis is presented that aims to identify
current topics of life cycle assessment research in the fields of architecture
and construction. The literature map of international publications listed in
the Web of Science database was constructed by VOSviewer software.
Keyword co-occurrence and citation networks were analyzed to
investigate the main concepts, research clusters, and most productive
authors of recent times.

The keyword co-occurrence analysis revealed nine different but
thematically related clusters. These clusters were classified into the
following thematic areas: (i) Low-carbon design & carbon accounting, (ii)

Circular economy & sustainable building stock management, (iii) Energy
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optimization & multi-criteria decision making, (iv) Sustainability
assessment tools & metrics, (v) Emission estimation & uncertainty
analysis, (vi) Modular & recycled construction Technologies, (vii) Social
LCA & adaptive reuse, (iix) Core concepts & general sustainability
terminology, (ix) Concrete reuse & life cycle analysis (Figure 6). These
clusters demonstrate that LCA research at the building scale is not limited
to environmental performance evaluation but is expanding to include
diverse methodological directions such as circular economy, energy
modeling, social sustainability, and uncertainty analysis. The identified
thematic structure provides a systematic understanding of the current
trends and topical diversity within the building LCA literature.
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Recent developments in building-scale Life Cycle Assessment (LCA)
research reveal a rapid diversification and deepening of the field in line
with evolving sustainability agendas. Emerging trends can be observed
through research topics concentrated within distinct thematic clusters.
Cluster 1: Low-carbon Design & Carbon Accounting

This cluster includes keywords such as biogenic carbon, embodied carbon,
carbon sequestration, timber construction, dynamic LCA, operational
carbon, thermal insulation, and residential buildings. It reflects a strong
focus on carbon mitigation strategies, distinguishing between embodied
and operational carbon, with an emphasis on material selection and energy
simulation in residential buildings.

Cluster 2: Circular Economy & Sustainable Building Stock Management
This cluster is shaped by terms such as circular economy, building stock,
renovation, CDW (construction and demolition waste), geopolymer, urban
planning, and material flow analysis. Research here focuses on large-scale
building stock transformation, material circularity, and urban-scale
planning processes, including end-of-life scenarios.

Cluster 3: Energy Optimization & Multi-Criteria Decision Making
Containing keywords such as decision-making, multi-objective
optimization, thermal comfort, energy consumption, building envelope,
BIM, and prefabricated construction, this cluster highlights research aimed
at enhancing energy efficiency through simulation and supporting the
design process with multi-criteria analysis tools.

Cluster 4: Sustainability Assessment Tools & Metrics

This cluster includes carbon footprint, green building, mass timber, LCA,

renewable energy, Simapro, and waste management. It reflects a
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methodological orientation centered on standardized assessment tools,
carbon footprint measurement, software applications, and the overall
performance of sustainable buildings.

Cluster 5: Emission Estimation & Uncertainty Analysis

With terms like carbon emission, machine learning, uncertainty, Monte
Carlo, LCC (life cycle costing), and cement, this cluster focuses on
emission quantification through simulation-based approaches and
uncertainty analysis, particularly with applications of machine learning
and probabilistic modeling.

Cluster 6: Modular & Recycled Construction Technologies

Keywords such as modular construction, recycled aggregate concrete, 3D
printing, and mechanical properties define this cluster, which emphasizes
emerging material technologies, prefabrication, and the reuse of
construction materials in innovative production systems.

Cluster 7: Social LCA & Adaptive Reuse

This cluster includes adaptive reuse, office building, social LCA, material
selection, and timber, focusing on socially-oriented LCA approaches, the
reuse of existing buildings, and specific material applications such as
timber in adaptive reuse scenarios.

Cluster 8: Core Concepts & General Sustainability Terms

This cluster features high-frequency terms such as building, energy,
environment, sustainability, and GWP (global warming potential). It
represents the foundational vocabulary of the field and functions as the
conceptual backbone that connects the other clusters.

Cluster 9: Concrete Reuse & Lifecycle Evaluation
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A more narrowly focused cluster, defined by terms such as carbonation,
reuse, concrete, and sustainable buildings. It highlights micro-level
research on lifecycle performance and reuse strategies for concrete-based
construction.

Although the clusters can be distinguished thematically, their boundaries
are fluid and often overlap. Low-carbon design strategies (Cluster 1), for
instance, are closely connected to circular economy approaches (Cluster
2), since reusing materials also serves as a means of reducing carbon
emissions. In a similar way, optimization and decision-making methods
(Cluster 3) build on standardized assessment tools (Cluster 4) and help
address uncertainties in emission estimations (Cluster 5). The social
dimension (Cluster 7) adds ethical and community perspectives to what
might otherwise remain technical evaluations, highlighting the
interdisciplinary nature of LCA research. Emerging technologies (Clusters
6 and 9) serve as a conduit between material science, engineering, and
architectural design. Overall, the clusters show that LCA research is
becoming more diverse and has more potential to cross fields, including
architecture, engineering, urban planning, computer science, and the social
sciences.

To visualize author collaboration and influence networks, a citation
analysis was performed using VOSviewer (Figure 7). The resulting map
reveals distinct clusters based on citation relationships. Harpa Birgisdottir,
Endrit Hoxha, and Christian Grau Serensen emerge as central figures,
reflecting a shared focus on sustainable architecture and life cycle

assessment. Another cluster, led by Freia Nygaard Rasmussen and Guomin
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Zhang, emphasizes environmentally oriented research with high internal
consistency, suggesting domain-specific specialization.

The network also shows a directional flow from foundational works to
more recent or topic-specific studies. José Dinis Silvestre acts as a bridging
figure, linking disparate clusters and promoting interdisciplinary
exchange. A central red cluster, composed of highly cited authors,
influences multiple areas and anchors the network. In contrast, blue cluster
authors are more inwardly connected, reflecting thematic cohesion but
limited external ties. Yellow and purple clusters show minimal inter-
cluster connectivity, with occasional single-link bridges indicating
emerging collaboration.

These findings underscore both the central contributors shaping the field’s
theoretical and methodological core, and the growing diversification

within architectural LCA research.
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Figure 7. Citations for authors (Created by the author using VOSviewer)
4. Conclusion and Suggestions

The findings reveal that LCA research is largely shaped within the axis of
engineering and environmental sciences. However, the discipline of
architecture—which is one of the earliest fields where the environmental

impacts of the built environment can be identified —occupies a very

102



limited place within this literature. The fact that publications categorized
under architecture constitute only 0.5% of the total publications suggests
either a methodological adaptation deficiency in this field or that the
discipline has not been holistically integrated into LCA. The findings
indicate that LCA literature at the building scale is predominantly shaped
by application-oriented engineering fields and environmental
sustainability. In particular, the publication density in building
technologies and civil engineering fields reveals that these studies mostly
rely on concrete building projects and focus on performance-oriented
outcomes. At the same time, the high proportions in environmental
sciences and sustainability categories reflect academic interest in the
systematic evaluation of buildings’ environmental impacts.

Similarly, a low representation is observed in related fields such as
"Regional Urban Planning™ (0.4%) and "Urban Studies” (0.3%). This
situation may indicate that environmental assessment studies at the urban
scale are primarily taken up by other disciplines (such as environmental
engineering, energy policy). However, somewhat higher proportions are
seen in categories that could be considered directly related to
architecture—such as "Construction Building Technology" (6%),
"Engineering Civil" (7%), and "Green Sustainable Science Technology"
(24%). This suggests that although LCA studies encompass many aspects
of the built environment, architecture is approached more from a technical
and engineering-heavy perspective rather than from a theoretical or design
standpoint. Although architecture is one of the disciplines shaping both the
physical and experiential quality of the built environment within the

context of LCA it is mostly represented at the level of “sub-disciplines,”

103



which complicates the holistic evaluation of design decisions in terms of
environmental impacts. LCA, however, is applicable not only to technical
areas such as material selection or energy efficiency but also to design
parameters such as spatial arrangements, usage scenarios, and user
behaviors (Hollberg & Ruth, 2016; Su et al., 2022). Similarly, the lack of
LCA use in early design stages is a frequently discussed important issue in
the literature (Kumar et. al.,2025). Therefore, there is significant research
potential for the architectural discipline: integrating LCA into the early
stages of the architectural design process could enable the discipline to
contribute more effectively to sustainability goals. Greater recognition of
LCA is necessary to fully realize its potential and availability in
architectural practice, research, and education in order to facilitate this
integration. In this regard, it is imperative that the architectural discipline
enhance the LCA methodology by connecting it to distinct dimensions like
design choices, user experience, and spatial quality, in addition to material
or energy use. This approach contributes to closing the interdisciplinary
gap and enhance the visibility of architecture's contribution to
environmental sustainability.

Geographical distribution and representational strength in literature
emphasizes the need for more inclusive international collaborations in the
field of life cycle assessment. The results demonstrate that LCA is
becoming one of the key instruments in environmental sustainability and
is expanding quickly as an interdisciplinary research topic. The rapid
increase in total publications confirms the broad use of LCA applications
in response to sustainability requirements and environmental challenges
around the world (Poderyte et al., 2025).
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Annual growth rates and the expansion of publications by year indicate
that LCA in architecture has accelerated at certain points in time. LCA's
acceptance as a crucial architectural method was accelerated, in particular,
by the growth of digital tools and the implementation of green building
standards after 2010. LCA research in the field of architecture is likely to
undergo significant expansion and diversification in the forthcoming
years, particularly in the context of the ongoing climate crisis and carbon
neutrality objectives.

Priorities in sustainable architecture and building research have changed
over the last two and a half years, as evidenced by the SDG distribution
seen in building LCA literature. According to the results, papers which
highly associated with SDG 7 (Affordable and Clean Energy), SDG 12
(Responsible Consumption and Production), and SDG 13 (Climate Action)
highlight reducing embodied energy use, promoting circular material
approaches, and reducing environmental impacts at different life cycle
stages. The strong association with SDG 11 (Sustainable Cities and
Communities) and SDG 9 (Industry, Innovation and Infrastructure)
suggests that LCA is increasingly adopted as a decision-making tool not
only at the building scale but also in urban planning and infrastructure
development processes. On the other hand, the significant links with SDGs
not directly related to the construction sector—such as SDG 14 (Life
Below Water) and SDG 15 (Life on Land) —indicate growing awareness
of the indirect impacts of building material sourcing and waste
management on ecosystems. This suggests that the focus of building life

cycle assessment (LCA) research is expanding to include broader
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environmental issues such as biodiversity and planetary boundaries, as
well as energy and emission limits.

Thematic patterns in building-scale life cycle assessment research suggest
a shift toward a multidisciplinary framework that extends beyond
environmental impact assessment. In addition to environmental metrics,
recent papers increasingly focus on social, economic, and technological
issues. Social life cycle assessment (LCA) and topics such as adaptive
reuse, modular construction, recycled materials, and 3D printing are
current methodological trends. Additionally, a shift toward digitally
supported and performance-oriented design methodologies is reflected in
the use of BIM, multi-criteria decision-making, and energy modeling. In
conclusion, this evolving thematic landscape demonstrates how life cycle
assessment (LCA) in architecture is e transforming into an integrated
sustainability framework that blends technical issues with contextual
awareness. The continuous advancement of research in this field will
enable earlier and more detailed analysis of environmental impacts,
thereby contributing to a significant reduction in the construction sector's

carbon footprint.
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1. Introduction

With the onset of the 21st century, the rapid increase in urbanization and
construction activities has led to the excessive consumption of natural
resources, a decline in agricultural land, and the transformation of urban
green spaces into built environments. These developments have not only
caused significant environmental degradation but also posed threats to
human health and quality of life. Buildings are largely responsible for the
amount of energy consumed and environmental emissions generated in the
World (Celebi & Arpacioglu, 2025). In Europe, buildings alone account
for approximately 40% of total energy consumption and 32% of CO:
emissions (TUIK, 2017), underscoring the urgent need for sustainable
strategies in the built environment. In this respect, the construction
industry has enormous potential to minimize its carbon footprint and the
environmental performance of a building throughout its lifespan is an
important issue (Celebi & Arpacioglu, 2023).

Among the most effective tools for addressing these challenges is Life
Cycle Assessment (LCA)—a systematic methodology that evaluates the
environmental impacts of a product, service, or building throughout its
entire life cycle (Tuna Taygun, 2005). While traditionally applied to new
constructions, LCA is increasingly being used to assess heritage buildings,
whose conservation and adaptive reuse can significantly reduce carbon
emissions and material waste. However, the unique materiality, historical
layering, and symbolic value of such structures introduce methodological
complexities that require nuanced approaches (Vezzoli & Manzini, 2008).
In this context, Building Information Modeling (BIM) offers a powerful

digital framework for integrating material and spatial data into LCA
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workflows. BIM-supported LCA enables early-stage environmental
impact analysis and supports data-driven decision-making in conservation
planning (Potr¢ Obrecht et al.,, 2020). Yet, sustainable heritage
conservation must go beyond environmental metrics. As Leifeste and
Stiefel (2018) argue, it must also encompass cultural continuity,
community engagement, and long-term resilience.

This chapter aims to evaluate the environmental performance of a
registered heritage building in Bursa, Turkey, through a BIM-integrated
LCA approach using ArchiCAD and One Click LCA. The selected case—
a historic structure currently serving as a healthcare facility—offers a
valuable opportunity to explore how digital tools can inform sustainable
conservation strategies. By doing so, the study contributes to the evolving
discourse on sustainable heritage, where ecological responsibility, cultural
significance, and digital innovation intersect (UN-Habitat, 2021; Life
Cycle Initiative, 2024).

2. Conceptual Background

Life Cycle Assessment (LCA) is a systematic and science-based
methodology used to evaluate the environmental impacts of a product,
process, or system throughout all stages of its life cycle—from raw
material extraction to production, use, and end-of-life disposal. Initially
developed in the late 1960s and early 1970s as energy-focused analyses
(Guinée, 2006; SpringerLink, 2017), LCA has evolved into a
multidimensional tool that integrates environmental, economic, and
increasingly, social dimensions of sustainability (Finnveden et al., 2009;
Nwodo & Anumba, 2019).
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The 1980s and 1990s marked a period of methodological expansion, with

the introduction of Life Cycle Impact Assessment (LCIA) and Life Cycle
Costing (LCC), and the establishment of formal frameworks by
organizations like SETAC and ISO (Guinée, 2006; ISO, 2006). The 2000s
witnessed the emergence of Social Life Cycle Assessment (S-LCA),
culminating in the UNEP/SETAC Guidelines in 2009, which emphasized
the inclusion of social and socio-economic impacts in life cycle thinking
(UNEP, 2009; Huertas-Valdivia et al., 2020). This process is seen in
Figure 1.

1990s
2000s & oyond
Origins of 1980s & 1990s Emergence LCA in policy
LCAin energy Expansion of S-LCA and standards
analysis and formal
frameworks

Figure 1. History of LCA in conceptual framework (Prepared by
authors)

LCA’s policy relevance has grown significantly, particularly within the
European Union. The 1992 Ecolabel Regulation and the 2019 European
Green Deal positioned LCA as a core tool for sustainable product policy,
circular economy strategies, and environmental footprinting (Sala et al.,
2021; European Commission, 2024). At the international level, the 1SO
14040 and ISO 14044 standards have provided a globally accepted
methodological foundation, ensuring consistency and credibility in LCA
studies (1SO, 2006).

Methodologically, LCA now includes attributional and consequential

approaches, each offering distinct perspectives for system boundaries and
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decision-making (Finnveden et al., 2009). Hybrid models that combine
process-based data with economic input-output analysis further enhance
the comprehensiveness of assessments. Despite these advances, challenges
remain, such as data quality, methodological inconsistencies, and limited
integration with social and policy dimensions (Guinée, 2006; Nwodo &
Anumba, 2019; Sala et al., 2021).

As LCA continues to evolve, its integration with digital tools and policy
frameworks positions it as a cornerstone of sustainable design and
decision-making across sectors, including the conservation of cultural
heritage buildings.

2.1. Life Cycle Assessment and Its Application in Buildings

Life Cycle Assessment (LCA) has emerged as a foundational methodology
for evaluating the environmental performance of buildings across all
stages of their existence—from raw material extraction and manufacturing
to use, maintenance, and eventual demolition. As the construction sector
continues to grapple with its substantial contribution to global energy
consumption and greenhouse gas emissions, LCA offers a structured and
science-based approach to support environmentally responsible decision-
making in design, construction, and renovation processes (Pérez &
Cabeza, 2017; Longo & Cellura, 2019). An LCA study typically comprises
four main stages (Figure 2) (ISO, 2006).
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Figure 2. Stages of LCA (1SO, 2006)
The methodological framework of LCA is defined by the ISO 14040 and
ISO 14044 standards, which outline four sequential phases: goal and scope
definition, life cycle inventory (LCI), life cycle impact assessment (LCIA),
and interpretation (1SO, 2006). In the first phase, the objectives, system
boundaries, and functional unit of the study are established, clarifying the
context and purpose of the assessment (Bayraktar, 2010; Tuna Taygun,
2005). The LCI phase involves the systematic collection of data on
material and energy inputs as well as emissions and waste outputs (Ortiz
et al., 2009). These data are then translated into environmental impact
categories—such as global warming potential, acidification, and
eutrophication—during the LCIA phase (Finnveden & Potting, 2014,
Giiltekin & Celebi, 2016). Finally, the interpretation phase synthesizes the

results to provide clear, consistent, and actionable insights aligned with the
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initial goals of the study (Levent, 2019). This framework is visualized in

Figure 3.
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= Goal and Scope = New building design
Definition » Material selection
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Assessment availability
« Life Cycle Carbon + Definition of
Emissions Future functional unit
Assessment Directions * Unclear system
« Social Life Ccle « Dynamic and boundaries
Assessment real-time LCA » Lack of tool
/| « BIMintegration standardization
«+ Social dimension
of S-LCA

Figure 3. Life cycle assessment and its application in building (Prepared
by authors)

In the context of buildings, LCA is widely applied to compare alternative
design strategies, assess the environmental performance of construction
materials, and guide the development of low-impact components (Singh et
al., 2011; Roberts et al., 2020). Specialized variants such as Life Cycle
Energy Assessment (LCEA) and Life Cycle Carbon Emissions
Assessment (LCCO,A) focus specifically on energy use and carbon
emissions, respectively, though they differ in scope and methodological
rigor (Chau et al., 2015). However, inconsistencies in defining functional
units (e.g., per square meter vs. per building), system boundaries, and data
sources often hinder the comparability of LCA studies (Nwodo &
Anumba, 2019; Bahramian & Yetilmezsoy, 2020).

119




Recent advancements in digital technologies have enabled the integration
of LCA with Building Information Modeling (BIM), enhancing the
accuracy and efficiency of environmental assessments. BIM provides
detailed, object-based representations of building components, which can
be exported via Industry Foundation Classes (IFC) to LCA software such
as One Click LCA, SimaPro, or GaBi (Santos et al., 2019). This integration
facilitates real-time feedback during early design stages, allowing
architects and engineers to evaluate the environmental implications of
design decisions as they are made (Viscuso et al., 2022). Nevertheless,
challenges such as semantic data gaps, software interoperability issues,
and the absence of standardized workflows continue to limit the
widespread adoption of BIM-LCA integration (Bueno & Fabricio, 2018).
Beyond environmental metrics, the social dimension of sustainability has
gained increasing attention through the development of Social Life Cycle
Assessment (S-LCA). This approach evaluates the social and socio-
economic impacts of a product or system across its life cycle, focusing on
indicators such as labor rights, community well-being, and stakeholder
engagement (UNEP, 2009; Life Cycle Initiative, 2024). In the built
environment, S-LCA can be particularly valuable in assessing the social
implications of heritage building restoration, including local employment
generation, cultural continuity, and participatory design processes.
However, S-LCA remains underrepresented in the construction literature,
with only a minority of studies addressing all three pillars of
sustainability—environmental, economic, and social (Backes & Traverso,
2021).
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Another emerging frontier in LCA research is the development of dynamic
and real-time assessment models. Traditional LCA assumes static
conditions, which may not accurately reflect the temporal and spatial
variability inherent in building performance. Dynamic LCA (DLCA)
addresses this limitation by incorporating real-time data from IoT sensors,
digital twins, and climate-responsive models to capture fluctuations in
energy use, occupancy patterns, and environmental conditions (Fnais et
al., 2022; Hosamo et al., 2024). These innovations significantly enhance
the contextual relevance and precision of LCA, particularly in operational
energy monitoring and adaptive maintenance strategies.

Despite its growing applicability, LCA still faces several methodological
and practical challenges. High data requirements, subjectivity in impact
characterization, and the lack of standardized tools and databases—such
as Ecoinvent, ICE, and ATHENA—continue to affect the reliability and
comparability of results (Chau et al., 2015; Bahramian & Yetilmezsoy,
2020). Moreover, LCA is often applied too late in the design process,
limiting its potential to influence critical decisions. Integrating LCA at the
conceptual design stage, alongside tools like BIM and Life Cycle Costing
(LCC), can significantly improve the sustainability outcomes of building
projects (Roberts et al., 2020; Longo & Cellura, 2019).

In conclusion, Life Cycle Assessment remains an indispensable tool for
evaluating and improving the environmental performance of buildings. Its
continued evolution—through methodological refinement, digital
integration, and the inclusion of social and temporal dimensions—will be

essential for advancing sustainable practices in the construction sector.
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2.2. Life Cycle Assessment in Historic Buildings

The application of Life Cycle Assessment (LCA) in historic buildings has
gained increasing attention as a means to reconcile the goals of cultural
heritage preservation with environmental sustainability. Unlike
conventional buildings, historic structures present unique challenges and
opportunities due to their material composition, construction techniques,
and extended service lives. LCA provides a systematic framework to
evaluate the environmental impacts of these buildings across all life cycle
stages, from material extraction to end-of-life, thereby informing more
sustainable conservation and renovation strategies (Serrano et al., 2022;
Berg & Fuglseth, 2018).

Recent studies have demonstrated that restoration practices—particularly
those that retain original materials and construction methods—can yield
environmental impacts that are comparable to or even lower than those of
modern renovation approaches focused on energy efficiency (Pachta &
Giourou, 2022; Angrisano et al., 2021). For example, bio-based insulation
materials used in energy retrofits have been shown to reduce embodied
carbon, while maintaining the thermal performance of heritage structures
(Angrisano et al., 2021). However, operational energy use remains a
critical concern, as historic buildings often exhibit higher energy
consumption during the use phase due to outdated systems and limited
insulation (Berg & Fuglseth, 2018). A comparative overview of
environmental impacts between historic and modern buildings is presented
in Table 1.
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Table 1. Comparison of the environmental impacts of historic and modern
buildings (Adapted from Pachta & Giourou, 2022; Berg & Fuglseth, 2018)

Criterion Historic Buildings Modern Buildings
Service Life Long (e.g., 140 years) Short (e.g., 60 years)
Embodied Low (natural High (industrial
Environmental Impact materials) materials)

Impact During Use Phase High Lower

Fossil Fuel Consumption  Low High

Despite their advantages, the LCA of historic buildings is constrained by
several methodological limitations. One of the most significant challenges
is the lack of environmental data for traditional materials and techniques,
which are often absent from standard LCA databases such as Ecoinvent or
ICE (Franzoni et al., 2020; Nwodo & Anumba, 2019). Additionally,
defining appropriate functional units and system boundaries is particularly
complex due to the unique architectural and functional characteristics of
heritage structures.

Another limitation lies in the static nature of conventional LCA models,
which often fail to account for the temporal and spatial variability inherent
in long-lived buildings. Dynamic LCA (DLCA) approaches, which
incorporate real-time data and changing usage scenarios, offer a promising
solution to this issue. These models can better reflect the evolving
environmental performance of historic buildings over time, especially in
the face of climate change and shifting occupancy patterns (Fnais et al.,
2022; Salati et al., 2025).

Moreover, LCA outcomes in heritage contexts are not always directly
translatable into policy or design decisions. Cultural values, aesthetic
considerations, and stakeholder perceptions often play a decisive role in

conservation strategies, introducing a layer of subjectivity that LCA alone
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cannot capture (Realdania, 2023). Therefore, interdisciplinary
collaboration and stakeholder engagement are essential to ensure that LCA
findings are meaningfully integrated into heritage conservation practices.
To enhance the robustness of LCA in historic buildings, several strategies
have been proposed. These include the development of heritage-specific
environmental databases, the integration of Life Cycle Cost Analysis
(LCCA) to assess economic sustainability, and the alignment of LCA
methodologies with national building codes and conservation guidelines
(Hromada et al., 2024; Dong et al., 2021). The combined use of LCA and
LCCA, particularly when supported by BIM-based tools, enables a more
holistic evaluation of both environmental and financial implications of
restoration interventions (McNeil-Ayuk & Jrade, 2024).

In Tirkiye, recent research has emphasized the untapped potential of LCA
in cultural heritage conservation. Studies highlight the need for localized
data, stakeholder participation, and policy frameworks that support the
integration of LCA into restoration planning (Bascil et al., 2024). As the
field evolves, dynamic, interdisciplinary, and context-sensitive approaches
will be critical to advancing the sustainable preservation of historic
buildings.

2.3. BIM-Based Life Cycle Assessment (LCA) for Historic Buildings:
Current Status, Potential, and Limitations

The integration of Building Information Modeling (BIM) with Life Cycle
Assessment (LCA) has emerged as a transformative approach in the
construction sector, offering significant potential for enhancing
sustainability in the conservation and management of historic buildings.

BIM-based LCA enables the visualization, quantification, and

124




optimization of environmental impacts across all life cycle stages, from
design to demolition, by leveraging digital modeling and structured data
environments (Soust-Verdaguer et al., 2017; Mora et al., 2020).

BIM serves as a digital platform that organizes geometric and semantic
information about a building, while LCA provides a quantitative
framework for assessing environmental impacts. Their integration
facilitates more efficient data management, reduces manual input, and
supports automated or semi-automated environmental analyses (Potr¢
Obrecht et al., 2020; Santos et al., 2019). This synergy is particularly
valuable in historic buildings, where complex geometries, diverse material
compositions, and long service lives pose unique challenges for
sustainability assessments.

Recent studies have demonstrated that BIM-LCA integration can support
environmental decision-making at both the component and whole-building
levels. BIM models allow for the visualization of environmental impact
intensities, making LCA results more accessible to designers and
stakeholders (Rock et al., 2018). Moreover, the use of BIM plugins and
templates has enabled the implementation of LCA during early design
phases, thereby enhancing the feedback loop between design and
sustainability performance (Chen et al., 2024; Tam et al., 2022).
However, several limitations persist. One of the primary challenges is the
lack of semantic richness in BIM models for historic buildings, which
often lack standardized object classifications and material definitions
(Soust-Verdaguer et al., 2017; Safari & Azarijafari, 2021). Manual data
transfer between BIM and LCA tools remains common, particularly in

early-stage workflows, due to poor interoperability and the absence of
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unified data schemas (Potr¢ Obrecht et al., 2020; Guignone et al., 2023).
Additionally, the underrepresentation of traditional materials in LCA
databases limits the accuracy of environmental assessments in heritage
contexts (Fnais et al., 2022). This framework is visualized in Figure 4.

BIM-Based LCA for
Historic Buildings

BIM Model Benefits
— 3D Geometry = Early-stage decision support
— Material Properties = Environmental impact mapping
— LCA Tool (e.g. One CIKA * Cost and time efficiency

— Impact Visualization
Challenges

LCA Integration Semantic gaps in historic models

.
Data Export (BoQ, IFC) * Manual data transfer
LCA Tool (e.g. One Click LCA) « Limited material databases

'— Impact Visualization « Lack of standardized workflows

Future Directions
Al-driven automation Heritage-specific BIM braries Policy and guideline integration

Figure 4. BIM-based LCA for historic buildings (Prepared by authors)
To address these issues, researchers have proposed several strategies.
These include the development of heritage-specific BIM object libraries,
the adaptation of IFC schemas to accommodate traditional construction
elements, and the integration of localized LCA databases (Potr¢ Obrecht
et al., 2020; Mora et al., 2020). Furthermore, the automation of BIM-LCA
workflows through Al-driven tools and real-time data integration is
gaining traction, offering new possibilities for dynamic and context-
sensitive assessments (Espinosa & Tortorella, 2025).

Despite these advancements, the widespread adoption of BIM-based LCA
in historic building conservation requires the establishment of

standardized methodologies, improved interoperability between
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platforms, and enhanced training for practitioners. Institutional support
and policy alignment are also essential to ensure that digital sustainability
assessments are embedded within regulatory frameworks and conservation
guidelines (Dong et al., 2021; Atik et al., 2022).

In conclusion, BIM-based LCA holds significant promise for advancing
sustainable heritage conservation. While technical and methodological
barriers remain, ongoing research and interdisciplinary collaboration are
paving the way for more robust, automated, and heritage-sensitive
assessment frameworks.

3. Methodology and Materials

This study presents a Life Cycle Assessment (LCA) of a registered historic
building located in the Kiikiirtlii neighborhood of Bursa, Tiirkiye.
Currently functioning as a dermatocosmetology unit, the building was
selected due to its representative architectural features and adaptive reuse
potential. The methodological framework was structured under three main
phases: data collection, digital modeling, and life cycle analysis.

Data Collection; The initial phase involved the acquisition of architectural
documentation, including existing plans, sections, and facade drawings,
obtained from local public institutions. To supplement these records and
verify the current condition of the building, on-site surveys and
photographic documentation were conducted. This process enabled the
identification of material types, structural components, and architectural
features. Particular attention was paid to the documentation of original
materials and construction techniques, which are often underrepresented
in standard LCA databases (Franzoni et al., 2020; Fnais et al., 2022).
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Digital Modeling; Based on the collected data, a three-dimensional digital
model of the building was developed using ArchiCAD software. The
model included all major structural components such as the load-bearing
system, walls, floors, roof, windows, and doors. The foundation system
was excluded due to insufficient documentation. ArchiCAD’s parametric
modeling capabilities allowed for high-fidelity representation of the
building’s geometry and material properties. The model was exported in
Industry Foundation Classes (IFC) format to ensure compatibility with
LCA tools, following best practices for BIM-LCA integration (Potr¢
Obrecht et al., 2020; One Click LCA, 2024).

Life Cycle Assessment (LCA); The LCA was conducted using the One
Click LCA platform, selected for its extensive material database,
compatibility with BIM workflows, and accessibility through an academic
license. The IFC model was imported into the software, where
environmental impact calculations were performed. The assessment
covered life cycle stages A1-A3 (product stage), A5 (construction), B4—
B5 (use phase), and C1-C4 (end-of-life), in accordance with EN 15978
standards. The functional unit was defined as “1 m? of gross floor area over
a 50-year service life,” a common metric in building LCA studies (Soust-
Verdaguer et al., 2017).

Limitations and Assumptions

Several limitations were acknowledged in the study. The analysis excluded
non-structural elements such as furniture, mechanical systems, and interior
finishes due to data unavailability. Additionally, the foundation system
was omitted from the model. These exclusions, while necessary, may lead

to underestimation of total environmental impacts. Furthermore, the
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reliance on generic environmental product declarations (EPDs) for
traditional materials introduces uncertainty, as many heritage-specific
materials are not well represented in existing databases (Franzoni et al.,
2020; Realdania, 2023).

Despite these limitations, the study demonstrates the feasibility of
applying BIM-integrated LCA to historic buildings. The digital model and
LCA outputs provide a replicable framework for evaluating the
environmental performance of heritage structures, particularly in the
context of sustainable conservation and adaptive reuse. As emphasized in
recent literature, such assessments can inform restoration strategies that
minimize carbon footprints while preserving cultural value (Baseil et al.,
2024; Serrano et al., 2022). The material and method processes of the study

are presented as a process chart in Figure 5.

METHODOLOGY AND MATERIALS
]

{ [ \ f- N N G B l )
Data Digital Life Cycle
Collection [—>| Modeling [—”| Assessment
(LCA)
» Obtain plans, » Develop 3D
sections, and model using » Import model
facade drawings ArchiCAD into One Click
+ Conduct on-site + Include primary LCA
surveys and structural « Cover stages
documentation elements A1-A3,
* Identify material 12 B4-BS, BS, C1"CJ
types and
& components L
Limitations and
Assumptions

Figure 5. Material and method process of the study (Prepared by author)
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3.1. Kiikiirtlii Uludag University Dermato-Cosmetology Building
The building analyzed in this study is located in the Kiikiirtlii
neighborhood of Bursa’s Osmangazi district, positioned between Cekirge
and Kikiirtlii streets (Figure 6).

| .

©®

Figure 6. Location of the study area (OpenStreetMap, n.d.)
It lies in close proximity to historically significant thermal health facilities,
including the Kiikiirtlii Thermal Springs and Baths, which date back to the
early Ottoman period and were commissioned by Sultan Murad | prior to
1389 (Kiiltiir Portali, 2024; Termal Rehber, 2024). These facilities,
historically known as Biiyiik and Kii¢iik Kiikiirtlii Hamams, have long
served as centers of hydrotherapy and continue to function today under the

Uludag University Atatiirk Hydrotherapy and Rehabilitation Center.

The building currently houses the Dermato-Cosmetology Unit of Uludag
University’s Health Application and Research Center. It is situated within
a dense urban fabric characterized by a mix of residential development and
health-oriented infrastructure. The Kiikiirtli neighborhood lies along
Bursa’s westward development axis, a corridor that has experienced rapid
urbanization and densification since the mid-20th century, particularly due

to industrialization and internal migration (Global Future Cities
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Programme, 2023). This axis has become a focal point for health tourism
and urban transformation, making the building’s location strategically
significant.

Historically, the structure was part of a larger thermal complex and has
undergone multiple functional transformations. Its proximity to thermal
water sources has played a decisive role in its adaptive reuse as a
healthcare facility. Today, the building benefits from excellent
accessibility, being located near major transportation nodes such as bus
stops and the Kiiltiirpark Metro Station, which enhances its usability and
integration into the urban system.

The selection of this building for a BIM-based Life Cycle Assessment
(LCA) was informed by several factors: its active institutional use, its
designation as a registered cultural heritage asset, and the availability of
technical documentation. These attributes not only ensured the feasibility
of digital modeling and environmental analysis but also positioned the
building as a unique case study at the intersection of heritage conservation
and sustainable design. Its dual identity—as both a historic structure and a
contemporary medical facility—offers a compelling context for evaluating
the environmental performance of adaptive reuse strategies through LCA
methodology.

3.2. Digital Modeling of the Building

The digital modeling phase of the study was carried out using ArchiCAD,
a BIM-based software selected for its parametric modeling capabilities and
seamless integration with One Click LCA. Architectural documentation—
including plan, section, and elevation drawings—was provided by the

relevant department of Uludag University. While these documents offered
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a general understanding of the building’s morphology, they lacked detailed
information on construction techniques and material specifications. To
address these gaps, a comprehensive literature review was conducted,
supplemented by on-site observations and expert consultations.

Field investigations confirmed that the building features a traditional
timber frame (himis) structural system, infilled with adobe brickwork and
finished with double-layer plaster on both interior and exterior facades.
These findings were cross-referenced with Sedad Hakki Eldem’s
typological classifications in Tiirk Evi III, a seminal work on traditional
Turkish civil architecture. Eldem’s systematic approach to Ottoman-era
timber construction provided a historically grounded framework for

interpreting building’s spatial organization and structural logic (Figure 7).
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Figure 7. Double-floor timber load-bearing system (Eldem, 1987)
Based on this information, the building was modeled in ArchiCAD with
high geometric and semantic accuracy. All major structural components
were included in the model: the timber load-bearing frame, infill walls,
floors, roof system (including slope and covering), and fenestration
elements such as windows and doors. Due to insufficient documentation,
the foundation system was excluded from the analysis.

Leveraging the information management advantages of BIM, the model

incorporated detailed data on materials, dimensions, and performance

133



parameters. The finalized model was exported in Industry Foundation
Classes (IFC) format to ensure interoperability with the One Click LCA
platform. This export enabled the integration of geometric and material
data into the LCA workflow, facilitating a BIM-based environmental
performance analysis.

Figure 8(a) presents the building holistically, showing its volumetric and
structural components without infill and cladding layers. Figure 8(b)
illustrates the same model with all construction layers included, offering a

detailed representation of the building’s material composition.

(a)

(b)
Figure 8. Structural frame view of the building model (a), overall view of

the building (b) (Prepared by the author)
3.3. Life Cycle Assessment of the Building

The Life Cycle Assessment (LCA) of the historic building was conducted
using the One Click LCA platform, integrated directly with the BIM model
developed in ArchiCAD. This integration enabled the automatic transfer
of material quantities and classifications from the digital model to the LCA
environment via Industry Foundation Classes (IFC) format, streamlining
the data exchange process and minimizing manual input (One Click LCA,
2024).
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Once imported, the material data were manually reviewed and verified by
the researcher. Where necessary, material mappings were adjusted using
One Click LCA’s extensive environmental product database. Priority was
given to datasets specific to Tiirkiye; in the absence of local data, reliable
European sources such as Ecoinvent and OKOBAUDAT were utilized to
ensure regional relevance and methodological consistency (Circular
Ecology, 2024).

The environmental impact assessment was conducted in accordance with
the EN 15804+A1 standard, which defines core rules for the environmental
performance of construction products. The following life cycle stages were
included in the analysis:

e Al-A3: Product stage (raw material supply, transport,

manufacturing)

e Ab: Construction process stage (installation)

e B4-B5: Use stage (maintenance and repair)

e C1-C4: End-of-life stage (deconstruction, transport, processing,

disposal)

o D: Potential benefits and loads from reuse, recovery, and recycling
The assessment focused on key environmental impact categories,
including:

e Global Warming Potential (GWP)

« Biogenic Carbon Storage

o Ozone Depletion Potential (ODP)

« Acidification Potential (AP)

« Eutrophication Potential (EP)
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Additional indicators related to the use of renewable and non-renewable
primary energy, as well as material resource consumption, were also
reported. Among these, GWP and ODP were selected as the primary
indicators for interpretation, given their relevance to climate change and
atmospheric degradation (Ecochain, 2024; Vaayu, 2024).

The results were contextualized based on the building’s material
composition, structural typology, and operational lifespan. Figure 9
illustrates the technical data derived from the BIM model and the specific

life cycle stages addressed in the assessment.
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Figure 9. Life cycle stages and scope of assessment across building
(Prepared by authors)

The obtained Life Cycle Assessment (LCA) data were calculated in
accordance with the EN 15804 +A1 standard. This standard serves as a

widely accepted European reference for preparing environmental product
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declarations of construction materials. Figure 10 presents the proportional
distribution of the impact categories resulting from the One Click LCA

analysis, displayed as stacked columns according to the LCA phases.
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Figure 10. Proportional distribution of environmental impact categories
across life cycle stages (Edited by the author with One Click LCA data)

This study evaluates the environmental performance of the historic
building through two key impact categories: Global Warming Potential
(GWP) and Ozone Depletion Potential (ODP). Both indicators were
calculated in accordance with the EN 15804 +Al1 standard, which provides
a harmonized methodology for assessing the environmental impacts of
construction products throughout their life cycle. The analysis was
conducted using One Click LCA software, integrated with the BIM model
developed in ArchiCAD.

The total greenhouse gas emissions associated with the building’s life
cycle were calculated as approximately 130,310 kg CO--equivalent. This
value represents the cumulative emissions released into the atmosphere
across all life cycle stages and serves as a critical metric for assessing the

building’s carbon footprint.
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As shown in Table 2, the majority of emissions—65.5% (85,302 kg
CO.e)—originated from the product stage (A1-A3), which includes raw
material extraction, processing, and manufacturing. The replacement and
maintenance stages (B4-B5) accounted for 25.9% (33,811 kg COze),
followed by the construction stage (AS5) with 5.1% (6,650 kg COze).
Transport (A4), waste transport (C2), and disposal (C4) stages contributed
marginally, together comprising less than 3.5% of the total.
Table 2. GWP values by life cycle stage

Category Global warming kg COze
Al-A3 Materials 85301,8
A4 Transport 2379,8
A5 Construction 6649,9
B4-B5 Replacement 33811,4
C2 Waste transport 11474
C4 Waste disposal 1019,6

This distribution highlights the dominant role of material production and
replacement processes in the building’s overall carbon footprint.
Accordingly, material selection emerges as a critical factor in reducing
embodied emissions, particularly in the context of restoration and adaptive
reuse.

A material-specific breakdown of GWP values is presented in Table 3. The
analysis reveals that a small number of materials account for a
disproportionately large share of emissions. Wood-framed glass doors
alone contributed 26.8% (34,668 kg CO.e), followed by mortar (18.8%),
ready-mix concrete (17.4%), and bitumen-based roofing materials
(13.2%). These four materials collectively accounted for over 75% of the
building’s total GWP.
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Table 3. GWP values by building material

Global warming kg

Category COse

Wood-framed glass doors 34668,0
Mortar (masonry/bricklaying) 242717,4
Ready-mix concrete for external walls and floors 22451,8
Bitumen and other roofing 17103,0
Sand, soil and gravel 7674,7
Gypsum plaster (interior applications) 6549,9
Brick, common clay brick 6315,0
Plain wood/timber (softwood and hardwood) 6010,3
Wood and wood board doors 4180,3
Other resource types 1079,2

These findings underscore the importance of material-specific
sustainability strategies, particularly in the selection of high-impact
components such as glazing systems, binders, and roofing materials.

In addition to carbon emissions, the study also assessed the building’s
Ozone Depletion Potential (ODP), expressed in kg CFC-11-equivalent.
The total ODP impact was calculated as approximately 0.02077 kg CFC-
11-eq. As shown in Table 4, the B4-B5 stage (replacement and
refurbishment) was the largest contributor, accounting for 53% of the total
impact. The A1-A3 stage followed with 39%, while construction,
transport, and disposal stages contributed less than 8% combined.

Table 4. ODP values by life cycle stage

Ozone Depletion kg

Category CFClle

Al1-A3 Materials 0,008082744
A4 Transport 0,000435175
A5 Construction 0,000824447
B4-B5 Replacement 0,011016023
C2 Waste transport 0,000226492
C4 Waste disposal 0,000183178
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The material-based analysis of ODP values, presented in Table 5, reveals
that bitumen and other roofing materials were responsible for 74% of the
total ozone depletion impact (0.0161 kg CFC-11-eq). Other notable
contributors included wood-framed glass doors, ready-mix concrete, and
sand-based aggregates, each contributing between 3% and 4%.

Table 5. ODP values by building material

Ozone Depletion kg

Category CEC1le

Bitumen and other roofing 0,016129953
Wood-framed glass doors 0,000927938
Ready-mix concrete for external walls and floors 0,000919109
Sand, soil and gravel 0,00091524
Plain wood/timber (softwood and hardwood) 0,000795407
Brick, common clay brick 0,00068686
Wood and wood board doors 0,000161231
Mortar (masonry/bricklaying) 9,12593E-05
Gypsum plaster (interior applications) 7,79571E-05
Other resource types 6,31054E-05

These results emphasize that ozone depletion impacts are highly
concentrated in specific material categories—particularly roofing
products—highlighting the need for careful material selection in both
initial construction and future maintenance interventions. The findings
suggest that substituting high-ODP materials with environmentally
preferable alternatives could significantly reduce the building’s long-term
environmental burden.

3.4. Evaluation of LCA Results

The Life Cycle Assessment (LCA) results reveal significant environmental
disparities among building components when evaluated across two key
impact categories: Global Warming Potential (GWP) and Ozone Depletion

Potential (ODP). These differences underscore the importance of adopting
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a multidimensional approach to material selection in both new
construction and heritage restoration.

Material-specific GWP analysis identified timber-framed glazed doors,
mortar, and ready-mix concrete as the primary contributors to total
greenhouse gas emissions. These components exhibit high CO.-equivalent
values due to their energy-intensive production processes and reliance on
fossil fuels. Their embodied carbon content significantly influences the
building’s overall environmental footprint, particularly during the product
stage (A1-A3).

In contrast, the ODP assessment presents a distinct environmental profile.
Bituminous roofing materials emerged as the most impactful group in
terms of ozone layer depletion, accounting for the majority of CFC-11-
equivalent emissions. This is primarily attributed to the use of halogenated
blowing agents and chemical additives during manufacturing (UNEP,
2021). Other contributors include timber-framed glazed doors, ready-mix
concrete, and mineral-based fill materials such as sand and gravel. These
findings highlight that ozone depletion is not necessarily correlated with
carbon emissions, and that material toxicity and chemical composition
must also be considered in environmental evaluations.

When interpreted together, the GWP and ODP results emphasize the
necessity of holistic material assessment. Relying solely on a single
environmental indicator may obscure trade-offs and lead to suboptimal
design decisions. For instance, a material with relatively low embodied
carbon may still pose significant risks to atmospheric health due to its

ozone-depleting potential. This aligns with recent LCA literature, which
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stresses the importance of evaluating materials across multiple
environmental dimensions (Cabeza et al., 2014).

In this context, the promotion of renewable, low-emission materials—such
as sustainably sourced timber—offers a promising pathway, provided that
their application is supported by appropriate design strategies and
maintenance protocols. Studies have shown that wood-based materials can
significantly reduce life cycle emissions when used under controlled
conditions (Sathre & O’Connor, 2010). However, even bio-based
materials must be critically assessed for their full life cycle impacts,
including processing, transportation, and end-of-life scenarios.
Ultimately, these findings reinforce the importance of embedding life
cycle thinking into all phases of the building process—from early design
and procurement to construction, operation, and eventual deconstruction.
Such an approach not only enhances the environmental performance of
individual projects but also contributes to broader sustainability goals in
the built environment.

4. Conclusion and Recommendations

This study contributes to the growing body of research on sustainability-
oriented assessment methods for cultural heritage buildings by applying a
BIM-based Life Cycle Assessment (LCA) to a registered historic structure
in Tirkiye. The case study of the Uludag University Dermatology and
Cosmetology Unit, located in the Kiikiirtlii neighborhood of Bursa,
demonstrates the potential of integrating digital modeling (via ArchiCAD)
with environmental performance analysis tools (One Click LCA) to
evaluate the life cycle impacts of heritage structures in a systematic and

replicable manner.
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One of the key findings of the study is the considerable variation in
environmental impacts among different material types used in the
building. In the Global Warming Potential (GWP) category, components
such as timber-framed glazed doors, mortar, and ready-mix concrete were
identified as the most carbon-intensive elements. This outcome highlights
that even in buildings constructed using traditional techniques, modern
material supply chains and manufacturing processes can result in high
embodied emissions. Similarly, the Ozone Depletion Potential (ODP)
analysis revealed that industrial materials—particularly bituminous
roofing products—pose significant environmental burdens due to the use
of halogenated compounds and chemical additives. These findings
underscore the importance of evaluating multiple environmental indicators
beyond carbon emissions when assessing sustainability in the built
environment (Cabeza et al., 2014).

The results align with existing literature emphasizing that material
selection and maintenance strategies are critical determinants of a
building’s long-term environmental performance, especially in the context
of heritage conservation. In this regard, LCA emerges as a valuable
decision-support tool not only for new construction but also for the
sustainable management, adaptation, and reuse of existing building stock.
The study further reveals that maintenance and refurbishment activities
(B4-B5 stages) contribute substantially to environmental impacts—
particularly in terms of ODP—reinforcing the need to align restoration
practices with sustainability goals.

The BIM-based approach adopted in this study offers significant
advantages in overcoming traditional limitations of LCA in heritage
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contexts. The integration of a detailed digital model with LCA software
enabled a more accurate representation of building components and their
environmental impacts. This finding is consistent with recent research
highlighting the potential of BIM-LCA integration to enhance the
precision and efficiency of environmental assessments in the building
sector (Potr¢ Obrecht et al., 2020). However, the study also identified
several challenges, including data interoperability issues, the limited
availability —of localized environmental datasets, and the
underrepresentation of traditional materials in existing LCA databases.
These limitations affected the precision and generalizability of the results.
To address these challenges, the development of heritage-specific
environmental datasets and the establishment of BIM-LCA modeling
standards that reflect local construction practices are essential. Moreover,
enhancing LCA methodologies to account for dynamic variables—such as
climate variability, usage scenarios, and temporal degradation—would
significantly improve the relevance of sustainability assessments for long-
lived heritage structures.

It is also important to acknowledge the scope limitations of this study.
Elements such as the foundation system, mechanical infrastructure, and
user behavior were excluded from the analysis due to data constraints. As
a result, the environmental indicators presented here are limited to the
building envelope and structural components. Future research should aim
to incorporate these omitted aspects and explore the integration of Life
Cycle Cost Analysis (LCCA) to enable a more comprehensive evaluation

of environmental, economic, and cultural sustainability.
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In conclusion, this study demonstrates the feasibility and value of
integrating BIM and LCA methodologies in the sustainability assessment
of culturally significant buildings. The wuse of material-based
environmental indicators provides a robust framework for informing
restoration and reuse decisions. At the policy level, incorporating LCA
findings into  conservation  regulations could support the
institutionalization of sustainable heritage practices, as emphasized by
Fouseki and Cassar (2014). In doing so, historic buildings can be redefined
not only as cultural monuments of the past but also as environmentally
responsible assets for the future.

In conclusion, this study demonstrates the feasibility and value of
integrating BIM and LCA methodologies in the sustainability assessment
of culturally significant buildings. The use of material-based
environmental indicators provides a robust framework for informing
restoration and reuse decisions. At the policy level, incorporating LCA
findings into  conservation  regulations could support the
institutionalization of sustainable heritage practices, as emphasized by
Fouseki and Cassar (2014). In doing so, historic buildings can be redefined
not only as cultural monuments of the past but also as environmentally
responsible assets for the future.

Looking ahead, cultural heritage buildings hold significant potential to
play an active role in sustainable urban transitions by serving as exemplars
of low-carbon, resource-efficient, and socially inclusive development. By
embedding environmental considerations into conservation practice,
heritage structures can contribute not only to the preservation of cultural

identity but also to broader climate adaptation and mitigation goals.
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Moreover, the integration of multidimensional assessment frameworks
such as Social Life Cycle Assessment (S-LCA) and Life Cycle Cost
Analysis (LCCA) offers promising avenues for future research.
Incorporating these methods alongside environmental LCA would enable
more holistic evaluations that address the social, economic, and cultural
dimensions of sustainability. Such an approach could guide decision-
makers toward restoration strategies that balance environmental
performance with community well-being and long-term affordability.

Taken together, these directions underscore the transformative potential of
heritage buildings in shaping resilient, sustainable, and culturally vibrant

cities of the future.
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1. Introduction

The primary objective of this study is to reveal the environmental impacts
of the materials used in the restoration process of the historic Kiikiirtlii
Hamam in the Kiikiirtlii district of Bursa through the life cycle assessment
(LCA) method. The study not only focuses on the restoration of this unique
structure, but also aims to develop a systematic approach to how the LCA
method can be applied in architectural restoration projects by modeling
quantitative data generated through Revit software in the OpenLCA
environment. Thus, the research aims to make an important contribution
in terms of enabling the numerical evaluation of the environmental
performance of traditional building materials and transferring these
evaluations to decision-making processes.

The scope of the study is defined by the “cradle to gate” methodological
boundaries. Within this framework, all stages from raw material sourcing,
processing, production, transportation, and use on site are included in the
analysis. However, subsequent stages that may arise during the use of the
structure, such as energy consumption, maintenance and repair activities,
demolition at the end of its useful life, reuse, or recycling, are not evaluated
within the scope of the study. This limitation makes the research more
feasible in terms of data accessibility and allows for a clearer and more
focused examination of the environmental impacts specific to the
restoration process. Therefore, the study is not limited to analyzing the
environmental performance of a specific building but also serves as a
prototype demonstrating the applicability of the LCA method in the field

of restoration.
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To ensure that the LCA method yields more functional and reliable results,
detailed research was conducted on the processes and materials used. The
building has a stone load-bearing system in the basement and a brick infill
and timber load-bearing system on the upper floors. Therefore, the analysis
was performed on these basic materials.

The study consists of three main sections. In the first section, existing
technical drawings were transferred to a three-dimensional digital
environment to obtain quantity and material information. Autodesk Revit
software was used in this process, and a methodology was proposed to
collect the data necessary for LCA.

In the second section, the building's restoration process was modeled
within the scope of the life cycle based on the data obtained. At this stage,
the analysis process was carried out using OpenLCA software, and
explanations were provided about life cycle modeling and the model's
subcomponents. This section aims to provide researchers with a practical
guide on how to conduct individual LCA studies using OpenLCA.

In the third section, the obtained life cycle data were evaluated and
discussed. At this stage, the environmental impacts of the materials were
analyzed comparatively, and the reliability and limitations of the outputs
provided by the LCA software used were questioned.

Thus, the aim was for users to evaluate the extent to which OpenLCA
meets their needs.

2. Literature Review

Today, climatic irregularities and ecological crises have increased; the
importance of sustainable environmental policiesthese policies have

started to play a decisive role in the evaluation of the environmental
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impacts of built environments. According to a 2019 global study, the
construction sector accounts for 30% of energy-related CO2 emissions.
This ratio clearly reveals that current building production and
transformation methods should be made sustainable (Serrano et al.,
2022a). It stands out as an effective method to evaluate with a scientific
and holistic approach the environmental impacts of buildings (Elnaggar,
2024, p. 2).

Although LCA is widely applied in different sectors, it is especially used
in the building sector to assess the environmental impacts of new
buildings. However, when, the number of studies in the literature decreases
significantly. It comes to the restoration and renovation of historic
buildingsin the study dated of Fahlstedt et al., 2024, it is stated that only
54 academic publications on building renovation were reached in . In a
recent literature review based on this study, only 31 relevant studies were
found. This number shows that the volume of research is quite insufficient
considering the existing historic building stock. The literature study
conducted between 2005 and 2022.

Serrano et al. (2022b) emphasise that LCA applications in historic
buildings are both few in number and with limited impact categories.

One of the main reasons for this limitation is that existing LCA software
and databases are mostly developed for modern buildings. The lack of data
on local and traditional materials used in historic buildings limits the
applicability of these analyses (Mazzetto, 2024, p. 4). Elnaggar (2024)
draws attention to this gap and argues that specialised databases specific
to heritage science, including regional environmental, economic and

socio-cultural data, should be developed.
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In recent years, the relationship between cultural heritage conservation and
sustainable environmental policies has become more visible. In 2021, the
"Joint Commitment for Climate Action in Cultural Heritage" statement
published by the International Institute for the Conservation of Historical
and Artistic Works (11C), the International Centre for the Conservation and
Restoration of Cultural Property (ICCROM) and the Conservation
Committee of the International Council of Museums (ICOM-CC)
emphasises the importance of sustainable practices in this field (Elnaggar,
2024, p.2). However, academic studies in this direction are still limited.
One of the prominent examples in this context is the LCA study carried
out by Serrano et al. for the restoration of a farmhouse dating back to the
1800s in Denmark. In this study, restoration and renovation scenarios were
compared and it was concluded that restoration performed better in
environmental terms. The analysis process was carried out with OpenLCA
1.10.3 software and Ecoinvent database was used. This study constitutes
an important example for the sustainable transformation of cultural
heritage.

The concept of "green heritage science” put forward by Elnaggar (2024)
forms the basis of the paradigm shift in this field. This approach proposes
to consider principles such as the use of renewable resources, minimum
intervention, reduction of toxic chemicals, energy efficiency and waste
minimisation in the socio-economic context. However, the applicability of
these principles depends on the development of LCA tools and databases
specific to restoration processes.

In conclusion, the application of LCA methodology in the restoration of

cultural heritage buildings is still insufficient from both academic and
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practical perspectives. The elimination of research gaps in this field, the
development of analysis tools specific to heritage science and the
dissemination of sustainable restoration practices should be among the
priority research areas.

LCA stands out as a fundamental method for determining the
environmental impacts of both new and existing structures. Huuhka et al.
(2023) emphasize that “renovation creates a lower carbon footprint than
new construction in most cases” and is therefore a critical strategy in
combating climate change (Huuhka, Moisio, Salmio, K61i6 & Lahdensivu,
2023). Similarly, Almeida et al. (2015) compared different renovation
packages in a low-income area and found that “measures that increase
energy efficiency can also offer cost-optimal solutions” (Almeida,
Bencresciuto, Ferreira & Rodrigues, 2015). These studies demonstrate that
LCA must be evaluated not only in terms of environmental but also
economic dimensions.

The balance between energy performance and the preservation of cultural
heritage is becoming increasingly important in the renovation of historic
buildings. Kertsmik et al. (2024), in their study on a 100-year-old
apartment building in Estonia, state that “deep renovation makes it
possible to achieve nearly zero energy levels,” but that technical
restrictions imposed by national heritage boards limit this process
(Kertsmik et al., 2024). The literature also states that restoration not only
has similar environmental impact levels to renovation, but also preserves
cultural heritage value (Serrano et al., 20223, cited in Kertsmik et al.,
2024). These findings emphasize the importance of LCA in the restoration

of buildings constructed with traditional material layers.
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The studies also focus on the life cycle impacts of building components.
Celebi and Arpacioglu (2025) revealed in their analysis of reinforced
concrete structural systems that “structural systems are the most dominant
building elements in terms of embodied energy and carbon emissions”
(Celebi & Arpacioglu, 2025). The same researchers also emphasize the
necessity of energy-efficient design with the systematic framework they
developed for the life cycle energy efficiency of buildings (Celebi &
Arpacioglu, 2023). Furthermore, the international literature states that
LCA must integrate not only environmental impacts but also social and
economic sustainability dimensions (Huuhka et al., 2023). This
perspective indicates that restoration projects must consider the economic
and social dimensions of materials such as stone, wood, and brick, in
addition to their environmental impacts.

3. Material and Methodology

The Kiikiirtlii Hamam 1is located in the Cekirge district of Bursa, known
for its thermal springs, on a large area of 23,173 m?. Originally built in the
14th century for public use free of charge, the structure was renovated
during the reign of Murad | and additions were made during the reign of
Bayezid Il. The structure, which bears the characteristic features of
Ottoman-era bath architecture, was restored in 1983 in accordance with
the recommendations of the High Council of Ancient Monuments and
Sites and opened as a health facility by Uludag University in 1985. Today,
it both preserves its historical identity and serves as a rehabilitation center
(Ay et al., 2004). However, the building's current use has proven
insufficient to meet the physical and functional needs that have emerged

over time. Therefore, the center is being re-evaluated with the aim of
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renovating it in line with contemporary conservation approaches. In this
process, research is being conducted on how to achieve a more
environmentally friendly and sustainable restoration by integrating
sustainability principles and life cycle assessment (LCA) into the process.
This study was conducted to assess the environmental impacts of historic
buildings during restoration processes. Life cycle analysis (LCA) was
adopted as the assessment method and the boundaries of the analysis were
determined within the framework of the “cradle to gate™ approach. This
scope includes the stages from the procurement of raw materials to the
application of the materials on site. In contrast, subsequent phases such as
the utilisation process, maintenance, repair, demolition and recycling are
excluded. This limitation allowed to focus only on the restoration process
and made the data more manageable.

The study not only provides an assessment specific to the building
analysed, but also proposes a methodological model that can be taken as
an example for similar site-based projects. The “cradle to gate" approach
is one of the scope types used in LCA; alternative delimitations such as
"cradle to grave" or "grave to grave" are also available in the literature. In
this context, the aim of the study is to provide a conceptual model for
researchers to develop similar analysis processes in their own projects.
The analysed building is located in Kiikiirtlii district of Bursa province and
has a floor area of approximately 200 m?. There are masonry stone walls
in the basement floor and timber load-bearing system and brick infill walls
in the upper floors. This building system reflects the characteristic features

of Ottoman period local architecture. The variety of material layers
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allowed the environmental impacts of different building components to be
analysed separately and comparative assessments could be made.

The main objective of the study is to demonstrate step by step how an
assessment process based on life cycle analysis can be carried out in the
context of the project. Two main digital tools were used in this process:
Autodesk Revit and OpenLCA.

Revit is a BIM (Building Information Modelling) based software, which
allows the modelling of multi-layered materials and construction
techniques with high accuracy. In this study, Revit was used to extract
material quantities, identify building components and create a digital
recording environment. The quantity data calculated with the schedule tool
were compiled for use in life cycle analysis.

These data were manually transferred to OpenLCA software. OpenLCA is
preferred because it is open source, compatible with different databases
and offers customisation possibilities to the user. In this project, the ELCD
(European Reference Life Cycle Database) database was used because it
provides comprehensive data on construction site processes free of charge.
In OpenLCA, processes are analysed by first transforming them into
product systems and then into projects. The manual definition of processes
increased user control and enabled the creation of a tailor-made, unique
model. Thanks to the flexible structure of the software, it was possible to
work with different databases and the analysis outputs were obtained in
detail.

OpenLCA is a free and open-source software used for environmental
impact assessments. This software enables the modeling of a product's life

cycle, from raw material extraction to post-use disposal, and allows for the
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quantitative analysis of environmental impacts at each stage. The software
allows for the integration of different databases, enabling users to define
process flows, customize data sets, and include regional parameters.
Furthermore, it is an important tool for comparing different supply chains,
determining at which stages the environmental burden of products is
concentrated, and supporting more sustainable design decisions. In this
respect, OpenLCA enables the effective implementation of life cycle
assessment in both academic research and practical applications (Danish,
ty.).

As a result, this study not only presented environmental impact
calculations for the restoration of a specific building, but also proposed a
holistic and reproducible method of how life cycle analysis can be applied
through digital technologies. The integrated use of Revit and OpenLCA
made it possible to support sustainability in architectural practices with
measurable data, and provided an analytical basis for designers to make
decisions that take into account environmental impacts.

In this respect, the study both contributes to the current project and
proposes a sustainability-oriented methodological infrastructure for future
restoration and design practices.

The method used in this study is a process-based life cycle analysis (LCA)
approach that focuses on the generation of practical and measurable data.
The method involves quantitatively analysing building components
through digital modelling and translating this data into environmental
impact calculations through an open-source LCA software.

The analysis process was carried out in four main stages:

166



1. Structural Analysis and Material Determination: Firstly, the
structural system, structural elements and material layers of the
building were analysed and the physical and construction
properties of each component were determined.

2. Digital Modelling: The building was digitally modelled with its
layered material system using Autodesk Revit software. This
modelling process enabled both visual and numerical data
generation.

3. Quantity and Data Matching: The quantity data obtained through
Revit were classified in accordance with the life cycle analysis and
matched with the processes in the ELCD database.

4. Life Cycle Analysis: The obtained data were manually transferred
to OpenLCA software, where product systems were created and
analysed through environmental impact categories. These stages

outline the integrated modeling process followed in the research

(Figure 1).
[ Structural Analysis and Material Determination ]
[ Modeling with Autodesk Revit ]
[ Extraction of Metrage Data l
[ Matching the data with the ELCD database J
v
[ LCA modelling with OpenLCA ]

Figure 1. Integrated Modelling Process with OpenLCA (Created by the
author)
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All these steps are based on practices carried out directly by the researcher.
In this respect, the study presents an LCA process that can be applied in
both academic and professional contexts, and proposes an exemplary
methodological model of how sustainability analyses can be performed
with the integration of digital tools.
3.1. Structural Analysis and Material Identification
Before starting the life cycle analysis, a preliminary determination was
made as to whether the building components would be included in the
scope of the assessment. This step was carried out in order determine .to
prepare the ground for the purpose, modelling and analysis processes and
to the main components of the building
The analysed building consists of a basement and two upper floors. The
basement has a masonry stone carrier system, while the upper floors have
a timber frame system and brick infill. walls. Plaster was used on the
interior and exterior walls, ceramics were used in wet areas and tiles were
used on the roof. This multi-layered building system made it necessary to
analyse each material component separately.
Accordingly, the following building layers were categorised in terms of
evaluability:

e External and internal walls

e Upholstery

e Ceiling systems

e Carrier system components

e Roof system

e Window and door openings
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Surface coating elementsThis list is a preliminary study to determine the
building elements to be included in the scope of the analysis. The materials
comprising each component were assessed for their compatibility with
existing data sets and their potential for environmental impact, and the
most basic materials were selected for analysis. Thus, the process is
structured with a focused and applicable analysis framework that
represents the environmental impacts in the building.
3.2. Modelling and Quantity Surveying Process with Revit
Autodesk
In this study, Autodesk Revit software was used for modelling building
components in digital environment and obtaining data suitable for life
cycle analysis. The main reason for preferring Revit is that it enables the
definition of multi- layered building elements together with their sub-
components. The coexistence of different construction techniques such as
masonry stone in the basement floor and timber structural system and brick
infill in the upper floors of the analysed building made this separation
necessary.
Revit can model the surface area, volume, storey, material type and other
physical properties of each building element with high accuracy and can
list these data numerically with the schedule tool. Thus, the data to be used
in life cycle analysis are produced directly integrated with the modelling
process.
The modelling process was carried out in three basic steps:

1. Ildentification of Building Elements: Exterior and interior walls,

floors, structural system elements, ceiling systems and roof

components were included in the model.
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2. Inputting Parameters: For each building element, physical
properties such as material type, thickness, density and location
were defined.

3. Layer Decomposition: Using the "Create Parts" command, multi-
layered structural elements were separated into sub-layers and each
of them was made independently quantifiable.

In this process, only the basic building elements that would make a
meaningful contribution to the environmental impact analysis were
included in the model; decorative or negligible details with negligible
environmental impact were excluded. Thus, the model is structured as a
functional analysis tool rather than a visual representation. The basic
commands and functions used in the analysis process are systematically
provided (Table 1).

Table 1. Key Features of Revit Enabling Lifecycle Data Modelling

Feature / Command Description

Layered Structure Definition It allows modelling of building elements with
multi-layer system.

Create Parts It physically separates the material layers and
enables independent quantity take.

Schedule Creation Automatically lists data such as volume,
surface area.

BIM Based Data Integrates modelling and data management.

Structure

At the end of the modelling process, numerical and qualitative data of the
structural elements were extracted using Revit's scheduling tool. The
"Create Parts" command was used to access the quantity data of the sub-
layers so that each layer could be analysed independently. The schedules
include ceiling, interior and exterior walls, columns, beam systems,

flooring, roof, doors and windows. However, since the data for doors and
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windows could not be obtained with sufficient accuracy, they were
excluded from the scope of the analysis.

In cases where the same material is used in different building elements, the
quantities of the identical materials were combined and the table was
simplified by calculating the total values. Auxiliary elements and elements
with limited environmental impact were also excluded. This simplification
was preferred for the empirical nature and methodological integrity of the
study.

Although Revit does not directly perform life cycle analysis, it played a
fundamental role in the preparation of the quantity data required for the
analysis in this study. The obtained data were systematically transferred to
be used in OpenLCA software by matching with ELCD database. Thus,
Revit is evaluated as a data generation tool that bridges digital modelling
and environmental analysis.

3.3. System Modelling and Life Cycle Assessment Creation with
OpenLCA

In this chapter, it is explained how the quantity surveying data obtained
with Revit is integrated into OpenLCA software and transformed into life
cycle analysis; the basic components of the software, database structure
and impact assessment methods are introduced. The aim is to demonstrate
in a simple and understandable language how OpenLCA can be used as an
effective tool in sustainability-oriented projects.

3.3.1. Software Selection and Main Features

In this study, life cycle assessment (LCA) was carried out using OpenLCA,
an open source and free software. The reasons for preferring the software

are as follows:
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e Being open source and free of charge increases its accessibility,
especially for academic research and independent projects.

e |t offers the opportunity to work with different databases and create
user-specific databases.

e It provides transparent and customisable analysis processes thanks to
manual data entry and process definition.

e Supports many impact assessment methods such as ReCiPe, ILCD,
TRACI.

e It works in compliance with ISO 14040 and ISO 14044 standards,
which is important for scientific reliability.

e The outputs can be exported to Excel and other common formats.
These features make OpenLCA not only an analysis tool but also a
comprehensive modelling and system design platform.

3.3.2. Components and Database Structure of OpenLCA

OpenLCA performs life cycle modelling through four basic components

(Table 2) :

Table 2. Main Components of OpenLCA

Component Description

Flow Represents material, energy or emissions entering or leaving
the system.

Process Defines activities such as production, transport and repair.

Product It is a system model in which processes come together and

System become analysable.

Project It is a general analysis structure created by combining more

than one product system.

Thanks to this structure, for example, a restoration project can be divided
into sub-systems such as stone procurement, transportation and

implementation and each of them can be analysed separately. These
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subsystems can then be combined to calculate the holistic environmental
impact of the project.

Databases form the basic building blocks of this modelling process. In this
study, the ELCD (European Reference Life Cycle Database) database,
which includes free and construction processes, was used. More
comprehensive databases such as Ecoinvent were not preferred because
they are paid. However, the fact that existing databases do not contain data
specific to restoration projects reveals the need for new data production in
this field.

Databases such as ELCD can be downloaded from Nexus, the official
database platform of OpenLCA. In this study, the analysis was carried out
using ELCD data , and the information not included in the database was
excluded.

3.3.3. Impact Assessment Methods and Categories

Impact assessment is the stage of life cycle analysis where environmental
impacts are measured after the system models are established. This
assessment is done through different categories such as carbon footprint,
fossil resource consumption, fresh water use.

In this study, ReCiPe impact assessment method was used and the project
was analysed in 18 different environmental impact categories. Other
methods (ILCD, TRACI, etc.) were not tested in this context. Thanks to
the ReCiPe method, it has been determined which processes and materials
create more environmental burden in which categories, which allows more

sustainable decisions to be made.
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3.3.4. Application: Step-by-Step Restoration LCA Modelling
Building a lifecycle analysis model in OpenLCA has been realised by
following the following basic steps:

e Loading and Cleaning Databases: The modelling process started
with the integration of the required databases into OpenLCA.
These databases were downloaded from Nexus, the official
platform of the software, and loaded into the programme via the
"File > Import" command. The loaded databases are organised in a
folder structure in the navigation panel (Flows, Processes, Product
Systems, Projects, etc.).

In order to avoid data crowding and improve the accuracy of the
analysis, only the data to be used is imported into a new "clean
database". This was done by creating an empty database with the
"New Database” command and reloading the required data into it.

e Creation of Flows: Flows represent the movements of material,
energy and emissions in the system. Each process is defined
through these flows. If the required flows are not available in the
existing database, new flows were created manually by right
clicking on the "Flows" folder. These flows were then used as
inputs and outputs of the processes.

e Defining Processes: Processes represent activities such as
production, transport, application. To create a new process, an
empty process file was opened by right-clicking on the "Processes"
folder, and then the relevant flows were entered in the "Inputs” and
"Outputs” tabs. The processes were both adapted from the available

data and defined uniquely.
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e Creating Product Systems: Each process was transformed into an
analysable product system with the "Create Product System”
command. These systems were used to assess the environmental
impact of the individual processes. The product systems are then
brought together in the project creation phase.

e Project Creation and Impact Assessment: All product systems
were added to a new project file created in the "Projects” folder. In
the project settings tab, quantities for each product system were
entered and ReCiPe 2016 Midpoint (1) was selected as the impact
assessment method. With this method, the Project has been
analysed in 18 different environmental impact categories.

e Calculation and Reporting of Results: The project was analysed
with the "Calculate” command and the results were obtained
graphically and numerically. The reports were exported with the
"Export Report” and "Export to Excel” commands. These outputs
revealed the environmental performance of the system in
categories such as carbon footprint, fossil resource consumption,
freshwater eutrophication.

This process carried out with OpenLCA provided a modular and
transparent structure with all steps from database integration to Project
analysis. By carefully defining each building block (flow, process, product
system, project), the environmental impacts of the restoration project were
calculated with high accuracy. This method provides a model that will

contribute to making sustainability-oriented decisions in similar projects.
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4. Conclusion and Evaluation

This study evaluated the environmental impacts of six main work items
involved in the restoration process of a historic building by using life cycle
analysis (LCA) method. Digital modelling and quantity extraction were
performed with Autodesk Revit; the data obtained were integrated into
OpenLCA software and analysed with ReCiPe 2016 Midpoint (1) method.
Each work item was assessed in 18 different environmental impact
categories and significant differences between the processes were
revealed.

According to the results of the analyses, significant differences were
observed between the environmental impacts of the work items. The table
below summarises the categories where each work item has the highest
environmental impact (Table 3).

Table 3. Highest impact categories by work items

Work Item Highest Impact Categories

Fine Particulate Matter Formation, lonising Radiation,

Terrestrial ~ Acidification, Terrestrial Ecotoxicity, Water

Consumption

Fossil Resource Scarcity, Freshwater Ecotoxicity, Freshwater

Drywall Works Eutrophication, Global Warming, Human Carcinogenic
Toxicity, Marine Eutrophication

Electricity
Works

Tile-brick- Human Non-Carcinogenic Toxicity, Terrestrial Acidification,
ceramic works Marine Ecotoxicity, Ozone Formation (Human Health)

Human Non-Carcinogenic Toxicity, Fossil Resource Scarcity,
Stone Works

Freshwater Ecotoxicity
Ozone Formation (Human Health), Ozone Formation

'(;I’aer;zrt)%rr;cs (Terrestrial Ecosystems), Marine Eutrophication, Global
P Warming
Wood Works Ozone Formation (Terrestrial Ecosystems), Ozone Formation

(Human Health), Fine Particulate Matter Formation (low level)
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Highest Environmental Impact Categories
Work Item

Highest Impact Categories

restrial ecosystems
Wood 0Ozone formation, Human health

Marine ecotoxicity
Works Human carcinogenic toxicity

ey wal P S S SEEm—

Human carcinogenic toXiéity
Works Marine eutrophication
Electricity Terrestrial ecotoxicity
Works Terrestrial acidification
ox Stratospheric ozone depletion
Tile,
Brick |- ameformation Tecrstral ecoeystens
d Ozone formation, Human health
g Mineral resource scarcity
Ceramic Human non-carcinogenic toxicity
Works health
Transportation Ozone formation, Terrestrial ecosystems
Marine ecotoxicity
Works Fossil resource scarcity
letion
Stone Ozone formation, Terrestrial ecosystems
0zone formation, Human health
Works Marine ecotoxicity

Figure 2. Highest Enviromental Impact Categories (Created by the authors
using Autodesk Revit - OpenLCA)

According to these findings, electrical works have the highest
environmental impact in all categories, while drywall works have reached
critical values especially in terms of water and fossil resource
consumption. Tile, brick and ceramic works were characterised by human
health impacts such as toxicity and ozone formation. Stone and haulage
works were identified as having a moderate environmental burden, while
woodworking was identified as the process with the lowest impact (Figure
2).

177



The life cycle assessment of the restoration process has detailed the
environmental impacts of work items across different categories. The
analyses show that activities with high energy consumption and material
intensity stand out in certain environmental indicators. For example,
electrical work has a dominant impact in many categories, while ceramic,
brick, and tile work exhibit significant intensity in terms of resource use.
In contrast, stone and wood work achieved relatively lower values but
made notable contributions in some categories. The numerical findings
clearly show which environmental dimensions each work item has a more
dominant impact on, and these differences provide a basis for discussions
on which steps in the restoration process need to be improved. Thus, the
data obtained not only evaluates the current project but also serves as a
reference for making more environmentally conscious decisions in similar
restoration works.

The highest environmental impact in the global warming (kg CO: eq)
category was observed in ceramics, brick, and tile work, at 11,735.1 kg
CO:2 eq. Electrical work ranked second at 10,788.7 kg CO: eq, while
drywall work reached 8,247.5 kg CO- eq. The lowest impact was recorded
in woodworking, at 544.3 kg CO: eq. This result shows that energy-
intensive work items contribute significantly more to global warming.

In the terrestrial acidification (kg SO: eq) category, electrical works
showed the highest value at 60.4, followed by ceramic/brick/tile works at
45.2. Stone works remained at a lower level at 10.7. In terms of terrestrial
ecotoxicity (kg 1,4-DCB), electrical works stood out with 1,293.7, while

ceramic/brick/tile works reached 580.4 and stone works reached 204.5.
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This situation reveals that electrical works, in particular, have a strong
impact on acidification and toxicity in the ecosystem.
In the fossil resource scarcity category, plasterboard work has the highest
value at 2,232.1 kg oil eq. This is followed by electrical work at 1,696.2
kg oil eq and ceramic/brick/tile work at 1,570.8 kg oil eq. In the mineral
resource scarcity category, ceramic/brick/tile works stand out by a wide
margin with 353.8 kg Cu eq, exhibiting a much higher resource
consumption than all other work items.
This study demonstrated how building information modelling (BIM)
systems can be integrated into environmental analysis processes by using
Revit and OpenLCA together. By combining the detailed data generation
capacity of Revit with the multi-layered analysis capabilities of OpenLCA,
a powerful system infrastructure has been created that provides both
numerical and visual outputs for sustainability-oriented decisions.
This approach fills an important gap by presenting in detail the steps and
results of LCA application in restoration projects, which have been little
studied in the literature. It also provides researchers and practitioners with
a measurable method to compare the environmental impacts of traditional
and modern materials.
¢ Natural material misconception: The findings show that materials of
natural origin are not always environmentally sustainable. Even local
and natural materials can cause high resource consumption in the
production and application processes. Therefore, the environmental
impact of each input should be analysed separately.
e Lack of databases: Existing LCA databases do not adequately cover

materials and processes specific to restoration projects. This situation
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reveals the necessity of data production specific to local and historical
building stock.

e Accessibility problem: The high cost of existing databases constitutes
an important obstacle to academic research. In order for sustainable
architecture practices to become widespread, it is critical to develop
open access, comprehensive and local databases.

e Natural material misconception: The findings show that materials of
natural origin are not always environmentally sustainable. Even local
and natural materials can cause high resource consumption in the
production and application processes. Therefore, the environmental
impact of each input should be analysed separately.

e Lack of databases: Existing LCA databases do not adequately cover
materials and processes specific to restoration projects. This situation
reveals the necessity of data production specific to local and historical
building stock.

e Accessibility problem: The high cost of existing databases constitutes
an important obstacle to academic research. In order for sustainable
architecture practices to become widespread, it is critical to develop
open access, comprehensive and local databases.

This study has demonstrated the applicability and decision support

potential of life cycle analysis in restoration projects. The findings show

that restoration should be evaluated not only in terms of aesthetics and
culture, but also in terms of environmental sustainability. The data

obtained from the analyses revealed that different work items have a

concentrated impact on environmental effects in different categories. In

particular, it was observed that electrical work has the highest impact in
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many categories, while other work items stand out in specific
environmental indicators. This distribution is supported by graphs that
enable a comparative view of the environmental impacts of all work items
(Figure 3). This method, developed by using Revit and OpenLCA together,
makes an important contribution to increase environmental responsibility
and support data- driven decision-making processes in the architecture and

building sector.

SLIALELLL KL kkhLLL

o)
b

N
N

I Orywall Works |l Electricity Works Tile, Brick and Ceramic Works
I Transportation Works [l Stone Works Wood Works

Figure 3. Relative results of construction work items by environmental
impact categories (Created by the authors using Autodesk Revit -
OpenLCA)

The findings of this study are consistent with the results of similar studies
in the literature. As Huuhka et al. (2023) point out, choosing renovation
over new construction offers a more environmentally sustainable
approach. Similarly, analyses conducted by Almeida et al. (2015) in a low-
income residential area have shown that optimization can be achieved in
terms of energy efficiency and carbon emissions. Kertsmik et al. (2024)
emphasize that deep renovations of historic buildings can achieve near-

zero energy levels, highlighting the critical importance of restoration
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processes in terms of environmental impacts. In this context, the results
obtained in this study on mansion restoration are supportive of the findings
in the existing literature.

The application of life cycle assessment in historical structures is critical
not only in terms of measuring energy and carbon emissions, but also in
establishing a balance between the preservation of cultural heritage and
environmental sustainability. Determining the environmental impacts of
traditional materials (stone, wood, brick) enables more conscious and
sustainable decisions to be made during restoration processes. As Celebi
and Arpacioglu (2025) emphasize, the embodied energy and carbon load
carried by building components throughout their life cycle plays a decisive
role in environmental performance. This study demonstrates that
environmental impacts in historical building restoration can be
comprehensively addressed using an OpenLCA-based approach and
provides a guiding framework for developing sustainable conservation

strategies.
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1. Introduction

The intensification of climate change and the degradation of the natural
environment have attracted increased attention in recent years. "The sixth
assessment report (AR6), published by the IPCC in 2023, showed that
anthropogenic greenhouse gas emissions reached 59 GtCO2eq/year in
2019, with the construction sector accounting for 21% of the total" (Ge S.
et al., 2025). The cultural heritage protection and restoration field is
increasingly considering the contribution of materials and processes used
in conservation projects to environmental sustainability. Protecting
cultural heritage structures is of great cultural, economic, and ecological
importance. Preservation, rather than demolition and reconstruction, is
considered sustainable. Therefore, cultural heritage structures require
frequent repair and conservation. Prior to conservation and restoration,
specific analyses should be conducted to assess their environmental
impacts (Franzoni et al., 2018).

As a widely adopted standard methodology for the comparative
assessment of construction and building materials, life cycle assessment
(LCA) can be usefully applied to conservation materials when specific
site-specific issues related to the definition of functional units and
reference flows are appropriately addressed (Dal Pozzo A. et al., 2024).
As an integrated method for the eco-rehabilitation and adaptive reuse of
cultural heritage buildings (CHBs), LCA allows for examining the
ecological impacts of existing structures.

The primary effect of LCA is that it considers the entire life cycle of
alternatives to be used in pre-restoration renovation, from raw material

production, through production and manufacturing, to overuse and waste
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treatment. LCA provides results that support an ecological approach by
identifying the alternative with the lowest potential environmental impact.
LCA is often used to measure the function of buildings and the
environmental impact of building components. Thus, LCA on historic
buildings can be used to determine the most environmentally friendly
parameters for transforming existing building stock. Reusing existing
building stock avoids producing impact-intensive raw materials, such as
concrete, mineral wool, and steel, typically required to construct new
buildings (Serrano T. et al., 2022). The databases used for LCA
calculations provide important guidance in the resulting analyses.
Bibliometric analyses concluded that limited LCA tools are used in
building materials research and require further development.
Tally software—an LCA tool integrated into Autodesk Revit enables
comparison of building materials to evaluate restoration options'
environmental impact with rapid research results. The analysis is applied
to a historic building in Bursa to inform future restoration projects. The
building in focus is the Bursa Kiikiirtlii Atatiirk Hydrotherapy Center
Social Facility, currently operating as the Uludag University SUAM
Dermato-Cosmetology Unit. Building Information Modeling (BIM) of the
selected historically registered cultural heritage structure—namely the
Bursa Kiikiirtli Atatiirk Hydrotherapy Center Social Facility, currently
operating as the Uludag University SUAM Dermato-Cosmetology Unit—
was performed in Revit and used in conjunction with Tally. The LCA
examined all building materials in terms of weight, size, type, and
processability. The results indicate that the integration of BIM and LCA

supports sustainable development goals and offers a robust methodology
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for enhancing environmental protection and improving decision-making
in the construction industry, particularly during the early design phase. By
providing a detailed assessment of the environmental performance of
materials used in heritage buildings, the study aims to contribute to more
sustainable restoration practices and inform future projects.

2. Literature Review

The construction sector has become a key driver of global environmental
impacts due to its intensive use of raw materials and energy consumption.
Consumption and mass production models constitute the primary source
of irreversible ecological problems such as climate change and ozone
depletion. At this point, the sustainability of buildings is only possible
through technological and methodological advances in production
methods. In the building design process, environmental impacts must be
assessed for traditional parameters such as function, cost, and safety, as
well as for all life cycle stages, including use, disposal, distribution, and
raw material acquisition. In this context, Life Cycle Assessment (LCA)
has gained an important place in architecture as a tool that systematically
analyzes the environmental impacts of buildings and products, from raw
material procurement to disposal (Saunders et al., 2013). LCA is used for
environmental performance and supports decision-making processes
regarding economic sustainability, technical durability, and social impact.
Technical components such as material diagrams, lifecycle cost analyses,
and functional unit definitions enable the integration of LCA into
architectural projects. In recent years, LCA has played a decisive role in

ecological architecture strategies in the following areas (Mba et al., 2024):
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- Increasing energy efficiency by expanding renewable and passive
systems,

- Increasing land use efficiency and green space potential,

- Reducing carbon footprint through compact and integrated designs,

- Developing recycling policies in material selection,

- Supporting sustainable infrastructure with innovative materials.

LCA enables the monitoring of the environmental impacts of the material
lifecycle and enables the selection of environmentally friendly materials.
In ecological architecture, these analyses contribute to the harmonious
integration of buildings with natural ecosystems and social sustainability.
LCA analyses conducted in line with Circular Economy (CE) principles
(Figure 1.) guide strategies such as adaptability, material reuse, and easy
demolition throughout the building's lifespan (Honarvar et al., 2022). The
reuse of historic buildings, in particular, contributes to preserving cultural
heritage and reducing environmental impacts associated with the material
production of new buildings. Giving new functions to historic areas
through adaptive reuse offers environmental, social, and cultural benefits.
Carbon planning aims to reduce carbon emissions through renewable
energy integration and efficient transportation systems. In this regard,
integrating solar panels, wind turbines, and passive systems into building
design promotes low-carbon lifestyles and contributes to sustainable
energy policies (Mba et al., 2024; Pizzol, 2015).
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Figure 1. Interactions between LCA, Ecological Architecture and Circular
Economy (Edited by the author)

Consequently, the integration of the LCA method with circular economy
principles enables the implementation of resource reduction, recycling,
and reuse strategies at the building scale. Factors such as material quality
assessments, preservation of technical and economic durability, long-term
product use, and waste reduction contribute to an integrated design process
with an understanding of environmental responsibility. For example, while
hardwood flooring and low-CO:-emission tiles offer environmental
advantages, local recycling potential is a determining factor in material
selection (Honavar et al., 2022).

Life cycle assessment initiatives address nine planetary boundaries:
climate change, ocean acidification, stratospheric ozone depletion, the
nitrogen cycle, the phosphorus cycle, global freshwater use, land use
change, biodiversity loss, atmospheric aerosol load, and chemical
pollution. Global initiatives such as the European Green Deal, which

include absolute sustainability and climate targets, are being introduced to
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ensure global human and economic well-being. Key themes include
transitioning to a circular economy, zero pollution, transforming
agriculture and rural areas, access to clean and reliable energy, sustainable
transportation, and protecting Europe's natural capital. Governments
prioritize life cycle assessments and develop targeted policies to minimize
environmental impacts. All these initiatives are expected to contribute not
only to economic and environmental sustainability but also to innovation
(Kalipgroglu, 2025).

2.1. Applications of LCA in Historic Buildings and Their Influence on
Restoration Decision-Making

Cultural heritage, as a set of values that embody a society's historical
memory and identity, is a responsibility that must be passed on to future
generations. This transfer process should be ensured through physical
protection and by integrating cultural continuity with sustainable
development principles. Actors within management mechanisms are
expected to address this responsibility within the social responsibility
framework and environmental awareness. The preservation of cultural
heritage is closely related to the restoration of the structures and works of
art that constitute it and the environmental impacts of the materials and
techniques used in this process. Heritage and sustainability are approached
as an integrated perspective that blends past values with future potential
(Serrano et al., 2022). In this context, systems such as life cycle
management (LCM) aim to assess environmental, social, and economic
sustainability together. Life cycle assessment (LCA) is the most common

and reliable method for this quantitative assessment.
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With increasing environmental awareness, the 1SO 14000 series of
standards has been developed to measure the environmental impact of
buildings. Modules such as Environmental Labels and Declarations,
Ecodesign, and Life Cycle Assessment within these standards provide
tools for determining the environmental performance of products (Lee &
Inaba, 2004). Commonly used LCA standards in analysis include ISO
14040-14044,1S0 21930:2017, 1SO 21931:2010, EN 15804:2012, and EN
15978:2011. These standards reference the "cradle-to-grave™ system and
consider all life stages of building components. The LCA approach
contributes to the development of the concept of "Cultural Heritage Life
Cycle Management” (CH-LCM) by combining it with complementary
methods such as life cycle costing (LCC) and social life cycle assessment
(S-LCA) to measure the sustainability of restoration processes (Settembre-
Blundo et al., 2014).

CH-LCM is recognized in the literature as an innovative approach that
aims to integrate the economic and social impacts of cultural heritage
conservation through LCA. However, existing studies indicate a lack of
empirical data on applying LCA in cultural heritage projects and the need
for more comprehensive methodologies (Fregonara et al., 2015). In
restoration decisions for historic buildings, LCA allows for comparing
multiple alternatives regarding their environmental impacts. Evaluating
the materials and techniques used in the original construction of buildings
is particularly important for cultural preservation principles. However,
energy efficiency improvements achieved through restoration may be

limited compared to standard solutions recommended by contemporary
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building codes, increasing the importance of the multidimensional data
provided by LCA in intervention decisions.

LCA provides a scientific basis for the sustainable transformation of
historic buildings by analyzing past, present, and future building use
scenarios. For example, an LCA analysis of restoration work in Uncastillo,
a Spanish village in the Cinco Villas region of the province of Zaragoza
(Aragon Autonomous Community), with a complex socio-economic
system, showed an environmental impact of 321 Pt, with 81% attributed
to the restoration of the palace, 16.5% to the restoration of the tower, and
2.4% to the layout of the access to the monumental complex. The data
show the impacts of three restoration processes. The most significant
impact for all studies, the negative impact on human health, was found to
be 49.8%, primarily related to transporting building materials and stone
from the extraction sites to the restoration site in Uncastillo, contributing
to climate change (Settembre-Blundo et al., 2018).

2.2. Integration of LCA with BIM-Based Building Modeling

Building Information Modeling (BIM) is a fundamental tool for
digitalization in design and project management processes. BIM models
provide decision-makers with speed and accuracy, particularly in material
management, energy efficiency, and environmental impact analysis. In the
context of sustainability, integrating BIM with Life Cycle Assessment
(LCA) tools allows for assessing the environmental impacts of
construction projects at the early stages of design (Serrano-Baena et al.,
2023). The combined use of BIM and LCA produces comprehensive data
for topics such as estimating carbon emissions, comparing the

environmental impacts of different building materials, and developing
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waste management strategies. This allows for environmentally sensitive
decisions to be made throughout the project process and supports
sustainability standards. BIM-based design variations provide users with a
comprehensive decision support system, ranging from energy
consumption estimations to environmental impact analyses (Naijara et al.,
2017).

3. Methodology and Material

| Purpose and Scope |.7 | Design Stage |—b | BIM Phases |

! !

Selection of Building Materials
Definition of Functions
System Boundary Definition

Modeling
Material Connection

Pre-Integration BIM Parameters
[ o] Lt |
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Inventory Data Simulation/Modification H

From Conceptual Analysis to Qutcome

‘ Optimization —

Environmental Analysis |« | Tally Tool | — | BIM Plugin
- Environmental Impact J' :
: Assessment of Building — :
: Materials
Classification and Comparison -

Results l

| Discussion and Results |

Figure 2. LCA Study Methodology (Edited by the author using the Naijara
etal. (2017))

The methodology used in this study is based on the integrated work of

Autodesk Revit and Tally software. The application methodology using
the Tally tool is structured around the following steps:
1. Purpose and Scope Definition: The study's environmental

objectives and modeling boundaries are determined.
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2. BIM Phases: Building planning and three-dimensional modeling
are performed in the Autodesk Revit environment.

3. Material Inventory: Local location data, material types, and
quantities are integrated into the model.

4. LCA Application: The environmental impacts of selected building
materials are assessed using Tally software.

5. Data Analysis and Optimization: Model data is analyzed to
compare the environmental performance of design alternatives.

6. Discussion and Results: Differences between alternatives are
presented, and environmental recommendations for the design are
developed.

This methodology is a structured decision analysis system that supports
sustainable decision-making, particularly during the early design phase.
Figure 2 visualizes the BIM-LCA integration process within the context of
the Tally application. The BIM-integrated LCA application represents a
transition to new modeling strategies prioritizing environmental sensitivity

in the design process (Figure 3).
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Figure 3. BIM-Based Lifecycle Assessment Methodology (Created by
the author)
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The modeling process with Autodesk Revit, data analysis outputs from the
Tally tool, and decision support stages are visually presented. Assessing
environmental impacts at an early design stage provides critical
contributions to sustainability. Source: Edited by the author.

4. Integration of Digital Modeling and Life Cycle Assessment (LCA)
in Historic Buildings Case Study: Bursa Kiikiirtlii Atatiirk
Hydrotherapy Center

This section explores the integration of digital modeling, Building
Information Modeling (BIM), and Life Cycle Assessment (LCA)
methodologies in the context of cultural heritage preservation, using the
the Kiikiirtlii Atatiirk Hydrotherapy Center Social Facilities Building in
Bursa as a case study. To evaluate both the structural integrity and
environmental impact of the historic building, a digital model was
developed using Autodesk Revit, followed by a material-based LCA
conducted via the Tally plugin on the same platform.

The objective of this integration is to generate sustainability-oriented data
to inform preservation strategies, assess the ecological footprint of
restoration materials, and illustrate the role of digital tools in enhancing
heritage-sensitive architectural practices. The selected building, currently
functioning as the Dermato-Cosmetology Unit within Uludag University’s
Health Application and Research Center (SUAM), offers a compelling
case due to its architectural features and conservation potential.
Environmental and structural data were sourced from official architectural
documentation, including plans, sections, and elevations provided by
public institutions. Complementary visual data were obtained through a

technical site visit conducted by a field expert, with on-site photographs
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supporting the digital modeling process. Based on this comprehensive
dataset, a three-dimensional BIM model was constructed and subsequently
integrated into Tally for LCA, enabling a systematic evaluation of the
environmental impacts associated with the building’s material
composition.

Situated at the intersection of Cekirge and Kiikirtli Streets in central
Bursa, the hydrotherapy center is part of a historically significant thermal
complex affiliated with Bursa Uludag University. The complex reflects a
layered architectural history: the initial structure was commissioned by
Sultan Murad I Hiidavendigar during the Early Ottoman period, with
subsequent additions by Sultan Bayezid Il and later by Suleiman the
Magnificent (Tiirkiye Kiiltiir Portali, 2025).

Environmental and structural data were sourced from official architectural
documentation, including plans, sections, and elevations provided by
public institutions. Complementary visual data were obtained through a
technical site visit conducted by a field expert, with on-site photographs
supporting the digital modeling process. Based on this comprehensive
dataset, a three-dimensional BIM model was constructed and subsequently
integrated into Tally for LCA, enabling a systematic evaluation of the
environmental impacts associated with the building’s material
composition. Situated at the intersection of Cekirge and Kiikiirtlii Streets
in central Bursa, the hydrotherapy center is part of a historically significant
thermal complex affiliated with Bursa Uludag University. The complex
reflects a layered architectural history: the initial structure was

commissioned by Sultan Murad I Hiidavendigar during the Early Ottoman
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period, with subsequent additions by Sultan Bayezid Il and later by

Suleiman the Magnificent.

Figure 4. Location of Bursa Kitkirtli Atatiir Hydrrapy Center Social
Facility Building (Google Earth, 2025)

Currently, the thermal spring complex operates as the Atatiirk
Rehabilitation and Research Center under Bursa Uludag University.
Within this complex, the Social Facilities Building serves dual functions:
it houses both the Dermato-Cosmetology Polyclinic and the SUAM
Dermato-Cosmetology Unit of the university. Architecturally, the Social
Facilities Building and its entrance structures—Ilocated opposite one
another—are constructed primarily of wood and date back to the
Republican era. The structural system is based on traditional timber
framing, with chamfered-edge blended brick used as infill material. During
restoration interventions, reinforced concrete elements were introduced,
and straw-based hydraulic binders were identified in the original infill
composition. Distinctive features include diagonally placed wooden
beams on the short fagades, and projecting balcony and bay window

structures formed by outward-extending timber beams. These are
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supported by traditional wooden buttresses known locally as Eli
Bogiiriinde. Figure 5 illustrates the balcony design and timber load-bearing
details.

The roof system incorporates U-shaped and L-shaped iron profiles that
interconnect all structural components. Timber materials were selected
from insect-resistant and highly durable hardwood species, notably pine.
In alignment with Ottoman architectural traditions, the original rain gutter
system was replaced by wide eaves, although modern gutters were
subsequently added. Interior ceiling surfaces were finished with mortar-
based cladding.

The total gross building volume was calculated as 203.7 m?, providing a

compact yet structurally rich example of early Republican-era

FiguFé 5. The North Facade of the Building (a). The South Facade f the
Building with the Details (b). (Source: The Author’s Archieve)

Based on the comprehensive dataset—including architectural
documentation, site observations, and material specifications—a Building
Information Model (BIM) was developed to facilitate Life Cycle
Assessment (LCA). This model incorporated environmental data layers to

evaluate material-specific carbon emissions, energy consumption, and

201



reuse potential. Through integration with the Tally application, the process
enabled a rapid and holistic assessment of the building’s environmental
performance.

The BIM-LCA synergy provided a robust framework for generating
sustainability-oriented insights, supporting environmentally responsible
decision-making throughout the restoration process. By quantifying the
ecological impacts of material choices, the methodology contributes to the
development of conservation strategies that align with both heritage
preservation and climate-conscious architectural practice.

4.1. Life Cycle Assessment (LCA) with the Tally Tool

Tally is an analysis tool integrated with the Autodesk Revit environment,
developed to perform Life Cycle Assessments (LCA) tool is embedded
within the Autodesk Revit environment, designed to evaluate the
environmental impacts of buildings through a comprehensive cradle-to-
grave methodology. It enables the assessment of architectural, structural,
and finishing systems by quantifying their ecological footprint across all
life cycle stages—from material extraction to end-of-life disposal (Phillips
et al., 2020).

Tally supports. Both comparative analyses of individual building designs
and multi-parameter  analyses evaluations, thereby generating
sustainability-oriented data to inform design decisions. The tool is highly.
Customizable, allowing users to define parameters such as building
typology (e.g., office, school, residential), functional requirements
(regulatory standards, energy performance),occupancy models, spatial

efficiency, and projected service life.
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To ensure methodological rigor, the modeler must establish functional
equivalence among reference buildings and clearly define the scope of the
assessment, encompassing construction, operational phases, and end-of-
life scenarios. Tally’s analytical framework is underpinned by the GaBi
LCA database, which integrates material specifications, installation
processes, and environmental impact metrics. This infrastructure enables
detailed calculations of material production, maintenance, replacement
cycles, and usage patterns. Additionally, users may opt to include
construction-related impacts—such as on-site energy, water, and fuel
consumption—as well as operational energy use, thereby enhancing the
granularity of the analysis. Figure 7 presents the LCA workflow within the
Tally-Revit integration, highlighting key input parameters, analytical
stages linked to the GaBi database, and output indicators such as carbon

footprint and embodied energy.

INPUT PARAMETERS

* Building type & function
« Material specifications

* Usage model & occupa-
» Expected lifespan
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Figure 7. Tally-Based Life Cycle Assessment Process: Input Parameters
— Analysis Stages — Output Indicators (Created by the author)
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Tally allows modelers to define advanced parameters such as biogenic
carbon flow—carbon emissions and sequestration originating from
biological sources like trees and algae, excluding fossil-based inputs. This
capability enables a nuanced evaluation of the environmental
characteristics of building materials, enhancing the precision of
sustainability-driven design decisions.

The tool incorporates a comprehensive inventory of architectural
components, including hardware, insulation materials, adhesives,
coatings, and finishing elements. This holistic approach ensures that the
environmental impact assessment encompasses all material layers and
systems within the building envelope.

Moreover, Tally is compatible with the Environmental Product
Declaration (EPD) framework. While EPD data typically covers only the
Product stages (A1-A3), Tally extends the analysis across the entire
building life cycle, offering a more complete and consistent basis for
environmental comparisons. This functionality supports robust
evaluations of design alternatives and ensures methodological consistency

across reference models (see Table 1).
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Table 1. Life Cycle Assessment (LCA) Modules and Impact Indicators
Based on EN 15978 (Created by the authors using Autodesk Revit-Tally)

Module Description

A1-A3 (Product Raw material extraction, transport, processing, and product

Stage) manufacturing. Infrastructure (e.g. machines, buildings)
excluded. Represents cradle-to-gate approach.

A4 (Transport) Delivery of 1 kg of material from manufacturer to site.

Includes transport types: barge, container ship (27500
DWT), train (1000t), truck (45,000 Ib).

A5 (Construction
Installation)

Optional. Site energy and water consumption during
installation. The modeler must input values.

B2-B5
(Maintenance &
Replacement)

Material replacement based on service life. Covers re-
production and transport of substituted components.

B6 (Operational

Optional. Site electricity and thermal energy use during

Energy Use) operation.
C2-C4 (End-of- Material recovery, incineration, and landfill.
Life) Includes transport from site, treatment, and disposal

rates. Material-specific scenarios (e.g. 55% concrete
recycled).

D (Benefits Beyond
System Boundary)

Energy recovery and secondary material reuse. Modelling
includes burden-shifting across life cycles

Table 2. Impact equivalents are calculated in relation to regional
ecosystems and expressed as weighted damage potential (e.g. kg CO2eq.).
(Created by the authors using Autodesk Revit-Tally)

Indicator Unit Description
Global Warming kg Climate  impact from
Potential (GWP) COzeq greenhouse gases (COs,

CH.).
Acidification Potential (AP) kg SO2eq Effect of emissions lowering pH in

water/soil.

Eutrophication Potential kg Neq Excessive  nitrogen/phosphorus
(EP) affecting aquatic ecosystems.
Ozone Depletion Potential kg CFC-11leq  Substances reducing stratospheric
(ODP) ozone layer.
Photochemical Ozone kg Oseq Ground-level ozone from VOCs
Creation (Smog) Potential and NOy under sunlight.
(SFP)
Primary Energy Demand MJ Total energy required—split into
(PED) renewable/non-renewable.
Non-renewable Energy Use MJ Contribution from fossil-based

sources (e.g. oil, gas).
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Workflow (including Table 1.-2.) of Life Cycle Assessment (LCA) using
the Tally application integrated into Autodesk Revit. The diagram
illustrates the key stages of the LCA process—from input parameters such
as building type and material specifications to analytical procedures using
GaBi databases, culminating in environmental output indicators like CO,
emissions, energy demand, and smog formation potential. This workflow
enables comprehensive assessment of design alternatives, supports
sustainable material selection, and facilitates data-driven decision-making
in historical restoration projects.
5. Evalution and Disscussion
In this study, a post-restoration life cycle assessment (LCA) was conducted
for the Bursa Kiikiirtlii Atatiirk Hydrotherapy Center Social Facility
Building. The building, digitally modeled in Autodesk Revit, was analyzed
within the "cradle-to-grave" system boundaries using the Tally LCA tool.
A complete classification of the selected materials and processes was
performed, including the biogenic carbon impact, and an average service
life of 60 years was considered.
Material selection was based on products that provided the closest
equivalent to the existing structure in composition and properties. For
example:

» Interior walls: Laminated Strand Lumber (LSL), US, CA iEPD

+ Ceilings: Mineral Wool, Knauf DDP-EPD, and Softwood Lumber

I, US, CAIEPD

Building components included in the inventory include ceilings, curtain
wall studs/panels, doors, floors, roofs, stairs, railings, structure, walls, and

windows. Based on the 60-year analysis results:
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* Al1-A3 Production Stage: A negative impact of —28,412 kg CO.eq
was reported thanks to biogenic carbon sequestering materials.

+ (C2-C4 Disposal Stage: The highest carbon emissions occur at
162,585 kg COz¢eq in this stage.

* Module D Recycling: A positive impact of 7,010 kg COzeq
indicates that carbon emissions from recycling may occur.

« Total Primary Energy Consumption: The most intensive process
occurred in the A1-AS3 stages, recorded at 5,000,765 MJ.

« Energy Savings in Module D: A reduction of —705,013 MJ was
identified, indicating the potential for contribution to the energy
cycle through recycling.

These results demonstrate that choosing biobased materials in building
design creates a carbon sink effect and that disposal processes are among
the most critical stages in sustainability (Figure 8.). Furthermore, given the
high environmental impact of recycling scenarios, material selection in

restoration decisions should be based on structural and environmental

performance.

Product Stage Construction Stage Use Stage End of Life Stage Module D
Environmental Impact Totals [A1-A3] [A4] [B2-B5] [c2-c4] )]
Global Warming (kg COzeq) 28412 7172 2392 162.585 7.010
Acidification (kg SO;eq) 6559 3323 10,52 5317 130
Eutrophication (kg Neqg) 68,83 2,706 0,7812 m2 4,71
Smog Formation (kg Ozeq) 13.662 1.098 2757 2706 -1435
Ozone Depletion (kg CFC-11eq) 0,001211 2,456E-010 2,669E-009 3,667E-007 -2,130E-005
Primary Energy (MJ) 5.000.765 104301 53413 251412 -705.013
Non renewable Energy (MJ) 3.161.759 101.805 4821 235426 422594
Renewable Energy (MJ) 1.839.751 2522 5.160 16.144 282.680
Environmental Impacts / Area
Global Warming (kg COeq/m?) 129 3521 1,74 7982 3441
Acidification (kg SOzeq/m?) 3220 0,1632 0,05165 2,610 06378
Eutrophication (kg Neq/m?) 0,3379 0,01328 0,003835 0,5459 -0,02313
Smog Formation (kg Ozeq/m?) 67,07 5391 1,353 13,28 -7,04
Ozone Depletion (kg CFC-11eq/m?) 5,944€-006 1,206E-012 1,310E-011 1,800E-009 -1,046E-007
Primary Energy (MJ/m’) 24550 5120 2622 1234 3461
Non renewable Energy (MJ/m?) 15522 4998 236,7 1.156 2075
Renewable Energy (MJ/m?) 9.032 1238 2533 79,25 1388

Figure 8. Summary of LCA Analysis of a Selected Cultural Heritage
Building over 60 years (Created by the authors using Autodesk Revit-
Tally)
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The results of the analysis show that environmental impacts are
concentrated in different modules throughout the building's lifespan. In
particular, 91% of total carbon emissions occur in the C2—C4 (disposal)
phase. Acidification potential (AP) and eutrophication potential (EP)
values were also high in the C2-C4 phase. These impacts stem from
emissions released during waste transportation and disposal. Furthermore,
the highest smog formation (Oseq) value was reported during the use phase
(275.7 kg Oseq), indicating that operational energy consumption
contributes to ozone depletion. Some negative values in energy and
emissions indicate the environmental benefits arising from the reuse and
recycling of building materials. Recovery systems were observed to
contribute to a carbon-neutral approach through Module D. The
environmental contribution rate was determined to be 4%. The impact of
the use phase (B2-B5) on global warming is 4%, while the impact of
transportation (A4) processes is 1%. Dismountable systems, recyclable
material selection, and low-carbon disposal scenarios should be prioritized
during the design phase (Figure 9.).

Results per Life Cycle Stage, itemized by Division
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Figure 9. Life Cycle Stage of a Selected Cultural Heritage Building
(Created by the authors using Autodesk Revit-Tally)
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They also demonstrate that the highest carbon emissions from cultural
heritage structures occur during the end-of-life disposal phase (C2-C4).
During this phase, environmental impacts significantly increase due to
material dismantling, transportation, and final disposal. The -16% negative
value observed in the Product Phase (A1-A3) can be explained by the CO:
absorption of bio-based materials such as wood. This absorption was
evaluated as providing environmental credits for the material in the LCA
analysis. Within the scope of Module D:

* The 4% negative carbon contribution demonstrates that recycling and
reuse provide environmental benefits beyond system boundaries.

* The 11% decrease in Acidification Potential (AP) indicates the positive
environmental impact of the material recovery process following disposal.
* The 89% energy dependence in the Product Phase reflects the intensive
production process relying on fossil resources.

* Module D's 12% negative energy contribution demonstrates the impact
of recycled materials in reducing fossil energy use in new product
production.

. The environmental credit earned by Module D demonstrates the vital
importance of design decisions such as recyclability and disassembly in
sustainable restoration strategies.

Considering the findings, the results in Chart 3 indicate that masonry
elements play a dominant role in environmental impacts (Figure 11.).
These elements contribute to a 67% impact on the Global Warming
Potential (GWP). The wood, plastic, and composite materials used in the

building have a 69% acidification potential, an 81% eutrophication
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potential, and a 63% smog potential. The majority of the building's carbon

footprint comes from the masonry.

Results per Division, itemized by Material
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Figure 10. Material Analysis of a Selected Cultural Heritage Building
(Created by the authors using Autodesk Revit-Tally)

The analysis of Figure 11. reveals the impact of building components in
terms of global warming potential (GWP) based on family groups
according to Revit categories. Walls, the most dominant component in
terms of mass and volume, account for 54% of the total GWP. Roof
systems follow with 23%. This distribution confirms that blended walls
are the largest component of the building by volume and contribute the
most to the carbon footprint.

A similar distribution is observed in terms of non-renewable energy use;
walls account for 51%, and roof systems for 21%. Wooden floors and
ceramic-tiled flooring components have a significant impact on smog
potential and energy consumption. Ceramic flooring, in particular, despite
its low mass, leads to negative impacts on the ecosystem due to its high
energy consumption during the production process.
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Results per Revit Category, itemized by Family
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Figure 11. Analysis of a Selected Cultural Heritage Building Specified by
Revit Family Categories (Created by the authors using Autodesk Revit-
Tally)

In light of these data, the wall system stands out as the first structural
component to be considered in the design of the evaluated cultural heritage
building in terms of carbon cycle and environmental impacts. Considering
the material volume, production type, energy consumption and emission
values, redefinition of wall elements and optimization with the use of local
and low-carbon materials are recommended in sustainable architecture
decisions.

6. Conclusion and Suggestions

Production processes must be more closely aligned with new sustainability
regulations focused on reducing environmental impact for economies and
industrial systems to achieve their decarbonization goals. Life cycle
assessment (LCA) methods support this transformation in the construction
industry. Based on the ISO 14040 standard, the LCA framework provides
a scientific framework for integrating sustainability criteria into design.
Restoring historic buildings stands out among environmentally friendly
options due to its potential to reduce natural resource consumption and

virgin material production. LCA analyses allow these savings to be
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measured, and strategies that strengthen sustainability in restoration
decisions can be developed.
The LCA results obtained from the example building examined in this
study demonstrated how building services can be improved in specific
ecosystems through material analysis through Revit-Tally integration.
Because the environmental footprint affects the usage process and all
stages, such as production, distribution, and disposal, the analysis revealed
the need for an environmentally conscious redesign of building
components. To reduce the building's carbon footprint, recommendations
such as:

+ Alternative wall systems,

» Low-emission material selections,

« Use of products with EPD (Environmental Product Declaration) is

presented (Table 3.).
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Table 3. The evaluation and discussion resulted in explanations of the

findings and suggestions for improvement

Observation

Explanation

Improvement Suggestion

Carbon absorption
rates of
wood/composite
materials

As wood is bio-
based, it stores
CO..

The use of wood in
structural and cladding
materials can be increased.

Concrete and brick
play a dominant
role in energy

Intensive fossil
energy is
consumed during

Low-carbon concrete can be
preferred, and local
production can be

impacts. the production supported.

process.
Metals contribute to Mining and Recycled metal use and
acidification and refining modular design for reuse
smog formation. processes have can be promoted.

significant

effects.
Module D There are energy Design details can be
(recovery) provides and emission adjusted to include highly
significant savings. recyclable materials and
environmental composite elements.
benefits.
91% of GWP Disposal Design for disassembly and
occurs during processes reuse should be adopted,
stages C2-C4. contribute and carbon-neutral disposal

significantly to
carbon
emissions.

methods should be
considered.

Negative impacts
occur during stages

The use of bio-
based materials

More use of sustainable
materials such as wood

Al-A3. is effective. should be encouraged.

The contribution of Recovery Recovery and recycling
Module D is systems provide strategies should be
significant. environmental incorporated into the design

benefits. phase.
Energy and smog Industrial Local, low-carbon, and
impacts are production has ecological production
prominent during high methods should be targeted.

the production
stage.

environmental
impact.

In particular, it is recommended that the procurement and processing of

wood materials be reevaluated, and that local and low-process alternatives
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be preferred for cladding and infill materials due to their energy density.
Passive design principles, high insulation requirements, material
optimization, and reuse strategies are among the study's key findings. LCA
evaluates environmental parameters such as energy consumption,
greenhouse gas emissions, acidification, eutrophication, water use, and
waste generation, enabling the design of existing buildings and future ones
based on more sustainable criteria. This holistic approach has revealed
significant opportunities to reduce environmental impacts at every stage of

a building's lifecycle.
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1. Introduction

Global environmental challenges are no longer distant concerns, they
directly influence how we design and build. Buildings aren’t just static
structures; they actively contribute to greenhouse gas emissions, energy
usage, and resource depletion across every stage of their existence, from
extraction to eventual demolition. That’s why sustainability is no longer
an optional goal but an essential principle in construction processes (Dixit
et al., 2010; Cabeza et al., 2014).

Life Cycle Assessment (LCA) plays a key role about this issue. It's not
just a technical method, it’s a design approach. LCA provides a way to
evaluate a building’s environmental performance from start to finish,
grounded in data and informed by sustainable design values (ISO 14040,
2006).

In practical terms, architects use LCA to explore choices around
materials, energy efficiency, and emissions (Ortiz et al., 2009). Despite
its advantages, the use of LCA can be particularly challenging for new
users. The amount of data, time, and expertise needed often turns it into a
complex puzzle. This is where Building Information Modeling (BIM)
steps in. With BIM’s detailed, 3D digital models, it becomes easier to
integrate LCA software and streamline the evaluation process (Eastman
etal., 2011).

Yet even with advanced tools, results can vary wildly depending on the
databases and algorithms used. Different systems mean different
outcomes, which is why choosing the right software isn’t just a technical

decision but a strategic one (Moncaster & Song, 2012).
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For this study, we focused on a historical bathhouse in the Kiikiirtlii
Neighborhood of Bursa, Tiirkiye. An architectural gem rich in cultural
heritage and restoration potential. After documenting the building in
detail, we digitally reconstructed it in ArchiCAD and ran environmental
impact assessments using three tools:

1. One Click LCA

2. OpenLCA

3. Revit Tally
The interactions, advantages, and disadvantages among the examined
programs were first compared internally, and then each platform
measured critical indicators like Global Warming Potential (GWP),
biogenic carbon capture, Ozone Depletion Potential (ODP), Acidification
Potential (AP), and Eutrophication Potential (EP). Comparing the results
shed light on how software methods influence outcomes and emphasized
the need for thoughtful tool selection when applying sustainability
principles to historical architecture.
Figure 1, presents a conceptual flowchart detailing the integration process
between Building Information Modeling (BIM) and Life Cycle
Assessment (LCA) frameworks. The modeling workflow initiates within
ArchiCAD, with subsequent data migration and evaluation carried out
using three distinct LCA software platforms;
One Click LCA, OpenLCA, and Revit Tally. Each path highlights the
variance in system boundaries, impact categories assessed, and data
sources (e.g., Ecoinvent vs. proprietary databases), allowing for
comparative interpretation of Global Warming Potential (GWP), biogenic
carbon, Ozone Depletion Potential (ODP), Acidification (AP), and
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Eutrophication (EP) values.

Assessment

One Click LCA

Building Information
Modeling (BIM)

B m
Historical Bath -
Building Revit Tally

v
Environmental
Indicators

Global Warming
Potential (GWP)
Biogenic Carbon
Storage Capacity
Ozone Depletion
Potential (AP)
Acidification
Potential (EP)
Eutrophication
Potential (EP)

Figure 1. Comparative Analysis of Life Cycle Assessment Result
Conducted Using Different Softwares in the Kukurtlu Historical Bath
Building (Prepared by author)

2. Method and Materials

This study adopts a comparative Life Cycle Assessment (LCA)
methodology to evaluate the environmental performance of a culturally
significant historic bath structure in Kiikiirtlii Neighborhood, Osmangazi
district, Bursa, Tiirkiye. The primary aim is to explore how different LCA
software—each applying distinct databases, system boundaries, and
calculation logics—impact the interpretation of environmental indicators.
Such an approach is vital for heritage-sensitive sustainable design, where
material-specific assessment and restoration constraints significantly
shape sustainability outcomes.

The method consists of four main stages:
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1 Data Collection and Fieldwork

2 Digital Modeling of the Structure

3. Life Cycle Assessments via Three Software Tools
4

Comparative Evaluation of Output Metrics

This staged structure aligns with 1SO 14040 and 14044 standards on life
cycle methodology (ISO, 2006) and ensures robust analytical comparison

based on reproducible processes.

Data Collection
and Fieldwork

Digital Modeling
of the Structure

Life Cycle
Assessment
OpenLCA
Revit Tally
Comparative
Evaluation

Comparative
Evaluation

Figure 2. Workflow Diagram of BIM-LCA Integration and Analysis Steps
(Prepared by author)

This diagram summarizes the procedural flow: from data acquisition and
BIM-based modeling in ArchiCAD, through LCA execution using three
software platforms (One Click LCA, OpenLCA, Revit Tally), to
comparative synthesis. Arrows indicate data transfer direction and the
variation points across tools in databases and impact categories (Figure 2).
Data Collection and Fieldwork; In the initial phase, site surveys were
conducted to document the physical structure of the historical bath,

focusing on material compositions, architectural elements, and
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conservation status. Archival sources and restoration project
documentation were consulted to supplement the on-site data. These inputs
ensured a comprehensive basis for digital modeling and environmental
data interpretation.
Digital Modeling of the Structure; Using ArchiCAD, a BIM-based 3D
model of the bath structure was created. The model incorporated:

* Detailed geometry (walls, domes, HVAC systems),

« Material specifications (local stone, wood, insulation layers),

« Usage zones and building functions.
This BIM model enabled accurate quantity take-offs and material
definitions essential for automated or manual LCA data input.
Life Cycle Assessments via Three Software Tools; Environmental
performance was analyzed using three software tools. Each software
interacts differently with BIM inputs and environmental databases, which
affects the final LCA outputs.
Designed for architects and engineers, this software automates BIM data
extraction and computes environmental impacts through an intuitive
interface. It uses pre-built templates and extensive databases, enabling
quick comparisons across multiple materials and building elements.
Open LCA
As an open-source platform, OpenLCA allows users to construct custom
processes, modify system boundaries, and plug in specific material
datasets. It is particularly advantageous for localized material evaluation

and academic transparency.
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Revit Tally
Revit Tally integrates directly into the Revit environment and uses the
GaBi database to assess lifecycle phases—manufacturing, operation, and
end-of-life. It offers detailed numerical outputs and stage-specific impact
analysis, making it ideal for full building lifecycle assessment.
After individual analyses, environmental impact results—such as Global
Warming Potential (GWP), biogenic carbon content, Acidification
Potential (AP), and Eutrophication Potential (EP)—were compared.
Differences were attributed to:

« Data granularity (automated vs. manual entry),

» Database content and regional specificity,

« Software assumptions and boundaries.

Table 1. Comparative Summary of LCA Software Used in the Study

Feature Revit Tally One Click LCA OpenLCA
BIM Native Revit  Direct from ArchiCAD Manual import
Integration plugin via Excel
Database Used  GaBi Proprietary + Ecoinvent Ecoinvent, ELCD
Impact Full life cycle 10+ incl. GWP, ODP, etc. Customizable
Categories coverage
Flexibility Moderate High (automatic inputs) Very high
(preset (manual control)
schemas)
Ideal Use Deep stage- Rapid analysis, industry Academic,
Context based outputs detailed control
Source Simonen et Soust-Verdaguer et al., Wernet et al.,
Example al., 2017 2017 2016; Bach et al.,
2020

These comparisons were visualized in bar graphs and comparative
matrices, emphasizing the strategic importance of software selection in

heritage-focused sustainability assessment.
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3. Results and Findings

Efforts to enhance sustainability in the construction sector have
accelerated the adoption of Life Cycle Assessment (LCA) methodologies.
In this study, three widely used LCA software tools—Revit Tally, One
Click LCA, and OpenLCA—were comparatively analyzed to assess their
methodological frameworks, database structures, and implications for
environmental performance evaluation.

Revit Tally, as a plug-in integrated with Autodesk Revit, can perform in-
model real-time analyses. Its advantage is working synchronously with
design; however, using only a US-based dataset may create limitations for
local adaptation (Dalla Mora et al., 2018). One Click LCA, on the other
hand, is a web-based tool supporting multiple data inputs such as Revit,
IFC, gbXML. One Click LCA’s integration withn quality control tools and
certification systems provides a strong solution for professional
applications (One Click LCA, 2023).

Although OpenLCA does not have integrated BIM integration, its detailed
and modular structure offers a transparent modelling process, making it
preferred especially in academic studies (Ciroth, 2020).

In terms of databases and calculation methodology, Tally is based on the
Athena dataset and provides layer-based analysis; it enables simple and
fast modelling but has limited data transparency. One Click LCA uses local
EPD-based data, includes scenario analysis and a material comparison
tool. OpenLCA can work with a wide variety of databases such as
Ecoinvent and ELCD; its data source transparency and customization

options are quite high.
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According to Dalla Mora et al. (2018), database differences between Tally
and One Click LCA lead to significant result differences. A master's thesis
from the University of Toronto further supports this observation.
According to that research, One Click LCA produced a 50% lower carbon
result compared to Tally when analysed with the same data. This finding
shows that the software used cannot be directly compared with each other
in terms of data sources and calculation methods.

In terms of certification compliance, One Click LCA produces
automatically compatible reports with systems such as LEED, BREEAM,
DGNB. Tally works compatible with LEED and can integrate with EC3.
Although OpenLCA does not provide direct integration, customized
reports can produce outputs suitable for certification.

Table 2. Comparative Matrix of LCA Software Programs Based on
Certification Compatibility

Criterion Revit Tally One Click LCA OpenLCA
Certification LEED LEED, BREEAM, DGNB,  Customised
Compliance vidjv4.1,EC3  HQE, LEVEL(s) reports
User Medium High (guided interface) Low (technical
Friendliness (requires BIM knowledge)
experience)
Transparency Medium Medium (QC controlled) High (source
visible)
License Model Commercial Subscription Open source
plug-in
Online/Offline Offline Online (cloud-based) Offline (desktop)
(within Revit)
Local Data Limited Rich (including Turkiye) User can add
data

3.1. Use of One Click LCA in Kiikiirtlii Historical Bath
Using One Click LCA software, the environmental impacts of building

components such as wooden-framed glass doors, mortars, and bituminous
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roof coverings were examined in detail. The software analysed the impacts
of these building elements throughout the process from production to post-
use. According to One Click LCA analysis results, wooden-framed glass
doors and bituminous roof coverings have high global warming potential.
Especially in the production stage of these building components, high
energy consumption and carbon emissions occur.

Although the use of wood materials provides an advantage as a renewable
resource, high emissions occur during their processing stages.
Additionally, it was determined that bituminous materials used in roof
coverings have high environmental impacts in their production and usage
processes

3.2. Use of OpenLCA in Kiikiirtlii Historical Bath

In the analysis conducted with OpenLCA software, quantity data obtained
using Autodesk Revit program were transferred to the ELCD database.
The environmental impacts of basic building materials such as stone,
brick, and wood used in the building were evaluated in detail. In the
analyses, the environmental impacts of building materials used in the
restoration process were comparatively evaluated in detail. According to
the analysis results, it was determined that the production and supply
processes of local materials such as brick and stone have low
environmental impacts, while environmental load increases during the
processing of wooden materials. The analysis reveals the impact of
material selection and building components on the environment during the

restoration process
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3.3. Use of Revit Tally in Kiikiirtlii Historical Bath
In the analyses conducted with Revit Tally, reinforced concrete structural
elements, wooden floor coverings, ceramic coverings, roof systems, and
interior finishing elements in the building were evaluated in detail. The
software revealed the environmental impacts of building elements in detail
at different stages (production, use, disposal). According to the analysis
results, a global warming potential of 179,159 kg CO--equivalent, an
acidification potential of 1,231 kg SO:-equivalent, and a eutrophication
potential of 183.5 kg N-equivalent were determined throughout the
building. The environmental impacts of reinforced concrete structural
elements, especially concrete and steel production processes, were found
to be quite high. While the environmental impacts of wooden floors and
ceramic coverings remained relatively low, significant environmental
loads were determined during the end-of-life disposal processes of the
building.
3.4. Comparative Analysis of Software Applications and Scales of Use
(Case of the Kiikiirtlii Bath Building)
Within the scope of the environmental assessments conducted for the
historical Kiikiirtlii Bath, three Life Cycle Assessment (LCA) software
tools—One Click LCA, OpenLCA, and Revit Tally—were employed to
generate results across varying scales and levels of analytical detail.
* One Click LCA proved particularly effective in analyzing
environmental impacts of individual building components, such as
doors, mortars, and roof systems. Its capacity for rapid data
processing and automated scenario analyses makes it highly

suitable for design-stage evaluations and component-level
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optimizations. The platform excels in quantifying impacts during
both production and end-of-life phases, offering insights into short-
term sustainability strategies.
* OpenLCA, by contrast, emerged as a robust tool for academic and
research-oriented applications, particularly where localized and
restoration-specific materials are central to the analysis. Its manual
data entry functionality and flexible database integration (e.g.,
ELCD, Ecoinvent) allow for customized modelling and detailed
interpretation of heritage-sensitive construction materials. This
makes OpenLCA ideal for projects emphasizing material
provenance, process transparency, and scholarly replicability.
* Revit Tally demonstrated high competence in addressing whole-
building life cycle assessments, providing detailed environmental
outputs across production, use, and disposal stages. Its integration
with BIM workflows supports synchronous modeling and
facilitates data-rich reporting for large-scale restoration and
professional architectural projects. Tally’s numerical precision
across multiple indicators contributes to its effectiveness in
comprehensive sustainability planning.
Comparative evaluations of One Click LCA, OpenLCA, and Revit Tally
within the Kiikiirtlii Historical Bath Building demonstrate that each tool’s
distinctive features—ranging from data structures to certification
alignment—significantly influence the interpretation of environmental
impacts. These findings underscore the necessity of strategic tool selection

in sustainability-oriented architectural research, particularly when
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addressing heritage-sensitive projects. Based on the data in this study, the
final section presents key conclusions and recommendations.
4. Conclusion
According to this study, the choice of LCA software is not merely a
technical preference but also a variable that will directly influence the
outcomes of the analysis. The comparative evaluation of One Click LCA,
OpenLCA, and Revit Tally revealed that:
» Software architecture and database transparency influence the
reliability of impact assessments.
« Flexible modeling environments are required to integrate locally
sourced materials and restoration-specific elements.
» Certification compatibility and reporting precision play a central
role in aligning analytical outcomes with regulatory frameworks.
In the Kiikiirtlii Historical Bath case study, each tool offered different
advantages:
* One Click LCA provided rapid and design-integrated insights by
enabling automated extraction of material data from the ArchiCAD
model, which allowed for quick evaluation of components such as
doors, mortars, and roof coverings.
» OpenLCA allowed customized analysis of restoration materials,
particularly through the integration of local datasets (e.g., stone and
brick) and the flexibility to define system boundaries in line with
heritage-specific restoration practices.
* Revit Tally enabled detailed life cycle reports for the entire

building, generating precise numerical outputs across different
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phases (production, use, and disposal), which were valuable for
assessing large-scale structural elements like reinforced concrete.
For future projects involving historic structures it is recommended to:
« Align software capabilities with project-specific goals and data
availability,
« Prioritize platforms that offer transparent modeling procedures,
especially for academic or research-based work,
» Employ regionally adapted databases to enhance the accuracy of
local environmental evaluations.
By advancing the methodological integration of BIM and LCA, this study
contributes to the discourse on sustainability oriented architectural
decision making and empowers practitioners to make contextually aware

choices.
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1. Introduction

The construction industry accounts for 40% of carbon emissions and 36%
of global energy consumption, and this rate is increasing. In addition, a
significant part of the built environment consists of buildings. In this
direction, the construction sector has great potential and importance in
minimizing its carbon footprint and maximizing its environmental
performance. In this respect, the focus of this study is energy and carbon
emissions. Compared to other building elements, structural systems
constitute the largest percentage of a building (Stek et al., 2011). The
structural systems’ environmental impacts throughout their lifespan are of
great importance. Life Cycle Assessment (LCA) is an important tool used
for environmental management. The energy consumed by a building
element or material throughout its lifespan and its impact on the
environment can be analyzed or measured by the Life Cycle Assessment
(LCA) methodology. It measures and analyzes the product or system's
environmental impacts in an integrated and systematic manner throughout
its lifespan. Sustainability, environmental impact, and efficiency
optimization are the main aims of the life cycle approach.

Life cycle costing (LCC) also adopts and uses the LCA approach and
systematics from an economic viewpoint (Hasik et al., 2019). It provides
the quantification and identification of building lifecycle costs. LCC aims
to optimize building lifecycle costs. Life cycle cost analysis is a widely
used method to investigate the most cost-effective solution or product
design (Marszal & Heiselberg, 2011). LCC systematic is described in four
stages in the ISO 15686-5 (2017) standard as construction, operation,

maintenance, and end-of-life. Life cycle costing can be a decision method
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and tool to select the best structural alternative from an environmental
perspective. LCA is about protecting the environment, and LCC is about
cost control and optimization. The LCA and LCC integration can provide
a comparison and selection between different structural elements, focusing
on economic costs with environmental impacts (Dejaco et al., 2020).

In the study by Islam et al. (2015) noted that the life cycle assessment and
costing results depend on many factors. These factors include the
assumptions identified in the study, system boundaries, the choice of
construction techniques, the building typology, and the study’s scope. It
also underlines that cost and environmental impacts are determined based
on the buildings’ life cycle stages.

A study conducted by Néssén et al. (2012) compared the net current costs,
total material, carbon, and energy costs of two alternative buildings: timber
and reinforced concrete. The study did not consider labor, construction,
maintenance, and demolition costs. The data obtained indicated that the
material cost difference between the two buildings was small. Therefore,
the study noted that the cost-effectiveness of timber buildings is uncertain.
In Kim et al.’s study (2013), two structural frames, reinforced concrete and
steel, were compared in terms of environmental performance and
construction costs, in the direction of the LCA and LCC systems. The
study focused particularly on the construction phase. The findings showed
that reinforced concrete structural frames had 26% less CO2 emissions and
29% less energy consumption than steel structural frames. It has been
stated that a large portion of the emissions are caused by the steel

production process. The study also showed that the reinforced concrete
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framed building’s total cost was approximately 9.8% lower than the steel
framed building.

Balasbaneh & Ramli (2020) provide a comparative life cycle assessment
of steel and concrete prefabricated buildings in Malaysia. The structures
were assessed according to five environmental impact categories using
SimaPro 8 software. These impact categories are non-renewable energy,
greenhouse gas emissions, respiratory inorganics, mineral/raw material
extraction, and land use. The findings show that the emissions of steel
structures are higher than concrete structures only in the greenhouse gas
category, while the emissions of concrete structures are higher in other
environmental categories. The study also analyzes these two types of
structures in terms of life cycle cost effectiveness. Although the
construction phase cost of the steel prefabricated structure is higher, the
overall life cycle cost of the concrete prefabricated structure is higher.
The number of integrated studies in the field of LCA and LCC is increasing
significantly in the literature. However, studies including comprehensive
evaluation approaches are limited. Therefore, the development of
comprehensive methodological approaches has great importance. The
study aims to make a comparison of different structural systems in terms
of environmental impact and economic costs, and to support the decision-
making process in the early design phase. A system framework for
evaluating alternative structural systems is explained. This LCA and LCC
integration approach provides a framework for considering all
environmental (LCA) and economic (LCC) impacts in decision-making
processes. It aims to analyze and evaluate alternative structural systems,

focusing on environmental impacts and costs.
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2. Material and Method

In the study, a comprehensive literature review covering LCA and LCC
approaches, LCA and LCC integration, analysis and evaluation methods,
and basic parameters is conducted, the scope and systems of LCA and LCC
are explored, and the framework for life cycle assessment and life cycle
cost systems for structural systems is defined. The basic modules and sub-
parameters that constitute the system are explained. In line with the defined
framework, two structural system alternatives, steel and reinforced
concrete, are analyzed using GaBi thinkstep LCA software. The GaBi is
an LCA software developed to contribute to sustainability and reduce
environmental emissions (e.g., carbon emissions). It analyzes the whole
life cycle of a product and contributes to environmentally friendly
decisions (Sphera, n.d.). It also provides life cycle cost analysis, and in this
study, the life cycle cost analyses are also performed with GaBi.

GaBi is a key tool for analyzing building components, with its flexible and
powerful structure, and is a focal point of academic research. It has a large
dataset, and the software provides the ability to produce a product or
material. Its basic components are plan, process, and flow. Modeling based
on these components can be managed by the user, and scenario analysis
can be performed. It also provides results for multiple impact assessment
methods such as Environmental Footprint, ReCiPe, and Traci. In this
respect, GaBi is chosen as the analysis tool in this study. Reinforced
concrete and steel structural systems are modeled using GaBi software,
and a comparative assessment of alternative structural systems is

conducted using data obtained from LCA and LCC simulations. The
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findings obtained within the scope of environmental impact and life cycle
cost integration are evaluated and explained.

3. Findings and Discussion

In this section, firstly, the life cycle assessment (LCA) and life cycle
costing (LCC) system boundary are defined, and the parameters within the
scope of the system boundary are explained. Alternative structural
systems, including reinforced concrete and steel systems, are analyzed in
the GaBi LCA software in line with the defined system framework, and
evaluations are explained in light of the obtained data.

3.1. Life Cycle Assessment (LCA) and Life Cycle Costing (LCC)
Systematics for Structural Systems

Life Cycle Assessment (LCA) can be described as an integrated system
that evaluates all flows, including inputs and outputs, throughout the life
of a product system and provides the calculation of its potential
environmental impacts (Zuo et al., 2017). Variables evaluated include
resource use as well as various emissions to land, air, and water. The LCA
method considers different possibilities and scenarios to minimize
resource and energy consumption and reduce the environmental footprint
of building materials (Oladazimi et al., 2020). Resource consumption and
greenhouse gas emissions are fundamental measures of environmental
impact. Energy, an especially important resource, is a widely used
indicator of the environmental impact of buildings. The building energy
consumption throughout its life cycle is described as embodied and
operational energy. Studies highlight the importance of both embodied and
operational energy throughout the buildings’ lifespan (Fay & Treloar,
2003).
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The definition and general method of life cycle assessment are described
in the 1SO 14044:2006 (2006) LCA guidelines and requirements standard.
According to the standard, the purpose and scope must first be defined.
The product, system, or process, the purpose of the study, system
boundaries, the functional unit, impact categories, impact assessment
methods, assumptions, limitations, etc., must be defined and explained.
Life Cycle Inventory (LCI) Analysis should be performed. LCI includes
collecting data on raw materials, energy consumption, emissions, waste,
etc., to measure the inputs and outputs of each lifecycle stage. The
inventory analysis stage includes all inputs and processes that create
products and services are collected. Life Cycle Impact Assessment (LCIA)
should be described. LCIA is the assessment of potential environmental
impacts. This phase includes selecting impact categories and category
indicators and assigning inventory data to the selected impact categories.
The potential human health and environmental impacts of raw material and
energy use data collected in the inventory analysis are determined. Finally,
the interpretation stage means analyzing the results based on LCI and
LCIA, explaining the main conclusions, limitations, and possible
recommendations.

Life cycle systematics, system framework, modules, and sub-parameters
are defined in the international standard EN 15978:2011 (2011). The
standard includes four main stages and a module on achievements (Table
1).
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Table 1. Life Cycle Assessment (LCA) System Boundary Defined in EN

15978:2011
Benefits and
Production Stage Construction Stage Use Stage End-of-Life Stage |Loads Beyond the
System
Al: Raw Materials A4: Construction- Bl: Use C1: Deconstruction, R
. . o euse
Supply installation demolition
A2: Transport AS5: Transport B2: Manufacturing C2: Transport Recovery
A3: Manufacturing B3: Repair C3: Waste process for Recycling Potential

reuse
B4: Replacement  C4: Disposal

B5: Refurbishment

B6: Operational
energy use

B7: Operational
water use

Energy in the life cycle is defined as operational and embodied energy.
From a building design perspective, building components and materials
have embodied energy and greenhouse gas emissions, such as carbon, in
the phases of their life cycle. The embodied energy is inherent in the
formation of building materials. The life cycle embodied energy means the
sum of the initial, recurring, and deconstruction energy. Primary energy
sources, the conversion efficiency of building material production
processes, and the type of material are the primary factors determining
embodied energy (Kog et al., 2022). Embodied energy represents the
energy demand for manufacturing, transportation, material production,
repair and maintenance, and all end-of-life activities. Operational energy
(usage) is described as the energy consumed for heating and cooling, air
conditioning, lighting, and equipment of a building to ensure comfort
conditions in the interior (Azari & Abbasabadi, 2018).

Carbon emissions to the environment throughout the life of a building are

evaluated operationally and embodied. The definitions of carbon forms
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and the relationships between them are the same as for embodied and
operational energy properties. In life cycle systematics and life cycle
impact assessment methods, and life cycle software, carbon emissions are
considered as global warming potential (GWP). As seen in Table 1, energy
consumption and environmental emissions (especially carbon) occur for
each life cycle stage and subparameter in the life cycle system boundary.
Resources such as water and energy flow throughout the buildings’ life
cycle and are categorized into operational and embodied flows (Helal et
al., 2020).

In this study, the usage phase (B1-B7) is not handled at the life cycle
system boundary, because international standards define the structural
system life as one hundred years. In the life cycle perspective, a building’s
life is generally considered as fifty (50) years. Additionally, repair,
demolition, or reuse of a structural system requires seismic or static
performance calculations and analysis. The IEA (International Energy
Agency) states in Annex 57 that scenarios should be planned for reuse,
maintenance, and repair (B1-B7: use phase) of structural systems (IEA
Annex 57, 2016). At the same time, the structural systems do not directly
affect operational energy. In this study, LCA and LCC system frameworks
consist of the production, the construction, the end-of-life, and the
recovery modules. The Life Cycle Assessment (LCA) and Life Cycle

Costing (LCC) systematics frameworks are shown in Figure 1.
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Recovery Module E Recycling Potential
——————————————————————————————————————————————
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Production Module i Transportation
i Material Production
i Transportation to Site
Construction Module ’
¢ Building Construction
LIFE CYCLE COSTING (LCC) . :
FRAMEWORK : : Demolition/Deconstruction
: Transportation
End-of-Life Module P
i Waste Processing
' Landfill
LCC Recovery Module ‘ Recycling Potential

Figure 1. Life Cycle Assessment and Life Cycle Costing System
Boundary (Created by the authors)

The framework and parameters defined for the life cycle assessment of
structural systems are the same as the life cycle cost framework and
parameters. Raw material extraction, material production, and
transportation factors are sub-categories of the production module.
Transportation to the site and building construction are sub-categories of
the construction module. The end-of-life  module includes
demolition/deconstruction, transportation to the waste recycling centers

and the landfills, waste processing, and landfilling. LCA energy and

247



emission recovery module and LCC recovery module are related to the
recycling potential. Processing recyclable materials in the building’s end-
of-life stages is a prominent factor for mores efficient use of natural
resources and reduction of waste production. In the study, energy
consumption (embodied) and carbon emissions are analyzed for each
module. Using different LCA and LCC scopes will not only make data
collection or analysis more complex but will also prevent the results from
being representative of the same system (Franga et al., 2021). In order to
make an evaluation in line with environmental and economic factors, it is
important to determine and integrate the system framework of LCA and
LCC.

3.2. Alternative Structural Systems’ Life Cycle Assessment (LCA) and
Life Cycle Costing (LCC) Analyses

In line with the LCA and LCC systematics defined in the study, life cycle
environmental impact and cost analyses of two load-bearing systems,
reinforced concrete and steel, are explained in this section. Structural
frames, cores, and floors are determined and evaluated as structural system
components. The buildings have a central core and grid system plan
typology. The buildings’ floor areas are 600 m?, and their heights are 24
m. The location of reinforced concrete-framed and steel-framed residential
buildings is at earthquake ground motion level 1. By the Turkish
Earthquake Code 2018, the building importance coefficient (residential) is
defined as 1, and the local soil class is defined as solid or strong. The
reinforced concrete column size is 70x70 cm, the beam is 70x60 cm, and
the flooring height is 25 cm. The steel column type is HEB 450, the beam

is IPE 750, and the composite flooring height is 18cm. For the comparative
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analysis of two different structural systems, these structures must be
located under the same conditions. In this respect, the buildings' structural
systems with equivalent strength in the same plan plane are analyzed in the
study. Information on reinforced concrete and steel-framed buildings is

shown in Table 2.

Table 2. Reinforced Concrete and Steel Structural Systems’ Properties

Parameter R.C. Framed Building ~ Steel Framed Building
Building type Residential Building Residential Building
Study period 50 years 50 years

Gross area 600 m? 600 m?

Building story and total
height

8-story and 24m

8-story and 24m

Structural frame type

R.C. Frame

Steel Frame

Structural materials

Concrete, rebar

Structural steel, bolt

Building core Reinforced Concrete Steel

Core materials Concrete, rebar Steel, bolt

Flooring type R.C. flooring Composite flooring
Flooring materials Concrete, rebar Concrete, rebar, steel sheet
Concrete amount (t) 4726 tons 2000 tons

Rebar amount (t) 98 tons 33,9 tons

Structural Steel (t) - 260 tons

Bolt connection amount (t) - 0,5 tons

Steel sheet amount (t) - 38, 4 tons

After the dimensions and material quantities of the structural systems are
defined, they are modeled in GaBi software, and LCA and LCC
simulations are performed. In the study, in the light of comprehensive
research, GaBi thinkStep software, which is at the focus of academic
studies and provides the analysis of building components with its flexible
and powerful design, is selected as the LCA analysis tool. Plan, process

(materials & process), and flows are the basic parameters regarding the
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operation principle of the software. A plan is a visual diagram created to
model the lifecycle of a product or process. It is one of the fundamental
constituents of LCA and represents all processes of a product in the form
of a flowchart. Process symbolises a specific stage in the life cycle of a
material or product. Inputs and outputs define it. Flows represent the
movement of matter or energy between processes.

Figure 2 shows the reinforced concrete structural system modeling at the
GaBi interface, and Figure 3 shows the steel structural system modeling.
Models are created in line with the life cycle assessment and cost
frameworks defined for structural systems. In the study, transport effects
are considered equally for steel and reinforced concrete framed structures,
and distances are defined as 100 km. For the reinforced concrete structure
system, the concrete is considered non-recyclable and transported to
landfills, and the rebar is considered fully recyclable and transported to the
recycling site. For the steel structure system, concrete is considered non-
recyclable and is transported to landfills. Other materials, including
structural steel, rebar, connection elements (bolts), and steel sheet, are

considered recyclable and transported to the recycling centers.
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Figure 2. Reinforced Concrete Structural System Modeling in GaBi
Software (Created by the authors)
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Figure 3. Steel Structural System Modeling in GaBi Software (Created by
the authors)

The embodied energy, global warming potential (embodied carbon), and
cost data obtained for reinforced concrete and steel structural systems in

the light of the simulation are shown in Table 3.
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Table 3. Alternative Structural Systems’ LCA and LCC Results

Life Cycle Indicator R.C. Framed Steel Framed
Approach Building Building
Embodied Energy (Mj) 8,15E006 Mj 8,58E006 Mj
LCA Global Warming Potential  5,13E006 2,65E006
(GWP) (kgCO2-eq) kgCO2-eq kgCO2-eq
LCC Total Life Cycle Cost (£) 7,87E005 £ 1,18E006 £

The total amount of embodied energy throughout the life cycle of the
reinforced concrete structure system is 8.15E006 Mj (Megajoule).
8.15E006 Mj represents 8.15x106 Mj. The total global warming potential
or amount of embodied carbon of the reinforced concrete structural frame
is 5.13x106 kgCO2-eq (kilograms carbon equivalent). The life cycle cost
of a reinforced concrete structural system is £7.87x10° (Euro). The total
embodied energy over the life cycle of the steel structural system is 8.58 x
10 Mj. The total global warming potential or embodied carbon of the steel
structural frame is 2.65x10° kgCO2-eq (kilogram carbon equivalent). The
reinforced concrete structural system’s life cycle cost is 1.18x10° £ (Euro).
The amount of embodied energy in the reinforced concrete structure
system is less than that of the steel structure system, but the difference is
not high. In terms of carbon emissions, the steel structural system has
performed better than reinforced concrete. In steel material production,
energy consumption in the melting process accounts for a large proportion
of the whole life cycle energy consumption, and directly affects the steel's
life cycle energy performance. Cement production in concrete production
causes high carbon emissions. The findings in the study are consistent with

this information.
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When examining lifecycle costs, the steel structure's life cycle cost is
higher than the reinforced concrete structure. Life cycle cost is a parameter
that needs to be optimized, so it is difficult to define limit values for cost.
For an integrated approach of LCA and LCC in a life cycle management
perspective, the cost factor can be evaluated as a decision factor in cases
where alternative load-bearing systems are under equivalent
environmental performance or in light of internationally defined
environmental targets such as the RIBA (Royal Institute of British
Architects) Sustainable Outcomes Guide (RIBA, 2019). In addition,
considering the effects of carbon emissions on the environment and the
goals of being carbon neutral, it can be said that the steel structure system
is more environmentally friendly. Life cycle costing (LCC) adopts the best
performance principle, not the lowest life cycle cost. In this respect, if
equivalent results are achieved in terms of environmental performance, the
economically dominant alternative can be evaluated.

In addition to the findings, it is difficult to state which of the steel or
reinforced concrete structural systems is more environmentally friendly.
Although steel has obvious advantages, such as its recycling property,
there are many studies in the literature that show higher environmental
performance of reinforced concrete. It can be said that the main reasons
for this situation are the context of the study, study boundaries, and the
parameters evaluated. In particular, the impact of parameters such as the
primary energy source and local context on the results should be specified.
In the direction of local context, transportation distances may not be the
same for alternative structural systems constructed in the same location.

Material production, recycling, or waste disposal distances may vary
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depending on the location of the buildings. Transportation is a major
source of carbon emissions in the construction industry (Moussavi
Nadoushani & Akbarnezhad, 2015). In this case, transportation and
distance factors will impact energy, carbon, and cost outcomes. In this
respect, the acceptances and limits in studies should be clearly stated.
Further analysis studies are needed in the field of LCA, LCC, and their
integration.

4. Conclusion and Suggestions

Sustainable development is aimed at meeting and protecting the needs and
aspirations of present and future generations. Environmental and economic
parameters are important components of sustainable development. Life
Cycle Assessment (LCA) is about protecting the environment; Life Cycle
Costing (LCC) is about cost control and optimization.

This study investigates the lifecycle energy, carbon, and cost performance
of steel and reinforced concrete structural systems with equivalent
performance in the same plan plane. The data obtained indicate that the
reinforced concrete structural system has a higher embodied carbon value
than steel, while the steel structural system has a higher embodied energy
and cost value than reinforced concrete. However, the difference in global
warming potential (carbon emissions) is significant. It can be argued that
the steel structural system has an advantage in terms of environmental
performance. Because lifecycle cost is a parameter that needs to be
optimized, the obtained data should be evaluated in light of environmental
performance. It can be evaluated as a determining factor in the case of
equivalent environmental performance or in line with environmental limit

values.
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There are many parameters to be managed in life cycle energy and cost
integration; however, having common system boundaries for the two
approaches is a significant advantage in terms of integration. The
integrated approach developed in this study clearly specifies all parameters
within the LCA system, providing the reduction, evaluation, and
comparison of environmental and economic impacts. Designers or
decision-makers can analyze the impact of each parameter on the results.
LCA and LCC provide information on the environmental and economic
dimensions of sustainability, providing a basis for determining
environmentally strong strategies. In this respect, integration of the life
cycle environmental performance and life cycle cost is of great
importance. Especially in terms of an effective application area, it's
important to support the environmental factor with cost considerations.
However, adopting a best-cost approach is necessary rather than the
lowest-cost.

Life cycle costing (LCC) is a cost approach focused on environmental
impact. In addition to emphasizing the importance of cost, LCC supports
the selection of optimum costs in line with high environmental
performance. Reducing energy consumption, resource efficiency, and
reducing the carbon footprint are also of great importance for the circular
economy. In conclusion, it should be stated that the LCA and LCC
integration approach should adopt an evaluation system focused on
environmental performance. The evaluation approach described in this
study can be improved in the direction of mathematical limit values. For
example, an integrated cost assessment system can be defined by accepting

environmental limit values defined in light of international scientific data.
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1. Introduction

The rise in global temperature records in the 21st century was exemplified
by the extreme heatwave experienced in the United Kingdom in July 2022;
the Met Office issued a ‘red’” warning, the highest level, the health
infrastructure implemented extraordinary protocols, and the government
declared a ‘national emergency’. Scientific findings increasingly confirm
that climate change is the primary driving force behind the increasing
frequency and intensity of meteorological extremes (Arnell, 2022).
Construction and architectural activities contribute critically to the global
carbon footprint; current data shows that this sector accounts for 34% of
global energy consumption and 37% of energy-related CO. emissions
(Namaki et al., 2024). In this context, life cycle assessment (LCA) enables
the identification of potential areas for improvement and possible
disadvantages by analyzing the environmental impacts of buildings
throughout their lifecycle, from design to end-of-life. LCA is the process
of systematically analyzing the resources used, outputs produced, and
potential environmental impacts of a product system throughout its life
cycle. This process encompasses interconnected and sequential stages,
starting from the extraction of raw materials from natural resources and
ending with the final disposal of the product (Fnais et al., 2022; Moutik et
al., 2023; Yardimci et al., 2024). LCA provides a methodological
framework for determining the scope, defining the evaluation objectives,
conducting inventory analysis, assessing impacts, and finally interpreting
these processes in a systematic way (Guinee, 2002). Governments in

various countries are systematically supporting the adoption of LCA
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methodology by implementing policy tools and regulatory frameworks
and continuing their efforts in this (Guinée et al., 2010).

The architecture and construction sector is responsible for approximately
40% of global carbon emissions (UNEP, 2022), making sustainable design
solutions an urgent priority. Artificial Intelligence (Al) is used to describe
artificial systems that gain data analysis, pattern recognition, and decision-
making capabilities through algorithms that mimic human intelligence
(Russell & Norvig, 2022). In this context, Al technologies play a critical
role in reducing the carbon footprint by offering innovative solutions to
sustainability issues in the architecture and construction sector. In recent
years, Al has taken on a promising role in this field, with generative design
algorithms that optimize material usage (Castro Pena et al., 2021), Al-
based energy simulations that reduce operational carbon (Ahmad et al.,
2024), and approaches that test the effectiveness of machine learning (ML)
techniques in predicting real-world carbon emissions (Al Nuaimi et al.,
2025). However, despite this potential at the intersection of Al and
architecture, research has remained fragmented due to interdisciplinary
disconnects, lack of data standardization (Tian et al., 2021), and limitations
in building-scale applications (Bass et al., 2022). Methodological
frameworks and biometric analyses that address LCA and Al together are
particularly limited. The LCA method and the software that implements it
are important tools for developing strategies to reduce the environmental
impacts of human activities (Basbagill et al., 2013; Malmqvist et al., 2011;
Namaki et al., 2024; Soust-Verdaguer et al., 2016; Yardimci et al., 2024).
Researchers have obtained valuable results by conducting bibliometric and

scientometric analyses in the field of LCA research and development

263



(Fnais et al., 2022; Ghoroghi et al., 2022; Guinée et al., 2010; Isah et al.,
2024; Martinez et al., 2019; Moutik et al., 2023; Teng et al., 2022; Yilmaz
& Seyis, 2021). Since the beginning of the 21st century, LCA has gained
importance as an interdisciplinary research field with the development of
methodological standards at the international level and the spread of
sustainability-focused policies (Moutik et al., 2023). The most current
interdisciplinary research fields are Al and ML-supported systems
(Ghoroghi et al., 2022). The architecture field is responsible for
approximately 40% of global carbon emissions. However, the number of
LCA studies in the architecture field is quite limited compared to the fields
of “environmental studies” and “environmental sciences” (Figure 1).

The study is focused on academic research in the fields of “LCA and AI”
and “LCA and Architecture,” aiming to reveal academic trends in these
areas. The main research objective of the study is to share how research in
the field of LCA has developed over time in the subheadings of
architecture and Al, which themes have come to the forefront, and what
gaps and opportunities have emerged for future research. The research
question for the study is defined as “What is the current state of Al and
ML-based LCA studies in the field of architecture?” The study focuses on
the following topics to answer this question:

Traditional LCA methods are insufficient to meet the dynamic and
multidimensional data management needs of architectural studies I.
Traditional LCA methods are insufficient to meet the dynamic and
multidimensional data management needs of architectural studies (Moutik
et al., 2023), (Figures 1-2). It is emphasized that the literature at the

intersection of LCA and architecture is open to research compared to other
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academic fields that produce LCA-related studies (Figures 1-2). It is
emphasized that the literature at the intersection of LCA and architecture
IS open to research compared to other academic fields that produce LCA-

related studies.
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Figure 1. WoS-based Life Cycle Assessment (LCA) studies graph
(created by the author(s))

Number of LCA Publications in Architecture by Year
100

80
60

a0t

Number of Publications

o
NG

o 9 £ & o 9 N
o (] o o “ “5 W\
K K| & S 8 S o+ &

Year

Figure 2. Graph of Life Cycle Assessment (LCA) studies in the field of
architecture sourced from WoS (created by the author(s))

The integration of current research topics in LCA and Al into the field of
architecture is weak (Figure 3). Therefore, the adaptability of Al and ML
methods used in other research areas to the field of architecture under the

general heading of LCA is being questioned.
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LCA focuses on increasing the diversity of research areas in response to
the literature gap caused by the limited research conducted at the

intersection of Al and architecture.
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Figure 3. WoS-based Life Cycle Assessment (LCA) and Artificial
Intelligence (Al) studies graph (created by the author(s))

Within the scope of the study, filtering options in the WoS database were
used to distinguish studies in the field of architecture. Bibliometric data
was collected under the main headings of “LCA and AI” and “LCA and
Architecture” with the help of filtering. Bibliometric analysis was
performed using the publication year, publication title, and keywords for
each publication from the raw bibliometric data obtained. The discovery
of Al and Architecture studies conducted in the LCA field, which was
determined as the research objective, was conducted using keywords.
During the research process, it was determined that there are limited LCA
studies conducted at the intersection of architecture and Al in the literature,
and that there is no comprehensive review to fill this gap. This bibliometric

framework aims to identify current research areas in LCA within the field
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of architecture while outlining potential new research areas for future Al-
supported LCA studies.

2. Matenrials and Methodology

The “Preferred Reporting Items for Systematic Reviews and Meta-
Analyses” (PRISMA) procedure was adopted to conduct a systematic
review of the research (Page et al., 2021). The current PRISMA procedure
was reorganized to suit the purpose of the study. For this purpose, [1]
databases related to the LCA research field, which is the main title of the
study, were examined. [2] Search queries were developed to access LCA
and Al studies and LCA and architecture studies, which were determined
as the main research areas of the study. [3] Incomplete bibliometric data
obtained through search queries were identified, complete data were
reorganized, and publications with incomplete data were excluded from
the study. [4] The co-occurrence of the two research areas was determined
through bibliometric analysis. [5] The research areas were explored
through bibliometric analysis, and sub-research areas were clustered
according to frequency of use within the framework of LCA-Al and LCA-
Architecture co-occurrence. [6] Publications with the highest number of
citations were selected for the common sub-areas, taking into account
content suitability. [7] The integration of research areas was achieved by
utilizing the commonalities and differences between LCA-AIl and LCA-
Architecture identified through bibliometric analysis. The publications
examined in the study were reported using the revised PRISMA procedure.

The workflow diagram of the study is shown in Figure 4.
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Figure 4. Workflow diagram of the study (created by the author(s))

2.1. Target Literature Source of the Research

In the first stage mentioned in the workflow, a preliminary review was
conducted to understand the current state of scientific orientation in the
study and to identify gaps in the literature. The research identified the
status of studies produced in the LCA literature in different databases
(Table 1). In addition, it was revealed in which scientific fields studies on
the LCA theme were conducted (see Figure 1). The situation in the Al and
Architecture categories, which were determined as the field of study, was

observed. The annual distributions of publications on the LCA-
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Architecture theme and publications at the intersection of LCA-AI are
shown (see Figures 2 and 3). A research strategy was determined through
a preliminary review, and the scope and limitations of the study were
defined. Using the quantitative data obtained from the preliminary review,
the database to be used, the time periods to be researched, and the
identification and organization of keywords used to extract the data were
established.

Bibliometric studies conducted in the field of LCA were observed in
determining the database to be used in the study. In current bibliometric
and scientometric studies, it is seen that researchers use Proguest, Scopus,
and WosS data combined (Moutik et al., 2023; Teng et al., 2022; Yilmaz &
Seyis, 2021). Combining databases to identify trends in a field of study can
broaden the scope of the research but may also lead to inaccuracies in the
information produced. At the same time, data obtained from multiple
databases does not provide a broader perspective in revealing trends in a
field (Echchakoui, 2020). The absence of field filtering in the Scopus
database raises the problem of not being able to access research-specific
data when examining a topic such as LCA, which is not focused on
architecture. It also carries the risk of expanding the scope of the study
(Table-1) beyond the focus of architecture. For these reasons, the WoS
database was used to obtain data from studies in the literature within the
scope of the study. From the WoS database, it is possible to access
information such as author, publication title, publication type, source,
language, publication location, scientific field category, total number of

citations, keywords, and publication abstracts.
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Table 1. Number of academic studies unfiltered under the LCA heading
in the WoS and Scopus databases

Database Search Terms Number of
Publications

Web of Sience "life cycle assessment" OR "LCA" (All 68,568

(Wos) Fields)

Scopus "life cycle assessment” OR "LCA" 107,189

The study was prepared under the heading of LCA to identify common
topics in the fields of architecture and Al and to ensure the integration of
existing research areas. For this reason, the number of studies in the field
of Al was examined. It is observed that studies in the Al field have been
rapidly increasing in recent years (Figure 5). At the same time, Al studies
in the field of architecture show a similar trend (Figure 6). No time
constraint was imposed on the data collected for the bibliometric analysis,
which aims to include current discussions under the Al heading and to

discover different fields as a result of the research.
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Figure 6. WoS-based graph of Artificial Intelligence (Al) studies in the field of
Architecture (created by the author(s))

Search terms related to research areas have been determined for the second
stage of the workflow. When examining the database, it is important to
write search terms that will cover the literature completely in order for the
bibliometric analysis to be performed correctly. In particular, in studies
using keywords for trend analysis and research area discovery, missing
data affects the accuracy of the study. For this reason, the term “LCA,”
which is used as an abbreviation for “Life Cycle Assessment” studies, has
been added to the search terms to broaden the scope of the research. The
search query has been expanded to include abstracts by searching for terms
in the “all fields” category. The WoS architecture category has been added
to narrow down the search for studies in the field of architecture with LCA.
The literature in the field of Al is not limited to the Al heading alone. It is
known that the Al heading in studies in this field also covers the fields of
ML and deep learning (DL) (Goodfellow et al., 2016; Kiihl et al., 2020;
Russell & Norvig, 2022) (Figure 7). When examining studies within the
scope of Al using LCA, the inclusion of subfields within the Al field brings
the scope of the study into line with the Al literature. Search queries and
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publication numbers in the WoS database are shown in Table 2. A total of
1,325 publications were accessed in the fields of study. The query resulted
in 874 articles in the fields of LCA and Al. The query used for the search
on LCA and architecture resulted in 451 articles.

Artificial
Intelligence

Machine
Learning

Deep
Learning

Figure 7. Al, ML, and DL Venn Diagram (Adapted from Goodfellow,
2016.)

Table 2. Search queries used in research fields in the WoS database and
number of academic studies

Reasearch Field Search Terms Number of
Publications
LCA & Al (“life cycle assessment” OR “LCA” (all 874

fields)) AND (“artificial intelligence” OR
“machine learning” OR “deep learning”(all

fields))
LCA & (“life cycle assessment” OR “LCA” (all 451
Architecture fields)) AND “architecture (Web of

Science Categories)”
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2.2. Method: Exploration of Research Areas Using Biometric Analysis
The systematic examination and evaluation of developments in a scientific
field is a common research approach today (Hou et al., 2015). With this
widespread use, it has become inevitable to observe the trajectories of
scientific research in order to identify the current state of the literature and
future trends (Lim et al., 2024). Bibliometric and scientometric analyses,
which are quantitative approaches, are effective and efficient methods for
understanding knowledge accumulation and analyzing scientific research
(Donthu et al., 2021; Lim & Kumar, 2024; Lim et al., 2024; Mukherjee et
al., 2022; Zupic & Cater, 2015). These analysis methods serve as an
important methodological tool in the scientific research process, fulfilling
the following functions:

(1) Formulation and delimitation of the research problem,

(2) Systematic identification of theoretical foundations,

(3) Identification of new research areas in the literature using quantitative
data,

(4) ldentification of gaps in the existing literature,

(5) Mapping of methodological trends and key findings in previous
studies,

(6) preventing repetitive or inefficient research orientations (Linnenluecke
et al., 2020).

In the third stage of the study, two separate queries were made in the WOS
database in the LCA-AIl and LCA-Architecture fields to access the number
of publications on LCA studies in the fields of architecture and Al (see
Table 2). The data obtained as a result of the query was exported as a tab-

separated value (tsv) file. The study continued with a total of 1,325
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publications in the bibliometric data. The data was processed using the
Python language and OpenRefine software. OpenRefine is an open-source
software frequently used for bibliometric data organization and data
cleaning (Ahmi, 2023). It is particularly used to make scattered and
inconsistent data meaningful. This program makes it possible to find,
correct, format, and convert errors in data sets to different formats. It is
used to prepare data for analysis through various functions such as text
manipulation, data matching, repetition, and clustering (Miller, 2022).
With the OpenRefine software, spelling mistakes in author names and
keywords were corrected. Then, the two datasets were cleaned up using
Python. Duplicate publications were removed from the 1,325 publications,
reducing the number of publications to 1,315. Since subcategories will be
determined using keywords in the study, publications with keywords were
included in the study. Keywords are found in the [DE] and [ID] fields in
the WoS database. The [DE] field was prioritized during the review. If the
[DE] field was empty in the relevant publication, the keywords in the [ID]
field were used. If there was no information in either heading, the relevant
publication was excluded from the scope of the study. The data were
processed using Python (Table 3). The number of publications containing
the keyword was determined to be 1,199. The study continued with these
1,199 publications.

Table 3. 1315 unique publications with keyword titles filled and empty
publication rows

Keyword Columns Filled Empty
DE (Keywords) 1075 240
ID (Keyword Plus) 943 372
Total 1199 116
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In the fourth stage of the study, work was carried out on the data set
obtained and organized from WoS. In this stage, work was carried out on
the organized keyword heading in the bibliographic data in the LCA-AI
and LCA-Architecture fields. Keywords found in both data sets were
examined for bibliometric analysis. A total of 53 common keywords were
identified that were used in both LCA-AI and LCA-Architecture headings.
Search queries were scanned under the LCA heading. Therefore, the terms
“LCA” and “life cycle assessment” appear together in many publications.
However, the study was conducted to determine which subheadings under
the LCA heading had commonalities. For this reason, the keywords “life
cycle assessment” and “LCA,” which were common to both search
queries, were excluded during the discovery of common keywords. The
frequency of other keywords in the LCA-Al and LCA-Architecture
datasets was determined within the common keyword set. The identified
frequency values were assigned to these keywords. Scaling operations
were performed to balance the distribution in the newly created dataset.

During data scaling operations, logarithmic transformations are preferred
to balance the distribution of data, especially in cases where positive values
are concentrated. In this study, Loglp Min-Max Normalization, which is
a combination of logarithmic transformation and min-max normalization,
was used (Kuhn & Johnson, 2013). Following normalization, keywords
with a value of zero were excluded from the study. As a result of the
analysis, the number of common keywords was reduced to 48. The number
of publications in the dataset was updated based on the common keywords.

The study continued with 652 publications containing the 48 keywords.

275



In the fifth stage of the study, 48 common keywords were clustered
according to their frequency of occurrence in the research fields. Loglp
Min-Max normalized data was used for this process. The frequency of
occurrence of keywords in the LCA-AI and LCA-Architecture fields and
the average values of the data were plotted on the x and y coordinates. The
scatter plot and the average values of the data are shown in Figure 8. The
areas above and below the average values in the graph are colored
differently. Thus, the LCA-AI and LCA-Architecture fields are divided
into four regions according to the frequency of occurrence of common
keywords. These regions are named Q1, Q2, Q3, and Q4. The Q1 region
is represented by green dots and consists of 12 keywords. It contains
keywords that are more effective in both Al and Architecture fields. The
Q2 region is represented by blue dots and consists of 13 keywords. It
contains keywords that are strong in Architecture but weakly represented
in Al. The Q3 region is represented by red dots and consists of 14
keywords. It contains keywords that are less frequently used in both Al
and Architecture fields. The Q4 region is represented by yellow dots and
consists of keywords. It contains keywords that are strong in the field of
Al but weak in the field of architecture. The clusters, consisting of a total
of 48 keywords, are listed in Table 4 in order and sorted according to the
frequency of keywords within each cluster. Publications containing
keywords specific to each region have been listed for the discovery and
integration of research areas. The number of publications to be examined
in the research area has been reduced to 472. The number of publications
containing only keywords from the Q1, Q2, Q3, and Q4 clusters is shown
in Table 5.
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Figure 8. Scatter plot created to identify clusters related to the frequencies
of keywords common to studies in the fields of LCA-Architecture and
LCA-AI (created by the author(s)).

Table 4. Keyword clusters and frequencies common to studies conducted
in the fields of LCA-AIl and LCA-Architecture

Quadrants Keywords Mean Al-Freq Arch. Freq.
Q) Frequency

Q1 sustainability 0,842146 0,684293 1

Q1 machine learning 0,603964 1 0,207929
Q1 environmental impact 0,602778 0,433345 0,772212
Q1 energy 0,559482 0,367632 0,751333
Q1 carbon footprint 0,504386 0,44449 0,564283
Q1 circular economy 0,504179 0,561174 0,447184
Q1 optimization 0,441778 0,484316 0,399241
Q1 carbon emissions 0,371985 0,296786 0,447184
Q1 energy efficiency 0,341806 0,193542 0,49007

Q1 buildings 0,311642 0,224044 0,399241
Q1 sustainable development 0,262295 0,316661 0,207929
Q1 greenhouse gas emissions 0,200735 0,193542 0,207929
Q2 life cycle 0,297289327 0,06571307 0,52886557
Q2 embodied carbon 0,278785647 0,15833045 0,39924084
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Q2 sustainable construction 0,23078588 0,116684098 0,34488766
Q2 design 0,22023599 0,15833045 0,28214152
Q2 emissions 0,20530037 0,06571307 0,34488766
Q2 life cycle cost 0,199412812 0,116684098 0,28214152
Q2 bim 0,173927301 0,06571307 0,28214152
Q2 residential building 0,141070763 0 0,28214152
Q2 energy consumption 0,136820837 0,06571307 0,20792859
Q2 framework 0,136820837 0,06571307 0,20792859
Q2 construction 0,103964299 0 0,20792859
Q2 performance 0,103964299 0 0,20792859
Q2 reuse 0,103964299 0 0,20792859
Q3 concrete 0,091406 0,065713 0,117099
Q3 environmental product declaration 0,091406 0,065713 0,117099
Q3 global warming 0,091406 0,065713 0,117099
Q3 recycling 0,091406 0,065713 0,117099
Q3 locally competitive algorithm 0,05855 0 0,117099
Q3 architecture 0,05855 0 0,117099
Q3 renovation 0,05855 0 0,117099
Q3 durability 0,058342 0,116684 0

Q3 data models 0,058342 0,116684 0

Q3 blockchain 0,058342 0,116684 0

Q3 built environment 0,032857 0,065713 0

Q3 ghg emissions 0,032857 0,065713 0

Q3 material flow analysis 0,032857 0,065713 0

Q3 visualization 0,032857 0,065713 0

Q4 artificial intelligence 0,410331 0,820662 0

Q4 renewable energy 0,275222 0,433345 0,117099
Q4 climate change 0,263189 0,409278 0,117099
Q4 environmental sustainability 0,175936 0,351872 0

Q4 simulation 0,155321 0,193542 0,117099
Q4 eco-design 0,137507 0,275015 0

Q4 uncertainty 0,125474 0,250948 0

Q4 waste management 0,125474 0,250948 0

Q4 environment 0,096771 0,193542 0

Table 5. All publications representing all keywords for each of the
clusters created

Quadrant (Q) Number of Publication
Q1 - Both High (AI & Arch) 299

Q2 - Arch High, AI Low 48

Q3 - Both Low 43

Q4 - Al High, Arch Low 82

Total 472

The sixth stage of the study was based on 472 publications. One
publication summary and content check was performed for each cluster to
select all keywords included in the keyword lists formed for each cluster.

During the selection process, a search was conducted from the publication
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with the highest number of citations to the one with the lowest number of
citations. When publications representing all the keywords of a cluster
were found, the search for that cluster was concluded. The number of
publications representing each region and each keyword is shown in Table
6. During the search, some publications related to certain keywords could
not be accessed. One of these was the publication related to the keyword
“locally competitive algorithm” in the Q3 cluster, and the other was the
publication related to the keyword “emissions” in the Q2 cluster. The
integration of studies in the LCA-AIl and LCA-Architecture fields was
limited to 42 publications.

Table 6. Minimum number of publications representing all keywords for
each cluster created

Quadrant (Q) Number of Publication
Q1 - Both High (AI & Arch) 11

Q2 - Arch High, AI Low 10

Q3 - Both Low 13

Q4 - AI High, Arch Low 8

Total 42

3. Findings and Discussion

In the seventh and final stage of the study, a list of publications was
compiled that included each keyword at least once and received the most
citations. The lists contain the title of the study, the source information, the
keywords used in the study, and information about which keyword is
represented in the list. The contents of the listed studies were examined
under the LCA heading to determine which niche themes were studied in
the fields of Al and Architecture. The clusters and the publications within

the clusters were examined in order.
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3.1.Q1 Both High (Al & ARCH) Cluster
A group of keywords frequently used in the fields of LCA-AI and LCA-

Architecture was examined (see Table 4), and the publications in which
the keywords appeared were listed in a table (Table 7). The identified
publications were examined systematically.

Table 7. Q1 Studies using high-frequency keywords in the subheadings
of Architecture and Al

Authors
and Year of  Title Method Journal r:tc}ﬁs
Publication yw
A systematic literature
review on maphme Systematic machine
Sharma et learning applications literature review Computers & lcarnine:
al., (2020) for sustainable (SLR) Operations Research sus taini)ili :
agriculture supply Y
chain performance
A bibliometric review Bibliometric . .
(Z;:];(;; tal., of green building and co-citation ﬁiilil;«zctural Science energy
research 2000-2016 analysis
Review of biochar LCAh-‘ and
roduction via crop machine . .
Y. Li et al., fesi due pyrolvsis: learning-based Bioresource sustainable
(2023) PYTOysIS: review of Technology development
Development and biochar
perspectives production
Using LCA

Luccioni et

Estimating the Carbon
Footprint of BLOOM,

techniques to
investigate the

Journal of Machine

carbon footprint

al., (2022) a 176B Parameter - Learning Research
Language Model carbon fo?tprmt
ofa LLM’s
Xayachak Pyrolysis for plasti? AI-.ass',iste.d J oumal of .
et al. waste management. optimization Envnrqnmental circular
@02 2’) An engineering and LCA-based  Chemical economy
perspective review Engineering
Using machine
Advances in learning
Ghoroghi et appli(.:ation (?f machine  techniques Interpational Journal S
al., (2022) learning to life cycle (ANN, SVM, of Life Cycle optimization
” assessment: a literature ~ RF) to review Assessment
review and enhance
LCA
Multiscale Location Multiscale
Dai et al Att.enFion Network for locatif)n IEEE Transactions on o
2023) ” Building and Water attention Geoscience and buildings
Segmentation of network Remote Sensing
Remote Sensing Image  (MSLANet)
Assessing Integration of
Feng et al., environmental . Sustainable Cities environmental
. parametric . .
(2019) performance in early desien and and Society impact
building design stage: g
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An integrated machine
parametric design and learning.
machine learning

method

Is Additive

Manufacturing an .

. LCA-based Environmental
Jung et al. Environmentally and - - greenhouse gas
. comparative Science & o
(2023) Economically . emissions
review Technology

Preferred Alternative
for Mass Production?
A probabilistic life-
cycle assessment of
carbon emission from LCA with

P. Liet al., . Journal of Cleaner carbon
magnesium phosphate ~ Monte Carlo . S
(2023) o . . . Production emissions
cementitious material simulation
with uncertainty
analysis
A Comprehenswe LCA-based IEEE Transactions on
Bashroush Reasoning Framework  framework for Sustainable energy
(2018) for Hardware Refresh hardware Computin efficiency
in Data Centers refresh. puting

LCA-AI integration is emerging as a rapidly developing approach in
sustainability-focused interdisciplinary studies. This integration supports
both environmental and economic decision-making processes in various
sectors, particularly sustainable construction (Ghoroghi et al., 2022),
agriculture (Sharma et al., 2020), and production systems (Jung et al.,
2023). Ghoroghi & Colleagues (2022) noted that LCA and ML techniques
offer high potential in areas such as carbon footprint estimation, material
selection, and energy modeling in building and infrastructure systems.
Similarly, P. Li et al. (2023) emphasized that this integration could
influence early design decisions in the context of architecture. These
findings align with the work of Feng et al. (2019), who noted that
methodological diversity and data gaps complicate the integration of LCA
into the design process (Feng et al., 2019).

Xayachak et al. (2022) emphasize that ML algorithms complement the
weaknesses of LCA, such as uncertainty analysis, data gap estimation, and
process modeling; Y. Li et al. (2023) show that ML-supported LCA
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applications have a wide range of applications in sustainable construction,
especially through automated decision support systems. Among the studies
expanding the infrastructure of Al-supported LCA systems, Luccioni et al.
(2022) evaluated the carbon footprint of large language models throughout
their entire life cycle and applied LCA in digital systems. This approach
parallels the work of Bashroush (2018), which addressed the
environmental impacts of hardware renewal strategies in data centers.
Bashroush presented a decision support model that evaluates hardware
lifespan, energy consumption during the usage phase, and embedded
emissions together, demonstrating how LCA can be integrated into time-
based decision-making processes.

In this context, the use of parametric design tools, BIM, and Al-supported
optimization algorithms appears inevitable for the direct integration of
LCA into design in the field of architecture (P. Li et al., 2023). Indeed, Dai
et al. (2023) have shown that an ML model that performs building
segmentation from remote sensing data has potential for spatial
environmental impact analyses. Thus, data-driven architectural LCA
systems can address both Al and physical environment analysis in a
holistic manner. Finally, Zhao et al. (2019) conducted a bibliometric
analysis of the evolution of green building literature and found that LCA
is closely related to topics such as energy, water, and material use.

3.2.Q2 Arch High, Al Low Cluster

A group of keywords that are frequently used in the field of LCA-
Architecture and rarely used in the field of LCA-AI was examined (see

Table 4), and the publications in which the keywords appeared were listed
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in a table (Table 8). The identified publications were examined
systematically.

Table 8. Q2 Studies using words with high frequency in the architecture

subheading and low frequency in the Al subheading

Authors and
Year of Title Method Journal ?g:tcgiis
Publication v
UAV plus BIM:
Incorporation of
Photogrammetric
Rizo-Maestr Techniques in Photogrammetry bim;
¢ (l] (22:;:;0)65 Architectural Projects (UAV) and BIM Remote Sensing  sustainable
etal, with Building integration construction
Information Modeling
Versus Classical Work
Processes
A decision support tool
for building design: An  Generative design, International
Schwartz et integrated generative NSGA-II Journal of life evele
al., (2021) design, optimisation optimisation, and Architectural 4
and life cycle LCA Computing
performance approach
. . International
Budig et al., Compl}tatlonal Compgtatlonal Journal of embodied
screening-LCA tools screening LCA for .
(2021) for early design stages early desi Architectural carbon
y design stag ¥ en Computing
Economic valuation of Sustainable
. LCA and Built
life cycle L .
. . monetisation Environment D-
Durao et al., environmental impacts .
. methods for A-Ch design
(2019) of construction .
roducts - A critical environmental Conference
D v impacts 2019 (Sbel9
4 Graz)
Sustainable
valorisation of food LCA and machine
Jia et al., waste into engineered learning-assisted Green erformance
(2024) biochars for CO2 biochar synthesis Chemistry p
capture towards a analysis
circular economy
Pushkar & Environmental damgge LCA (SimaPro, ) '
. from wall technologies ~ ReCiPe) and Journal of residential
Verbitsky . . o o
for residential EnergyPlus Green Building building
(2016) O . .
buildings in Israel simulation
Mobility Based
Clustering Algorithm Mobility-based
Chinara & and the Energy clustering algorithm ener
Consumption Model of salg ICIT 2008 &y
Rath (2008) . . and energy consumption
Dynamic Nodes in nsumption model
Mobile Ad Hoc consumption moce
Network
Lismont & Turning the existing Clustering algorithm  Sustainable construction:
Allacker building stock into a and artificial neural Built framework ’
(2019) resource mine: network-based Environment D-
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proposal for a new building stock A-CH

method to develop modelling Conference

building stock models 2019 (Sbel9

Graz)

Life-Cycle Assessment

Glick & and Life-Cycle Costas  Hybrid LCA (EIO-
: . Journal of .

Guggemos Collaborative Tools in LCA and process- Green Building life cycle cost
(2010) Residential Heating based LCA)

System Selection

Environmental Smart and

Benefits when Reusing . Healthy Within
Hoxha & Load-Bearing k:i;i?fr ljlslislidsisring The Two- reuse
Fivet (2018) Components in Office g Degree Limit

Buildings: A Case components (Plea 2018), Vol

Study 1

A literature review conducted at the intersection of LCA-AIl and LCA-
architecture shows that a wide variety of methods have been developed to
optimize the environmental impacts of early design decisions. Budig et al.
(2020) evaluated the effects of structural variants on GWP using a
parametric “shoebox” approach, providing a visual and computational
workflow that enables LCA integration in the early stages of design. This
approach forms an important foundation for generative design and Al-
based decision systems, as it enables the systematic search of architectural
variants. Similarly, Schwartz et al. (2021) developed a decision support
tool that integrates parametric generative design, multi-criteria genetic
optimization, and LCA data, enabling the early identification of design
scenarios shaped by environmental performance. Jia et al. (2024) take this
framework a step further by proposing a time- and user-behavior-sensitive
environmental impact analysis method that integrates dynamic data from
Al-supported digital twins in smart buildings into LCA calculations.

On the other hand, the environmental impact of building components
extends beyond the use phase to include production and reuse scenarios.
Hoxha & Fivet (2018) found that the reuse of load-bearing building
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components could reduce GWP by 39% over three cycles, but emphasized
that the LCA methodologies (Cut-off, EOL, PAS2050) used to calculate
this contribution could lead to significant deviations in the results. In this
context, the Al-supported building stock modeling method developed by
Lismont & Allacker (2019) combines Al methods such as GIS, ANN, and
kNN with LCA to estimate reuse potential at the city scale, providing
decision-makers with scenario-based tools. Pushkar & Verbitsky (2016),
on the other hand, argued that material-based decisions should be
evaluated in conjunction with energy systems by separating the
environmental impacts of the OE and P&C stages according to the energy
source (natural gas/PV).

Finally, UAV + BIM integration, supported by Al's visual data collection
and modeling power, is also transforming LCA applications in
architecture. Rizo-Maestre et al. (2020) have shown that this system offers
significant advantages over traditional methods in terms of time, cost, and
accuracy in early design and can provide high-precision topographic data
for LCA. All these studies reveal that Al is not merely a computational
tool but also a catalyst that integrates LCA into architectural practice.

3.3. Q3 Both Low Cluster

A group of rarely used keywords in the fields of LCA-Al and LCA-
Architecture was examined (see Table 4), and the publications in which
the keywords appeared were listed in a table (Table 9). The identified

publications were examined systematically.
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Table 9. Q3 Studies using low-frequency words in the subheadings of
Architecture and Al

Authors and Matched
Year of Title Method Journal Kevwords
Publication Y
Fiber-reinforced
Shahjalal recycled aggregate Systematic Construction and
concrete with crumb . . o . concrete
(2023) rubber: A state-of-the- literature review  Building Materials
art review
Visualized analysis of
knowledge _ .
Liu et al., development in green Blbhom?trl? Journal of I
o and co-citation . visualization
(2020) building based on analysis Supercomputing
bibliographic data y
mining
Integrated LCA-LCC
Alshamrani assessment model of Integrated LCA-  Journal of Asian
e 522) ! offsite, onsite, and LCC assessment  Architecture and global warming
conventional model Building Engineering
construction systems
Predicting Material flow
environmental analysis (MFA)
Keller et al., concentrations of and Nanoimpact material flow
(2024) nanomaterials for Environmental P analysis
exposure assessment -a  Fate Models
review (EFM)
Regression Models for Regression
. Predicting the Global environmental
Tlaju;i (;lze 3e)n et Warming Potential of Isn\(;%eliﬁ\gls“g’ Buildings product
al, ( Thermal Insulation ’ ’ declaration
Materials XGBoost)
Electric vehicle
adoption and planning: Supervised .
Hardaway et . . . Journal of Transport built
1., (2025) The increasing machine Geograph environment
ab, importance of the built learning sraphy
environment
Arvizu- Vegetable Fibers in Bibliometric
Montes & Cement Composites: A analvsis and
Martinez- Bibliometric Analysis, scier}lltome tric Materials durability
Echevarria Current Status, and mapnin
(2025) Future Outlooks pping

In recent years, the integration of LCA and artificial intelligence methods
in the development of sustainability-focused systems in the construction
industry has become more important. In this context, Keller et al. (2024)
demonstrate that the use of LCA and machine learning methods in building
envelope design is a powerful tool for environmental and performance
optimization. On the other hand, Shahjalal et al. (2023) highlight the
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potential of BIM—LCA integration to provide environmental feedback in
early design decisions. In particular, the rapid and automatic analysis of
LCA outputs using artificial intelligence-based modeling enables the
calculation of environmental impacts from the earliest stages of design.
The challenges encountered in the development of BIM-based LCA
systems (data incompatibility, semantic deficiencies, limited automation)
have necessitated the support of digital data management with more
sophisticated models (Shahjalal et al., 2023). In this context, the NFT-
based model protection approach developed by Mouris & Tsoutsos (2024)
enables IP protection in digital architectural production processes while
supporting the verification and life cycle tracking of CAD models, thereby
strengthening the sustainability of LCA in the digital environment.
Similarly, the ECNet model developed by Wang et al. (2024) provides
infrastructure for Al-supported LCA applications in areas such as energy
and leak detection in building systems, due to its ability to process local
and cross-layered information in time series data.

On the other hand, studies by Alshamrani (2022) and Karamoozian et al.
(2023), which evaluate the sustainability of building systems, show that
when LCA is combined with life cycle cost (LCC) and multi-criteria
decision-making models, environmental, economic, and technical
parameters can be managed in a balanced manner in the selection of
building systems. Such models can be integrated into both Al-based
weighted decision mechanisms and city-scale sustainable architecture
strategies. Cooper & Fava (2009), on the other hand, point out that
traditional LCA models not supported by building physics are limited, and

287



therefore emphasize the necessity of integrating dynamic energy
performance data into LCA.

Similar trends are observed in studies conducted on building materials.
Arvizu-Montes &  Martinez-Echevarria  (2025)  bibliometrically
demonstrate the environmental advantages of vegetable fibers and suggest
that the carbon storage potential of these materials can be optimized using
ML methods based on LCA assessments. Monticelli & Zanelli (2018), on
the other hand, evaluate the material performance and environmental
impacts of structural membranes using LCA principles and argue that
numerical criteria should be integrated into the design. The widespread
adoption of such eco-friendly materials is directly related to the removal
of barriers to circular economy applications, as discussed by Tajuddeen et
al. (2023). LCA-supported circular material passports and Al-enabled
automation systems offer data-driven transformation in architecture
regarding material reuse and resource traceability.

On a broader scale, the bibliometric analysis conducted by Liu et al. (2020)
highlights the importance of interdisciplinary integrated approaches by
showing how LCA has taken shape in the field of green buildings around
themes such as building envelopes, assessment tools, and user experience.
Hardaway et al. (2025), on the other hand, analyze the impact of the built
environment on electric vehicle adaptation using Al-supported models,
showing how LCA can be repositioned within the relationship between
transportation, energy, and buildings in infrastructure planning. Finally,
the threshold-value analysis methodology developed by Vuarnoz (2021)
offers an LCA-Al-supported framework that contextually evaluates the

environmental and economic benefits of energy storage systems.
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When all these studies are evaluated together, it becomes clear that there
is a developing “integration area” between LCA, Al, and architecture
disciplines. This integration spans a wide area, from early decision support
systems in the architectural design process to the validation of digital
production approaches, real-time analyses, and material-based circular
strategies. In the future, it is anticipated that LCA will not only serve as an
evaluation tool but also become an integral part of intelligent systems that
generate decisions.

3.4. Q4 Al High, Arch Low Cluster

A group of keywords frequently used in the field of LCA-AI but rarely
used in the field of LCA-Architecture was examined (see Table 4), and the
publications in which the keywords appeared were listed in a table (Table

10). The identified publications were examined systematically.
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subheading and high frequency in the Al subheading

Table 10. Q4 Studies using words with low frequency in the architecture

Authors and
Year of Title Method Journal g:tc?:is
Publication YW
Renewable  energy: Literature Journal of artificial
Jha et al., Present research and review, Al intelligence;
S Cleaner
(2017) future  scope  of applications . renewable
o . . Production
Artificial Intelligence  analysis energy
Simulation
optimisation towards . .
. Simulation- and .
Gan et al., energy efficient green optimisation- Environmental climate chanee
(2020) buildings: Current P . Science & Policy g
based review
status and  future
trends
The varied contexts of
French & environmental Decision analysis
Geldermann decision problems and  and multi-criteria ~ Energy Reports uncertainty
(2005) their implications for methods
decision support
Optimizing IC engine
efficiency: A
comprehensive
Soudagar et review on biodiesel, Comprehensive Buildines environmental
al., (2024) nanofluid, and the role  literature review & sustainability
of artificial
intelligence and
machine learning
Environmental impact
assessment of chicken ~ LCA, process
. . . . Journal of
, . meat production via  simulation,
Lopez-Andrés . Cleaner . .
an integrated  Monte Carlo, and . simulation
et al., (2018) . Production
methodology basedon  genetic : ournal
LCA, simulation and  algorithms J
genetic algorithms
Contributions of Solar
Photovoltaic Systems
Apeh et al., to E_nv1r0nme.ntal and  Literature review oo lisin )
2022) Socioeconomic and comparative Eneincerin environment
Aspects of National analysis & &
Development-A
Review
Environmental
analysis of a product Clean
. manufactured with the  Artificial neural .
Dostatni et .. Technologies and .
al., (2023) use of an additive networks (ANN) Environmental eco-design
” technology-Al-based and LCA .
. Policy
Vs. traditional
approaches
Integration of
anaerobic  digestion
Hajab(‘l‘o llahi  with . heat Pump " Machine learning  Bioresource waste
Ouderjietal, Machine learning- (GPR) and LCA Technolo, management
(2023) based technical and gy &
environmental
assessment
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Soudagar et al. (2024) revealed that large-scale Al models cause
significant carbon emissions and energy consumption during the training
phase, indicating the need for specific LCA methodologies for these
systems. Gan et al. (2020) demonstrated that Al methods are effectively
used to fill data gaps, reduce uncertainties, and generate scenarios in the
inventory and impact assessment stages of LCA. Dostatni et al. (2023)
compared an Al-supported artificial neural network model with the
traditional LCA software SimaPro. They emphasized that, compared to
traditional LCA approaches, artificial intelligence can make successful
predictions even with small sample sets and offers more flexible scenario
modeling. French & Geldermann (2005) emphasized the use of artificial
intelligence as a decision support tool in LCA analyses, especially those
based on parametric inputs. The data-driven flexibility offered by Al
provides a significant advantage in multi-actor decision scenarios. On the
other hand, Ouderji et al. (2023) achieved successful results in predicting
environmental technologies such as biogas production using Al and
optimized the carbon footprint of alternative energy systems. This
technical approach was adapted to the building scale by Lopez-Andrés et
al. (2018) in the context of waste management; LCA scenarios developed
for demolition waste in Madrid clearly demonstrated the environmental
benefits of material-based recycling strategies. Jha et al. (2017) analyzed
the factors affecting green building technologies and stated that
sustainability in the construction sector should be evaluated not only at the
technical level but also at the institutional and social levels. Apeh et al.
(2022) and French & Geldermann (2005) emphasized the environmental
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and economic advantages of renewable energy technologies. They noted
that decision support systems play a guiding role in this regard.

3.5. LCA-AI and LCA-Architecture Fields Integration

Keywords and related publications in the fields of LCA-AIl and LCA-
Architecture were examined. When looking at common themes and
intersections, Decision Support Systems, Data-Driven Approaches, and
Environmental Sustainability are seen to be at the forefront.

e Decision Support Systems: The aim is to integrate LCA into the
design process in both areas through decision support systems. Al-
supported LCA models offer advantages such as reducing
uncertainty, scenario creation, and forecasting in both the early
design stages of architecture and the production-consumption
chain.

e Data-Driven Approaches: Data scarcity is a common limitation in
both architecture and Al-based LCA applications. At this point,
data generation and integration methods such as remote sensing,
BIM, digital twins, and photogrammetry offer solutions in both
fields.

e Environmental Sustainability:  Approaches that combine
architectural-specific environmental assessment topics such as
building envelope, material selection, and energy management
with Al's data analytics power are increasingly coming to the
forefront.

The areas that stand out in the publications examined in the LCA-AI
literature are automation and uncertainty management, carbon footprint

and digital systems, and energy and alternative systems.
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* Automation and Uncertainty Management: Al algorithms are
effectively used to reduce uncertainties in traditional LCA
processes, estimate missing data, and generate scenarios (Gan et
al., 2020; Xayachak et al., 2022).

* Carbon Footprint and Digital Systems: Measuring the
environmental impacts of digital systems such as large language
models (e.g., GPT-3) and data centers has necessitated the
development of specialized LCA methodologies for Al (Luccioni
et al., 2022; Soudagar et al., 2024).

* Energy and Alternative Systems: Al models play a critical role in
optimizing environmental impacts in the LCA assessment of
biogas, waste management, and renewable energy systems
(Ouderji et al., 2023).

The areas that stand out in the publications examined in LCA-Architecture
literature are: LCA in Early Design, Material and System Circularity, and
Digital Environment Integration.

« LCAin Early Design: LCA is integrated into architectural projects
while they are still in the concept phase, based on parameters such
as building material selection, structural systems, and energy
scenarios (Budig et al., 2020; Schwartz et al., 2021).

» Material and System Circularity: Topics such as reuse potential,
circular economy applications, and GIS-supported modeling of the
building stock point to LCA's spatial-scale assessments in
architecture (Hoxha & Fivet, 2018; Lismont & Allacker, 2019).

+ Digital Environment Integration: The integration of BIM, digital
twins, and remote sensing data with LCA enables architectural
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decisions to become responsive to time, user behavior, and

environmental variables (Jia et al.,, 2024; Rizo-Maestre et al.,

2020).
The research found that there is a lack of interdisciplinary case studies
testing the direct applicability of models developed under LCA-AI in
architectural contexts. This situation limits the benefits that could be
gained from combining the two methods. Additionally, the fact that Al-
supported LCA tools are not integrated with intuitive and user-friendly
interfaces specific to the architecture discipline hinders the widespread
adoption of practical applications. Studies that optimize environmental
parameters such as carbon storage and recycling using artificial
intelligence are quite limited. The combination of sociological and
technical variables such as user behavior, social acceptance, and political
approaches has not been integrated into LCA systems. These areas are not
sufficiently represented in the literature.
3.6. Limitations and Future Research
This study has some limitations, including the research method and the
selected data source. The study is limited to sources found in the WoS
database and selected fields. The study was conducted within the
framework of co-occurrence-based bibliometric research. Authors,
publication locations, and countries were not the focus of the study. As a
result of this choice, there is a possibility that some sources found in other
databases, such as Scopus and Google Scholar, may have been missed by
the study. These limitations tend to affect the results. Although the search
terms used in the study were an effective tool in achieving the study's

objective, there is a possibility that publications focusing on more specific
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keywords may have been overlooked. In future studies, identifying
interchangeable terminology to define the current state of research in the
fields of LCA and architecture and expanding the scope of the research
may increase the sensitivity of the study to some extent. Furthermore, the
approaches used in the research can be utilised alongside studies in the
field of architecture.

4. Conclusion

This literature review study utilized bibliometric and scientometric
methods such as thematic evolution and co-occurrence to reveal the
themes that LCA studies in the field of architecture focus on. The findings
reveal that the studies concentrate on the themes of sustainability, energy,
and carbon footprint, and that studies using these themes have high citation
rates. It was observed that approaches such as Al and ML, which have
recently begun to emerge in LCA research, were addressed within a limited
framework. This situation highlights that future studies should focus on
the possibility of simultaneously addressing variables that human
intelligence struggles to identify, using these methods together to protect
humans and nature. This study represents a significant effort to uncover
the critical characteristics of LCA in the field of architecture and to guide
the direction of future studies. The study also points to the potential of
future studies.

The fields of LCA-AIl and LCA-Architecture are increasingly converging,
integrating in areas such as data-driven decision-making, sustainability
criteria, and performance optimization. However, there is a noticeable lack
of user-friendly AI-LCA tools suitable for intuitive design processes in

architecture; on the other hand, Al literature still has limited application
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scenarios specific to architectural contexts. Therefore, the development of
Al-supported LCA systems that are integrated into design processes and
work with user behavior and contextual data will make important

contributions to both literatures.
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1. Introduction

Life Cycle Assessment (LCA) is a methodology that is utilized to identify,
report and manage the environmental impacts that occur in the stages of
the cycle, commencing with the acquisition of raw materials used in the
product produced by the first manufacturer or in the service provided,
including all production, transportation, use by the end consumer and
disposal of wastes when their useful life is completed (Tok, 2015). The
formal analytical scheme proposed by Harry E. TEASLEY, Jr., later
referred to as LCA, was developed in 1969. Following a comprehensive
study, he developed a visual study with the aim of measuring the energy
and materials utilized in the life cycle of a packaging product, from the
extraction of raw materials to its eventual disposal and the environmental
consequences of these processes. He aimed to determine that the use of
materials is related to energy resources and to know the effects of various
packages to be used. REPA (Resource and Environmental Profile
Analysis) is a historical term that has been used since 1970 for
environmental life cycle studies. The REPA/LCA method was established
between 1970 and 1974, simultaneously creating a modern approach to
impact assessment. In accordance with customer requests, all projects were
executed in private until 1974 and were not published. The term 'LCA" was
firstused in the USA in 1990 (Hunt & Franklin, 1996). Since the beginning
of the 1990s, the concept of 'Cradle to Grave' has been utilised in the
evaluation of materials and products. In 1992, at the United Nations World
Summit Meeting, it was reported that the 'Cradle to Grave' concept should

also be utilised in environmental management. In 1993, "The LCA
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Sourcebook: A European Guide to Life Cycle Assessment” was published
(Tok, 2015).
The LCA tool is utilised to evaluate a product or service from the
extraction of raw materials to the conclusion of its useful life, that is
defined as from cradle to grave. It was built on 1SO 14040, a set of
environmental management standards by the International Standards
Organization. The LCA model is categorized into four phases (Sulochani,
Jayasinghe, Fernando, Nilmini & Priyadarshana, 2023):
1. Goal and scope definition
2. Lifecycle Inventory (LCI) analysis
3. Lifecycle impact assessment (LCIA)
4. Interpretation” (Sulochani et al., 2023, p. 443)
In Life Cycle Assessment, two distinct model are employed depending on
the stages determined by researchers (Rana, Karunamoorthy, Parveen &
Fangueiro, 2015):
1. Inthe “cradle-to-grave” (Ranaetal., 2015, p. 200) model, the entire
life cycle of a product or service is analysed.
2. In the “cradle-to-gate or cradle-to-factory gate” (Rana et al., 2015,
p. 200) model, the stage or stages within a specified process
throughout the entire life cycle of a product or service are analysed.
The environmental parameters generally employed in Life Cycle
Assessment can be listed as follows (Rana et al., 2015) “Agricultural land
occupation, Climate change, Freshwater ecotoxicity, Freshwater
eutrophication, Human toxicity, Ozone layer depletion, Terrestrial

acidification, Terrestrial ecotoxicity” (Rana et al., 2015, p. 201).
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The LCA method has been subject to significant improvements in terms of
its reliability and has gained international acceptance due to the
collaborative endeavours of “ISO and SETAC (The Society of
Environmental Toxicology and Chemistry)” (Tok, 2015, p. 15). The
standards specified by the “TS EN 1SO 14040, EN 1SO 14041, EN 1SO
14042, EN 1SO 14043, and EN 1SO 14044” (Tok, 2015, p. 16) provide
comprehensive descriptions of the Life Cycle Assessment (LCA). The “TS
EN ISO 14041” and “TS EN ISO 14042” standards have been repealed
(Tok, 2015, p. 16). The following standards are currently in force: “TS EN
ISO 14040~ (Tok, 2015, p. 16) for the principles and framework of LCA,
and “TS EN ISO 14044 (Tok, 2015, p. 16) for the requirements and
guidelines of Life Cycle Assessment. The Principles and Framework
describe the environmental management techniques in which the possible
environmental impacts are evaluated within the framework of this cycle,
from the acquisition of raw materials of the products to their use and
recycling or disposal processes at the end of their life cycle. The
Requirements and Guidelines define the purpose and scope of LCA, and
describe the processes and conditions for conducting, interpreting, and
reporting analyses (Tok, 2015).

1.1. LCA Method in the Construction Sector

As with any product, a structure in the construction industry is a system
that can be evaluated throughout its life cycle, including the procurement
of raw materials, the conversion of these raw materials into construction
products, the construction process, the use of the structure, and the
demolition phase. The LCA method is a scientific approach that evaluates

various scenarios and possibilities for minimising energy and resource
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consumption, and thereby reducing the environmental footprint of the
materials used in the structure (Celebi & Arpacioglu, 2024). The LCA
method is addressed in the literature in four stages (Celebi & Arpacioglu,
2023):

“1) Process analysis

2) Process-based hybrid analysis

3) Input-output analysis

4) Input-output hybrid analysis” (Celebi & Arpacioglu, 2023, p. 448)

A building consumes energy in two ways (Celebi & Arpacioglu, 2023):
“1) Operational energy

2) Embodied energy” (Celebi & Arpacioglu, 2023, p. 448):

Operational energy can be defined as the energy utilized for the purpose
of maintaining comfort conditions within a building, including heating,
cooling, ventilation, hot water supply, lighting, and equipment. Embodied
energy can be defined as the energy necessary for the extraction of raw
materials and their conversion into building products, the construction
process, the utilization of the building, and its demolition. In consideration
of the energy consumption necessitated by the construction industry,
efforts to reduce greenhouse gas emissions at the national level are of
paramount importance (Celebi & Arpacioglu, 2023). As illustrated in
Figure 1, the life cycle for a building encompasses a series of stages
(Adapted from Simonen, 2014).
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Figure 1. “Life Cycle Stages of a Building” (Adapted from Simonen, 2014)

1.2. LCA Method in the Textile Sector
The textile and clothing industry, a major economic sector, is also the

industry that causes the most pollution, with its negative environmental
impacts ranking it after the food, transportation, and construction sectors.
The negative environmental impact of this industry can be explained under
five main categories, depending on the raw materials used and the
production stages (Resta & Dotti, 2015):

-The amount of energy consumed in the process from the
production of primary materials to the sale

-The amount of water consumed in the extraction of raw
materials, chemical processes in production, and cleaning

-The chemicals used and the amount of water they leave behind

-The amount of solid waste generated from the packaging of the
final product to its disposal

-The amount of CO2 generated during the transportation process

and other processes
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The life cycle of products manufactured in the textile industry is shown in
Figure 2 (Adapted from Eryuruk, 2015). Any textile product has various
inputs and outputs throughout its life cycle. Factors that enable the product
to exist, such as raw materials or water, are defined as inputs, while
emissions into the air, water, or land during the raw material or product's

production phase are defined as outputs (Eryuruk, 2015).
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Figure 2. The life cycle of any product in the textile industry (Adapted
from Eryuruk, 2015)

Despite being an important economic sector, the textile industry

contributes  significantly to ecosystem pollution and necessitates
prioritising waste management practices such as recycling, reuse, and
reduction to mitigate its harmful environmental impacts.

Textile waste is a potential source for building materials (Bulug, Beceren
Oztiirk & Cahantimur, 2024). insulation materials produced from cotton
waste by turning it into felt for use on roofs, insulation material for hot
water pipe insulation produced from cotton and jute waste, clay bricks

mixed with cotton and textile ash, gypsum board made from ethylene-vinyl
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acetate material produced during the cutting of boards used in the footwear
industry, felt made from textile waste for vertical gardens, and acoustic
wall coverings produced from recycled denim fibres are examples of
building materials produced from textile waste, as demonstrated in the
study of Bulug et al. (2024).

2. Material and Method

A comprehensive literature review was conducted using the Scopus
database to provide a general assessment of the LCA evaluation of
building materials produced from textile waste. A simple search was
performed in the Scopus database on 27th July 2025 using the search terms
"textile waste™ AND "life cycle assessment” AND "life cycle" in the
“Article title, Abstract, Keywords” search field. This resulted in a
comprehensive search on textile waste and LCA studies, which yielded 63
studies published between 2011 and 27/07/2025. As a result of this
research conducted in the starting year was determined as 2011 because
the Scopus database indexes relevant studies from that year onwards.
Therefore, 2011 represents the earliest point at which comprehensive and
systematic coverage of the field becomes available. In the context of the
retrieved publications, the keyword field was narrowed down to target
publications covering the relationship between textile waste, construction,
building materials, and LCA. For this reason, the following terms were
entered in the Keyword section: Building Materials, Circular Economy,
Composite, Composites, Construction Industry, Environmental Impact
Assessment, Environmental Life Cycle Assessment, Insulation Materials,
Lca, Life Cycle, Life Cycle Analysis, Life Cycle Assessment, Life Cycle

Assessment (Ica), Life-cycle Assessment, Recycling, Recycling Process,
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Reuse, Sustainability, Textile Waste, and Thermal Insulation.
Consequently, a total of 62 studies published between 2011, and 27th July
2025 were identified. The application of filters enabled the effective
segregation of publications related to architecture and construction from
those in other fields. Consequently, the list that had been saved with a .csv
extension was opened in Excel format. In the Excel form, the search brick,
building, cement, ceramic, construction, facade, fagade, finishing material,
insulation, Insulation, and wall were searched for in the Abstract and
Author Keyword columns of the Excel form, and the results were
examined. This was done to distinguish construction materials produced
from textile waste from other studies. A review of research studies
identified 10 publications that focused on the analysis of construction
materials produced from textile waste using the LCA method.

3. Findings and Discussion: Life Cycle Assessment of Textile Waste-
Based Building Materials

In this section, the 10 studies identified through bibliometric analysis are
reviewed in relation to keywords, raw materials, products, standards,
methods, system boundaries, comparative products, impact categories, and
the overall results within the scope of Life Cycle Assessment (LCA).
This study by Augello, Carcassi, Pittau, Malighetti & De Angelis (2022)
was evaluated within the scope of LCA. The summary of the study's results

and the findings presented in Table 1 are provided below:
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Table 1. Findings of The Study Presented by Augello et al. (2022).

The study under “Closing the loop of textile: Circular building renovation
examination with novel recycled insulations from wasted clothes”
(Augello et al., 2022, p. 203)
Headings Findings
examined
1 Keywords “Circular economy, life cycle assessment, sustainability,

textile wastes, thermal conductivity, transient plane source
method” (Augello et al., 2022, p. 203)

2 Raw materials “Cotton waste” (Augello et al., 2022, p. 205)

3 Samples “Loose fibres (Cotton_1), thermal treatment
(Cotton/BICO%5 and Cotton/BICO %25)” (Augello et al.,
2022, p. 205)

4 Standards 1SO 14067:2018 (Augello et al., 2022)

5 Methods Ecoinvent 3.8 database and SimaPro software

6 System The Cradle-to-Gate model: This model encompasses the

boundaries process from textile waste collection to product production

(Augello et al., 2022).

7 Alternatives “Cotton/BICO  %95/%5, Cotton/BICO %75/%25, EPS,
compared Rockwool, Glasswool, and Woodfibre” (Augello et al., 2022,
p. 207)
8 Categories of “Global warming potential, carbon footprint” (Augello et al.,
impact 2022, p. 206)

This study presents the main results of the RECYdress project, which
aimed to develop new thermal insulation materials to combat high
emission values in the construction and textile sectors. The study shows
that textile waste can be used for thermal insulation, but that the binding
agents, density, number of components, and production method contained
within it should be considered, as these affect thermal conductivity
(Augello et al., 2022).

The increase in the number of components in textile-based products has a
negative impact on the carbon footprint. In the Cotton/BICO 95/5 product,
the global warming potential value is negative due to the low number of
bi-component fibres, while the amount of CO2 stored is positive (Augello
etal., 2022).

318



This study by Komaei, Mosaddegh, Hemmati & Fahimifar (2025) was
evaluated within the scope of LCA. The summary of the study's results and
the findings presented in Table 2 are provided below:

Table 2. Findings of The Study Presented by Komaei et al. (2025).

“Stabilization of rammed earth with waste materials for

The study under sustainable construction under rainfall Conditions:
examination With consideration of life cycle assessment (LCA)”
(Komaei et al., 2025, p. 1)
Head!ngs Findings
examined

“Alkali-activated materials, Life cycle assessment, Low-
1 Keywords carbon technology, Rammed earth, Sustainable
construction, Waste utilization” (Komaei et al., 2025, p. 1)

“Soil, ordinary portland cement, granulated blast furnace
2 Raw materials slag, potassium hydroxide and carpet waste fibres” (Komaei
etal., 2025, p. 2, p. 11, p. 3)

“Compacted unstabilised soil, compacted fibre-reinforced
soil, compacted soil composed of alkali-activated materials,
and compacted fibre-reinforced soil composed of alkali-
activated materials” (Komaei et al., 2025, p. 2)

4 Standards I1SO 14040 and ISO 14044 (Komaei et al., 2025)
ReCiPe 2016 Midpoint (H) method, OpenLCA software,

3 Samples

5 Methods and the Ecoinvent v3.8 database (Komaei et al., 2025)
The extraction of raw materials, processing of raw
System . - . .
6 boundaries materials, production of raw materials, and transportation of

raw materials (Komaei et al., 2025)

Alternatives “Soil stabilised with ordinary Portland cement and soil
7 compared stabilised with alkali-activated materials” (Komaei et al.,
P 2025, p. 15)

“Climate change, primary energy demand, ozone layer
depletion, terrestrial acidification, marine eutrophication,
Categories of human toxicity, particulate matter formation, photochemical
impact oxidant formation, terrestrial ecotoxicity, freshwater
ecotoxicity, marine ecotoxicity, metal depletion” (Komaei
et al., 2025, p. 2)

This study investigated the potential of waste carpet fibres and alkali-
activated materials to increase the performance and durability of

compressed soil walls. The study aimed to decrease the environmental
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footprint of the construction industry. Using waste carpet fibres supports
the circular economy in both the textile and construction industries.
Compressed soil created using a combination of carpet waste fibres and
alkali-activated materials exhibited an increase in unconfined compressive
strength compared to unstabilised soil. In addition, it has proven its
durability in long-term use by demonstrating properties such as improved
moisture resistance, superior tensile strength and durability, and reduced
brittleness. Using carpet waste improves mechanical properties and
supports the circular economy in construction by reusing waste materials.
The utilisation of compressed soil, comprising alkaline active ingredients,
has been demonstrated to exert a substantial influence on the reduction of
greenhouse gas emissions and energy consumption (Komaei et al., 2025).
The utilisation of carpet waste fibres and alkaline active substances in the
construction of durable building materials for compacted soil structures
has the potential to reduce carbon footprints (Komaei et al., 2025).

This study by Violano & Cannaviello (2023) was evaluated within the
scope of LCA. The summary of the study's results and the findings

presented in Table 3 are provided below:
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Table 3. Findings of The Study Presented by Violano & Cannaviello,

(2023).
“Stabilization of rammed earth with waste materials for
The study under sustainable construction under rainfall Conditions: With
examination consideration of life cycle assessment (LCA)” (Violano &

Cannaviello, 2023, p. 1)

Headings

examined AT

“Carbon footprint, circular model, embodied carbon, life
1 Keywords cycle assessment, textile waste, thermal insulation, whole life
carbon” (Violano & Cannaviello, 2023, p. 1)

2 Raw materials “Recycle textile waste” (Violano & Cannaviello, 2023, p. 1)

“Insulation material that is entirely composed of textile

8 Samples waste” (Violano & Cannaviello, 2023, p. 1)
4 Standards ISO 14044 (Violano & Cannaviello, 2023)
The methodology based on EN 15804 (Violano &
S Methods Cannaviello, 2023)
The Cradle-to-Gate model: “Raw material supply, transport,
s manufacturing, carbon footprint of thermal insulation,
ystem - . . .
6 boundaries transport to the site, construction process or installation

process, using, management, recycling or reuse, and
disposal” (Violano & Cannaviello, 2023, p. 18)

“Traditional-EPS, nature-based-cork, and innovative-
insulation from textile waste” (Violano & Cannaviello, 2023,
p. 19)

Alternatives
compared

Categories of

) “Carbon footprint” (Violano & Cannaviello, 2023, p.7)
impact

This study concluded that traditional EPS is considered to have a negative
environmental impact due to its production from non-renewable resources
and high energy consumption, but its widespread processing is considered
to have a positive environmental impact during the transportation phase.
Although EPS that cannot be reused after dismantling is completely
recyclable, the recycling process requires intensive use of water and

energy (Violano & Cannaviello, 2023).
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This study by Salah, Vololonirina & Godik (2022) was evaluated within
the scope of LCA. The summary of the study's results and the findings
presented in Table 4 are provided below:

Table 4. Findings of The Study Presented by Salah et al. (2022).

“Development of fibrous materials applied in timber-

eTXh;rﬁit#gzoinder framed construction using recycled fibers from textile
waste” (Salah et al., 2022, p. 1)
Head!ngs Findings
examined
“Nonwoven, Rain-screen, Recycled fibers, Textile waste,

1 Keywords Timber-frame construction, Vapor barrier” (Salah et al.,
2022, p. 1)

“Textile waste containing 13.4% wool, 25.4% cotton, 7.3%
polyester, 47% acrylic, 0.5% viscose, and 6.4% polyamide”

2 Raw materials (Salah et al., 2022, p. 2) with increased resistance thanks to
“high-strength polyester or two-component fibres” (Salah et
al., 2022, p. 2)

LCA samples are not specified because the LCA method was

3 Samples - -
not performed in detail.

4 Standards LCA standards are not specified because the LCA method
was not performed in detail.

LCA methods are not specified because the LCA method was

5 Methods . :
not performed in detail.

The Cradle-to-Gate model: the system boundary was used to

guide future LCA studies in this study. “Waste collection,

S transportation, selection of fibres, nonwoven fabric
ystem - - Lo :

6 boundaries production stages, nonwoven fabric lamination, packaging,
distribution, use phase, end of life” (Salah et al., 2022, p. 11)
stages can be used as boundaries for potential future LCA
studies (Salah et al., 2022)

7 Alternatives Since the LCA method was not carried out in detail, no

compared product comparison based on LCA has been specified.

8 Categories of LCA impact categories are not specified because the LCA

impact method was not performed in detail.

In this study, Salah et al. (2022) found that nonwoven fabrics produced
from recycled textile waste had the potential to serve as an alternative to
rain screens and vapour barriers made from petrochemicals in timber frame

buildings. These fabrics met the standards for use as vapour barriers and
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rain screens when laminated with membranes and treated with chemical
water repellents (Salah et al., 2022).

The study emphasises the necessity of conducting an LCA as imperative
to ascertain the actual impacts of such innovative materials throughout
their entire life cycle. The initial step in this study was to define the cradle-
to-grave system boundary to produce nonwoven fabric. The inputs in
fabric production were classified, the processes to be applied were listed,
and the outputs that could be obtained at the end of production were
defined at the technical centre scale (Salah et al., 2022).

This study by Ventura, Alvarez, Gonzalez-Lopez, Claramunt & Ardanuy
(2022) was evaluated within the scope of LCA. The summary of the study's
results and the findings presented in Table 5 are provided below:
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Table 5. Findings of The Study Presented by Ventura et al. (2022).

“Cement composite plates reinforced with nonwoven

The study under fabrics from technical textile waste fibres: Mechanical
examination and environmental assessment” (Ventura et al., 2022, p.
1)
Head!ngs Findings
examined

1 Keywords

“Composite, Fibre reinforcement, Textile waste, Life cycle
assessment, Mechanical properties, Portland cement”
(Ventura et al., 2022, p. 1)

“Portland cement, technical textile waste (TTW) fibres that
are obtained from the shredding of firefighters' protective
shirts, and fashion textile wastes (FTW)” (Ventura et al.,
2022, p. 1)

Raw
2 .
materials
3 Samples

Nonwoven fabric, portland cement composite plates that
contain technical textile waste (TTW-4L), portland cement
composite plates that contain fashion textile waste (FTW-
4L) (Ventura et al., 2022)

4 Standards

ISO 14040 (1ISO/TC 207, 2006a) and 1SO 14044 (1ISO/TC
207, 2006b) (Ventura et al., 2022)

SimaPro 9.1.0.11” software, the ReCiPe 2016 vl.1
midpoint hierarchy version approach, and Ecoinvent v3.6
databased (Ventura et al., 2022)

The Cradle-to-Gate model: Shredding of TTWs and FTWs,
conversion of TTWs and FTWs into fibres, conversion of
fibres produced from waste into non-woven fabrics, and
production of the final composite panel that is based on
Portland cement and nonwoven fabric (Ventura et al., 2022)

“Ceramic tiles, natural stone plates, fibre cement facing
tiles, FTW-4L composite plate, and TTW-4L composite
plate” (Ventura et al., 2022, p. 9)

5 Methods
6 System
boundaries
Alternatives
7
compared
Categories
8 .
of impact

“Global warming, stratospheric ozone depletion, ionizing
radiation, ozone formation, human health, fine particulate
matter formation, terrestrial ecosystems, terrestrial
acidification,  freshwater  eutrophication, = marine
eutrophication,  terrestrial ~ ecotoxicity,  freshwater
ecotoxicity, marine ecotoxicity, human carcinogenic
toxicity, human non-carcinogenic toxicity, land use,
mineral resource scarcity, fossil resource scarcity, water
consumption” (Ventura et al., 2022, p. 9)
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This study concluded that composite panels produced from technical
textile waste have a similar environmental impact to fibre cement cladding
tiles. On the other hand, composite panels produced from fashion textile
waste have a negative environmental impact compared to fibre cement
cladding tiles. Additionally, these new composites have been found to
have a more positive impact on the environment than traditional ceramic
tiles and natural stone panels (Ventura et al., 2022).

This study by Sulochani, Jayasinghe, Fernando, Nilmini & Priyadarshana
(2023) was evaluated within the scope of LCA. The summary of the study's

results and the findings presented in Table 6 are provided below:
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Table 6. Findings of The Study Presented by Sulochani et al. (2023).

“Life Cycle Assessment (LCA) of a Textile Waste

;rxh:nfitﬁgt)iloinder Thermoplastic Composite Material for Wall Partitioning
Applications” (Sulochani et al., 2023, p. 441)
Head!ngs Findings
examined

“GHG, Global Warming Potential, LCA, Textile waste,
1 Keywords Thermoplastic composite, Wall partitioning material” (Sulochani
etal., 2023, p. 442)

“Polyester textile waste, pre-consumer polyester textile waste,

2 Raw thermoplastic packaging waste (Polypropylene, Linear low-density
materials polyethylene, Low-density polyethylene), and water” (Sulochani et
al., 2023, p. 441)
3 samoles “7.5 wt% waste polyester textile fiber reinforced thermoplastic
P composite” (Sulochani et al., 2023, p. 444)
4 Standards 1SO 14040 (Sulochani et al., 2023)
5 Methods GaBi (V8.7.1.3) software and database, Ecoinvent 3.8” database,
Global data set (GLO) (Sulochani et al., 2023)
Svstem Mechanical shredding of textile waste, processing of shredded
6 bc))/un daries textile and packaging waste, and production of the final composite

panel product (Sulochani et al., 2023)

- “Thermoplastic composites containing polyester textile waste and
Alternatives - . ;
7 compared thermoplastic packaging waste, and gypsum panels produced using
P unprocessed raw materials” (Sulochani et al., 2023, p. 444)

Categories

of impact Global warming potential” (Sulochani et al., 2023, p. 444)

This study concluded that, in terms of global warming potential,
thermoplastic composite panels made entirely from waste materials and
reinforced with 7.5% polyester textile fibres from waste are a more
sustainable option than plasterboard panels for partition walls (Sulochani
etal., 2023).

This study by Islam & Bhat (2019) is a review article providing a general
overview. It presents research on acoustic and thermal insulation materials

produced from textile waste (Islam & Bhat, 2019). This study by Islam &
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Bhat (2019) was evaluated within the scope of LCA. The summary of the
study's results and the findings presented in Table 7 are provided below:
Table 7. Findings of The Study Presented by Islam & Bhat (2019).

The study under “Environmentally-friendly thermal and acoustic insulation
examination materials from recycled textiles” (Islam & Bhat, 2019, p. 1)
Headings ki ings
examined
“Acoustic insulation, Composites, Recycling, Sustainability,
1 Keywords Textile waste, Thermal insulation materials” (Islam & Bhat, 2019,
p.1)
2 Raw Polyester, nylon, acrylic, cotton, elastane, polypropylene, and

materials polyamide (Islam & Bhat, 2019)

In studies examined in chapter 5 by Islam & Bhat (2019), textile
3 Samples products made from cotton, polyester, nylon, acrylic, and elastane
are samples used within the scope of LCA.

1SO14040 (2006) and 1SO14044 (2006) (Islam & Bhat, 2019)
Standards 1SO14040 (2006) and 1SO14044 (2006) are mentioned
in Section 5 for a comprehensive LCA analysis to be used by Islam
& Bhat (2019).

Although the fifth section does not specify a method or software,
Figure 2 presents the carbon footprint of the Swedish apparel

5 Methods industry over one year. This data originates from Roos et al. (2015,
2016), who modelled it using GaBi v6.0 and SimaPro v8.0 software
with data from the Ecoinvent database (Islam & Bhat, 2019)

4 Standards

This study adopts a ‘Cradle-to-Gate’ system boundary, while some
reviewed works also extend the analysis to product design and
development. For instance, Islam et al. (2019) included electricity

6 System . generation, raw material extraction, material production, clothing
boundaries - . S .
collection, processing, product distribution, and final waste
disposal within the defined system boundaries (Islam & Bhat,
2019)
Alternatives The studies examined in Chapter 5 by Islam & Bhat (2019) mention
7 compared that textile products made from cotton, polyester, nylon, acrylic,
P and elastane were compared within the scope of LCA.
8 Categories Islam & Bhat (2019) refer to the study conducted by Roos et al.

of impact (2016), in which the carbon footprint was measured in Chapter 5.

This study concluded that the utilisation of recycled textiles will reduce

environmental impacts (Islam & Bhat, 2019).
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This study by Islam, Bhat & Mani (2024) was evaluated within the scope
of LCA. The summary of the study's results and the findings presented in
Table 8 are provided below:

Table 8. Findings of The Study Presented by Islam et al. (2024).

The study under “Life cycle assessment of thermal insulation materials produced
examination from waste textiles” (Islam et al., 2024, p. 1071)

Headings —

examined Fine s

“Greenhouse gas emissions, Nonwoven, Recycling, Textile wastes,

! Keywords Thermal insulation” (Islam et al., 2024, p. 1072)
2 Raw Recycle cotton fibres, recycle nylon fibres, and polylactic acid
materials fibres (Islam et al., 2024)
“N1: Thermal insulation panels from 100% recycled cotton fibres
(control)
N2: Thermal insulation panels from 90% recycled cotton
3 Samples fibres/10% PLA (thermoplastic binder polylactic acid fibres)

N3: Thermal insulation panels from 42.5% recycled cotton
fibres/42.5% recycled nylon fibres/15% PLA (thermoplastic binder
polylactic acid fibres” (Islam et al., 2024, p. 1074)

4 Standards 1SO14040 and 1SO14044 (Islam et al., 2024)

5 Methods TRACI 2 V. 3.03 assessment method (Islam et al., 2024)

The Cradle-to-Gate model: Collection of waste textiles, fabric
System shredding, the extraction of PLA fibres from raw materials, fiber

6 boundaries  web formation, needle punching, and heat and pres/heat
setting/insulation panel (Islam et al., 2024)
“N1: Thermal insulation panels from 100% recycled cotton fibres
(control)
Alternatives NZ: Thermal insulation pgnel_s from 900/_0 re_cyqled cotton
7 compared fibres/10% PLA (thermoplastic binder polylactic acid fibres)
N3: Thermal insulation panels from 42.5% recycled cotton
fibres/42.5% recycled nylon fibres/15% PLA (thermoplastic binder
polylactic acid fibres” (Islam et al., 2024)
. “Global warming, acidification, carcinogenics, noncarcinogenics,
Categories . Sl : L
8 of impact respiratory effects, eutrophication, ozone depletion, ecotoxicity,

and smog” (Islam et al., 2024, p. 1079)

At this study concluded that samples containing 100% recycled cotton
fibres (N1) and 90% recycled cotton fibres/10% PLA (N2) have been

discovered to have a lower environmental impact than samples containing
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42.5% recycled cotton fibres, 42.5% recycled nylon fibres, and 15% PLA
(N3) particularly regarding thermal bonding and other production
processes (Islam et al., 2024).

This study by Karmakar, Majumdar & Butola (2025) was evaluated within
the scope of LCA. The summary of the study's results and the findings
presented in Table 9 are provided below:

Table 9. Findings of The Study Presented by Karmakar et al. (2025).

“A sustainable recycling process and its life cycle assessment for

The study under - . :
examination valorising post-consumer textile materials for thermal
insulation applications” (Karmakar et al., 2025, p.749)
Headings o ings
examined

“Circular economy, denim waste, life cycle assessment (LCA),
1 Keywords nonwovens, post-consumer waste, sustainability, thermal
insulation” (Karmakar et al., 2025, p.749)

2 Raw The recycled cotton denim fibre (r-denim), and hollow PET fibres
materials (Karmakar et al., 2025)
3 Samples “R-denim/PET (40/60) fibres” (Karmakar et al., 2025, p.759)
4 Standards 1SO14040 and 1SO14044 (Karmakar et al., 2025)
SimaPro software and CML-IA baseline V3.05/World 2000
5 Methods

characterization method (Karmakar et al., 2025)

The “Cradle-to-Gate” model: The definition of this boundary

6 System encompasses the production of raw materials and the fibre

boundaries  manufacturing stage and is based on a functional unit of 1 tonne
(Karmakar et al., 2025).

Alternatives  R-denim/PET (40/60) fibres, and virgin PET fibres (Karmakar et

! compared al., 2025)
Cateqories “Marine aquatic ecotoxicity, abiotic depletion (fossil fuels), global
8 of irﬁqpact warming, human toxicity, acidification, eutrophication, and ODP

(ozone layer depletion)” (Karmakar et al., 2025, p.760)

This study concluded that the LCA of thermal insulation materials derived
from post-consumer cotton denim waste that was first mechanically

recycled and then mixed with hollow polyester fibres reduced the impact
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values in the specified categories, except for human toxicity (Karmakar et
al., 2025).

This study by Moazzem, Wang, Daver & Crossin (2021) was evaluated
within the scope of LCA. The summary of the study's results and the
findings presented in Table 10 are provided below.

Table 10. Findings of The Study Presented by Moazzem et al. (2021).

The study under “Environmental impact of discarded apparel landfilling
examination and recycling” (Moazzem et al., 2021, p.1)
Headings i
examined
“Discarded apparel, environmental benefit, fibre material
1 Keywords recycling, landfill, life cycle assessment, textile waste
management” (Moazzem et al., 2021, p.1)
2 Raw “%064,4 natural textile fibres, and %35,6 synthetic textile
materials fibres” (Moazzem et al., 2021, p.3)
“Post-consumer household discarded apparel waste”
3 Samples

(Moazzem et al., 2021, p.2)

4 Standards

1SO14040:2006 and 1SO14044:2006 (Moazzem et al,
2021).

5 Methods OpenLCA software (Moazzem et al, 2021).
The scenarios were analysed based on 1 tonne of clothing
waste. The landfill scenario evaluates the environmental
impact of non-recyclable clothing, including collection,
6 System transport, storage, landfill emissions, and energy recovery
boundaries  credits. In contrast, the recycling scenario examines four

alternatives for recyclable garments, covering transport,
recycling processes, process losses, and the substitution of
equivalent products (Moazzem et al., 2021).

Alternatives

“Landfill of discarded apparel (baseline system), the
recycling of cotton fibre (Mechanical recycling), the
recycling of insulation material (Mechanical recycling), the

! compared recycling of PET raw material (Chemical recycling), and
the recycling of industrial cleaning wipes (Mechanical
recycling)” (Moazzem et al., 2021, p.4).
Cateqories Climate change potential, water depletion, agricultural land
8 ofin?pact occupation, and acidification potential (Moazzem et al,

2021).
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This study concluded that the conversion process of recycled clothing
provides environmental benefits that offset the impact of similar products
and landfill processes (Moazzem et al, 2021).

The results of the ten studies analysed in the present study have been
presented in charts. In order to make the results of the graphing work more
comprehensible, a cradle-to-grave approach that addresses different stages
in each study, and the software, database, and standards with different
versions and details, has been addressed without taking these details into
account. Figure 3 presents the number of studies in which each of the

identified keywords was employed, providing an overview of their relative

KEYWORD
!
II I“““““ ‘ ““I“‘ 111111111
I I ‘

> ow = w > = = Z2 Zz = J4 Zz 4 » oz W oz @ @ o=l e Jdow J oz B W W e 9 4 =
Su B = E g : g £ 5 o z ] Z b 5w d = w3 223§ 2zz 0 L0z 3 =
g; 2§22 & 9% 5 Ege: 284k EE g zkz ®E 2 2 ¢ f %y dB s
o % @ ¥ K w g o 4 g E E g Uupa 2 0 xg 8§ 5 o O wow ] T mE ET ooy 2 oW
0°%-3% w3 = g z a & g x UDEJOU 8 @ o~ F o & B a O = 2 223 2 =g % 03 %8
w gg Z 2 & u g T O = © & o ~"%Tw T z @ F , E T 2 e o5 =8 0 5 2w 5 oo o0 -2
™ g E z U o = @ L 3 Dgge O 5 2 & F 5 P & =2 o o Z £ =g % = z
TgcbssfgrEzauzgscin 2P EE L% 2ozc 24383 2
El e S Zh w 4 = g ZEz g c & =
o0t @d - S g £ =z & O 2 x 2334 & 5o f g @z k E L 2E I z g u 2 w
s g2 gy tdzoepeifc ¥y owiofgg ESE2 o8 §EEIE G
G wn w & £ 5 % o I} Y5 I E x % & £ a2 E2 Eq RO 2

=0 0= g 2 = B = & @ @ T 5 E ¢© B w 0 = =

o ul E oz J 189 z B 2 i & T g g F g < 4 o R w

ann W Ee 3 g F o] 2 & o W = 2 Q = 4 z u ]

g g ] & 33 8 w H = g8 U g u Y a E

= 5 @ 2

qu g v 3 ] FEI H 2 s 5§ H = u

wo =l v 1 o 5

P = =z w

oo % = z

& F [ =

w

&
[ ] Augello et al., 2022 = Komaei et al., 2025 mViolano & Cannaviello, 2023 m Salah et al., 2022
® Ventura et al., 2022 Sulochani et al., 2023 Islam & Bhat, 2019 Islam et al., 2024
Karmakar et al, 2025 Moazzem et al., 2021

Figure 3. The chart of keywords used in articles (Created by author)
According to the chart results, in seven out of ten studies, ‘Life cycle
assessment or LCA or Life cycle assessment (LCA)’ and ‘Textile waste or
Textile waste’ were the most frequently used keywords, while in four
studies, at least one of the keywords “thermal insulation” or “thermal

insulation materials” was determined to have been used. (Figure 3).
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Figure 4 shows the number of studies utilizing each raw material,

highlighting their relative significance in the literature.

= Augello et al., 2022 = Komaei et al., 2025 = Violano & Cannaviello, 2023 m Salah et al., 2022
= Ventura et al., 2022 Sulochani et al., 2023 Islam & Bhat, 2019 Islam et al., 2024
Karmakar et al, 2025 Moazzem et al., 2021

Figure 4. The chart of raw materials used in studies (Created by author)

RAW MATERIALS
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GRANULATED BLAST FURNACE
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WASTE (POLYPROPYLENE,...
RECYCLE COTTON FIBRES
POLYLACTIC ACID FIBRES
THE RECYCLED COTTON DENIM
%64,4 NATURAL TEXTILE FIBRES
%35,6 SYNTHETIC TEXTILE FIBRES

According to the chart results, in two of the ten studies, ‘Cotton waste or
Cotton’ and, similarly, in two of the ten studies, ‘Ordinary Portland cement
or Portland cement’ were identified as the most frequently used raw
materials. In addition, an analysis of other raw materials revealed a
frequent utilisation of cotton-based materials (Figure 4).

Figure 5 shows the number of studies utilizing each sample type, providing

insight into their prevalence within the literature.
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Figure 5. The chart of samples used in studies (Created by author)
As shown in Figure 5, it was determined that different samples were used
in each of the ten studies examined. However, an examination of the
samples utilised has revealed that most of them are composed of cotton-
based materials.
Figure 6 shows the number of studies referencing specific standards,

highlighting their role within the literature.

STANDARDS

1 1

1 1
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Figure 6. The chart of standards used in studies (Created by author)
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According to the chart results, 1ISO 14040 and I1SO 14044 were determined
to be the most frequently used standards in seven out of ten studies (Figure
6).

Figure 7 presents the number of studies referencing specific standards,

highlighting their application within the literature.

METHOD
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2000
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Figure 7. The chart of the method used in studies (Created by author)
According to the chart results, the ‘Ecoinvent database’ was determined to
be the most frequently used method in five of the ten studies, and the
‘Simapro software’ was determined to be the most frequently used method
in four of the ten studies (Figure 7).

Figure 8 presents the number of studies adopting specific system

boundaries, highlighting variations in methodological scope.
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SYSTEM BOUNDARIES
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Figure 8. The chart of the system boundaries used in studies (Created by

author)

According to the chart results, “Cradle to Gate” was determined to be the

most frequently used system boundary in seven of the ten studies. (Figure

IVES,
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ing speci
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highlighting their role in comparative assessments.
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Figure 9. The chart of the compared alternatives used in studies (Created

by author)

As shown in Figure 9, it was determined that different comparison

ies examined. However, an

alternatives were used in each of the ten stud
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examination of the compared alternatives utilised has revealed that most
of them are composed of cotton-based materials.

Figure 10 presents the number of studies that analysed specific
alternatives, highlighting their role in comparative evaluations.
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According to the chart results, “Global warming potential” was determined
to be the most frequently used impact category in six of the ten studies.
(Figure 10).

This study concluded that the majority of the studies focused on insulation.
Figure 11 illustrates the categorisation of study results under specific
headings, providing a graphical overview of the findings
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CONCLUSION
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Figure 11. The chart of the conclusion used in studies (Created by
author)
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REDUCING ENVIRONMENTAL
E

In conclusion, the most frequently used keywords in the ten articles
examined were life cycle assessment and textile waste, while the most
frequently used keyword in construction materials was thermal insulation.
The most frequently used raw materials were cotton waste and cotton-
based textile waste, and cotton-based products were also found to be the
most common in the samples. The investigation revealed that the most
frequently used standards were ISO 14040 and 1SO 14044, while
Ecoinvent was determined to be the most preferred database, and SimaPro
was determined to be the most preferred software. The products compared
were diverse, but those obtained from textile waste were particularly
noteworthy. The most highly assessed impact category was determined to
be global warming. The majority of studies have indicated that the use of
textile waste in thermal insulation has the potential to reduce

environmental impact.
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4. Conclusion and Suggestions

This literature review, conducted through a systematic search of the
Scopus database using defined keywords, highlights a substantial research
gap concerning the life cycle assessment (LCA) of building materials
derived from textile waste. Current studies reveal that textile waste has
predominantly been applied to the production of insulation materials;
however, emerging research indicates its potential for application in a
broader spectrum of innovative construction products. These include, but
are not limited to, facade cladding, interior decorative components, and
other surface materials.

The reviewed studies demonstrate that the integration of textile waste into
building material production, when assessed through LCA methodologies,
not only provides a foundation for sustainable material innovation but also
raises new research questions regarding performance, durability, and
scalability. From an environmental perspective, the valorisation of textile
waste in construction has the capacity to reduce landfill dependency, lower
embodied carbon, and contribute meaningfully to circular economy
strategies within the built environment.

Based on these findings, this study proposes the exploration of building
components that form the visible and tactile texture of architectural spaces-
such as fagade claddings, interior surfaces, and decorative elements-
produced from textile waste. Such initiatives should be systematically
supported by LCA-based evaluations to ensure environmental
performance, while also addressing technical standards and regulatory
frameworks. Future research is encouraged to expand beyond insulation

applications, incorporate comparative LCA analyses with conventional
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materials, and explore interdisciplinary collaborations that bridge material

science, design innovation, and sustainable construction policy.
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1. Introduction

Consumption and physico-chemical deterioration that may occur
throughout a building's lifespan are directly affected by its structure and
the materials used in it. Contemporary construction systems constructed
using innovative technologies and materials, such as the pneumatic
(inflatable) structures examined in this study, also experience building
physics problems over time. This directly impacts structural deterioration
and resulting costs during the material procurement, construction, use and
post-use evaluation phases of the building. Identifying factors that can lead
to structural deterioration and taking precautions during the design process
can extend the lifespan of the building and prevent potential damage and
costs. Compared to traditional construction methods, pneumatic structures
have potential advantages and disadvantages within the context of LCA
(Life Cycle Assessment). Therefore, this study aimed to evaluate
temporary pneumatic sports structures within the context of building
physics deterioration in the LCA process, according to the circular
economy, during the use phase.

Pneumatic systems, examples of which have been implemented in
temporary sports facilities in Bursa, require special precautions for
structural components and membrane materials. Environmental factors
such as climate, temperature, precipitation, sunlight and pollution
adversely affect inflatable structures. A field study was conducted to
investigate structural physics problems arising from environmental factors
in pneumatic structures, which are supported by membranes and are used
as load-bearing structures. Three single layer structures operating as

swimming and sports facilities in Bursa were selected. Long-term physical
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and chemical deterioration detected through observation over a 10 year
period was examined. These physico-chemical effects were grouped under
four headings: long-term solar and radiation effects, corrosion effects,
various atmospheric effects and sudden fires. Significant structural
deteriorations observed in the inflatable structures selected based on these
parameters, such as discoloration, yellowing, abrasion, perforation,
contamination, corrosion and loss of structural stability; and their causes
are presented in the findings section. Changes caused by time dependent
physico-chemical effects on pneumatic structures were identified and the
problems that arise in membrane covers were investigated. Membrane
materials directly affect the changes in the main structure of the pneumatic
system in terms of structural life and durability. In this context, the aim
was to demonstrate the positive effects of LCA evaluations on wide span
pneumatic structures constructed using innovative textile based
membranes, a contemporary structure, based on LCA analysis of sample
structures using parameters determined by physico-chemical effects. By
identifying environmental factors that could damage pneumatic structures,
it is anticipated that potential life long structural defects can be mitigated
by selecting appropriate materials, production and construction methods
for future constructions. Thus, the advantages of using pneumatic
structures as temporary covers in sports facilities can be evaluated through
LCA in terms of both the structural lifespan and the cost consumed during
the service life.

Pneumatic, or inflatable, systems are stable structures or buildings
stabilized by using air pressure to create a pressure difference between the

exterior and interior to ensure structural integrity (Marcipar, Ofate &
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Canet, 2005). Pneumatic systems are structures that become load-bearing
by pressurizing membrane surfaces, usually with air. Pneumatic structures
can be applied to many different functions, qualities and purposes in
architecture. Furthermore, due to their flexible and transformable
structures, they also offer integrated applications. Architectural
applications of pneumatic structures include load-bearing systems,
auxiliary load-bearing systems, structural elements and formwork
elements. Material properties vary depending on their structural
characteristics and application areas. Therefore, the materials, their
structural properties and their impacts as a result of physical and chemical
effects are explained in detail below.

Pneumatic systems are, in their most general definition, structures that
become carriers by pressurizing a membrane surface, usually with air.
Therefore, having a single or double layer membrane is one of their main
structural characteristics. Pneumatic systems used entirely as carriers are
generally classified into two main groups: single layer (low-pressure) and
double layer (high-pressure). Single and double walled pneumatic systems
have various unique features. For example, single layer pneumatic
structures offer features such as continuous air support, specially detailed
openings and ground anchor systems, while double layer systems do not
require continuous air support and prevent the entire system from
collapsing due to any tear, abrasion or perforation on the membrane
material surface. Pneumatic systems can also be implemented in
conjunction with other carrier systems such as cable-supported systems,

space frame systems and tensegrity carriers (Bal, 2022). The carrier system
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typologies and pressurized areas of single and double layer pneumatic

A

Single Layer Pneumatic Structure Double Layer Pneumatic Structure

Figure 1. Layers of Pneumatic Structures (Prepared by the Authors)

structures are illustrated below Figure 1.

The two main structural elements of pneumatic systems are the membrane
surface and the pressurized gas. Air is generally preferred as the
pressurizing agent for both economic and accessibility reasons. Metal
structural elements used in ground anchors and joint details provide the
integral load-bearing properties of the pressurizing agent and membrane
material. Membrane material, on the other hand, becomes load-bearing as
a result of the surfaces gaining strength in conjunction with air. Therefore,
membrane material is a fundamental element of pneumatic structures.
Membrane materials can be applied to many areas and building typologies
in architecture, including pneumatic systems (Bal & Arpacioglu, 2023).
When examining pneumatic structures within the scope of LCA, which
provides an assessment system encompassing the lifespan of a structure,
the structural typology and membrane material type mentioned above can
be the primary factors determining the strength properties and
sustainability of a structure from design to use.

Sustainability, "meeting the needs of today without compromising the
ability of future generations to meet their own needs" (UN, 1987), has
become a concept applied to all building components and materials, from

cities with targets such as environmental impacts, emissions, and
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efficiency. The UN's Sustainable Development Goals 2030 indicate 17
goals, including 169 targets. They all have the common aim of enabling a
healthier, better and safer world (UN Department of Economic and Social
Affairs). In the context of architecture and within the scope of this study,
Goal 11, sustainable cities and communities, focuses on the structure and
materials of buildings. According to report by the United Nations
Environment Programme, the building sector consumes significant
amounts of energy; and buildings construction industry is responsible for
38% of total global energy-related carbon dioxide emissions (UNEP,
2020). This negative impact of the construction sector requires a holistic
design process in light of sustainability principles (Duru, Dinger & Kog,
2022). Various approaches have been developed to identify, measure and
reduce these negative environmental impacts of buildings during their
design, production, use, and dismantling/demolishing processes, one of
which is Life Cycle Assessment (LCA) (Buyle, Braet & Audenaert, 2013).
LCA is a scientific method that evaluates products and processes
throughout their entire life cycle and expresses their environmental
impacts with clear results. It is used to identify the material and energy
flows and environmental impacts in the system during the extraction,
production, distribution, use and disposal of raw materials in the
production of building materials and buildings (Gentil, Gallo &
Christensen, 2011). A large amount of energy is used in the extraction of
building materials from nature, their processing in factories, their
transportation to the construction site, their placement at the construction
site, maintenance and repairs during the building's use, and their

demolition and disposal at the end of its lifespan. This is referred to as
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embodied energy (Duigou et al., 2016). The circular economy aims to
narrow, slow down, and close material cycles by transforming the current
linear "take-make-dispose™ economy into a circular economy (Crome et
al., 2023). In this context, fewer material consumption in buildings, no
maintenance and repair requirements, long-lasting materials applied, and
resistance to environmental and physical impacts throughout the building's
lifespan can reduce consumption within the context of LCA and the
circular economy. In the membrane systems used in pneumatic structures,
which are the focus of this study, it is known that features such as spanning
wide spans without the use of vertical carriers, low material consumption,
the use of long-lasting membrane materials, and ease of transportation
reduce energy consumption.

Membrane materials are produced with various types; weave types,
coatings and foils to make them suitable for use in construction systems.
Membrane materials are examined in three groups with different qualities:
homogeneous membranes, knitted (woven) membranes and a combination
of the two, homogeneous/knitted membranes (Tirk¢i, 1997). Knitted
(woven) membrane materials, which can be used in pneumatic systems,
which are a subgroup of membrane structures, are divided into three
subgroups based on the yarn weaving material: organic (natural) fiber
membranes, synthetic (artificial) fiber membranes and mineral-based
membranes (Say, 1998). Membrane materials; these are textile fabrics
produced for architectural use, typically consisting of a mesh weave
containing various components such as rubber, silicone, polyethylene,
polyurethane, polytetrafluoroethylene (PTFE), PVC, PVC-based foils,
neoprene,  polyamide-polyester,  polyvinylidenefluoride  (PVDF),
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fiberglass fabrics, teflon, steel or aluminum sheets. Coating membranes
with these types of materials has enabled larger spans in architecture,
typically 50-150 meters (Ozsen & Yamantiirk, 1991). Plastic-polymer
based membranes, used as the primary material of pneumatic systems, also
have distinct properties. Problems that may arise in membrane materials
covering building surfaces can directly affect the structures themselves.
Therefore, membrane types and coatings should be selected and applied to
buildings based on their purpose and expected qualities throughout their
lifespan.

Material deterioration can occur due to physical, mechanical, chemical and
various changes or transformations that may occur in response to various
events, such as production, use, or environmental factors. Therefore, it is
crucial to plan structures holistically, from design to use, incorporating
structural elements (Eri¢, 1994). The importance of the material becomes
even more critical in some structural systems because it is the primary
element of the load-bearing system. The factors affecting inner gas
thermo-dynamic behavior therefore also the pneumatic system are shown
in Figure 2 (Bogle, Schlaich & Hartz, 2009). It explains the effects of the
membrane material, environmental factors and pressure control on the
interior and structure of pneumatic structures. The strength of the
membrane material directly affects the entire structure. Thus, the factors
affected by the membrane material directly affect the structural stability
and physical structure of the pneumatic system. The tensions, force
balance, surface temperature and hardness of the membrane material
determine load-bearing properties. For pneumatic systems, which become

carriers through pressure, pressure control can become risky due to
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leakage, perforation, damage and abrasion, depending on the membrane
material. Maintaining the integrity of membrane surfaces is a crucial
criterion, especially for single-walled pneumatic structures. Membrane
materials directly affect interior temperature, air pressure, thermodynamic
behavior and user comfort. Environmental factors, in parallel with
membrane materials, also have a significant impact on pneumatic systems.
All climatic conditions wind, precipitation, sun, temperature, air pressure,

directly impact the air and structure.

ENVIRONMENTAL FACTORS |4=%| MEMBRANE MATERIAL

* Wind (Distribution, Gusts, * Tensions

Wind Resistance) (Concentration,

* Snow (Distribution, Snow Sack) Wrinkle)

« Rain (Water Sack) * Temperature

* Solar Energy Extension

* Temperature + Stiffness (Tensions,

* Air Pressure Temperature and Time-
Dependent)

FACTORS AFFECTING PNEUMATIC STRUCTURES

P .

PRESSURE CONTROL > INTERIOR EFFECT

* Leaks * Temperature
* Damage * Air Pressure
P Active or Real-Time Control

Figure 2. Factors Affecting the Pneumatic System, Prepared by the
Authors Using the Source: (Bogle, Schlaich & Hartz, 2009)

Physical and chemical changes and transformations in the membrane

material resulting from environmental factors directly affect the pneumatic
system. While these effects can sometimes cause visual discoloration,
contamination, yellowing and deterioration, in other cases, they can lead
to risks that can affect durability and load-bearing properties. Therefore,
membrane types should be selected considering the function, purpose,

intended use and lifespan of the structure where they will be applied. The

353



environmental, structural (membrane and pressure) and interior spaces
affecting the pneumatic system should be planned optimally and
holistically. Measures and solutions should be developed, from design to
application and usage, to address the physical and chemical effects that
may impact pneumatic structures and the structural physics issues they
may cause.

2. Material and Method

A five-stage method was used to assess the impact of physico-chemical
factors on pneumatic structures based on LCA parameters, which comprise
five main stages: raw material supply, transportation, production or
construction, use, and waste recycling. In the first stage, research was
conducted on the structure and membrane materials of pneumatic systems.
This information is presented in the introduction section of the study. In
the second stage, the structural cycle of pneumatic structures within the
five stages identified within the LCA context and the impact of potential
effects on the construction cycle during the use phase, which is the focus
of the study, were evaluated. In the third stage, long-term physico-
chemical effects that could affect pneumatic structures were identified and
investigated. The effects of environmental factors that can lead to
deterioration, durability issues, and material problems on the structure's
lifespan were investigated. Physico-chemical impact parameters were
examined under four main headings: solar and radiation effects, corrosion,
various atmospheric effects and fire parameters. The parameters
determined in the second and third stages were evaluated in the fourth
stage of the study on three different single-walled pneumatic structures

implemented with the wide-span temporary cover typology in Bursa. In
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the fifth stage, the differences resulting from physical and chemical effects
between the cases current state 10 years ago and 2025, the additional costs
or problems they may create during the use phase of the cases life cycle,
their positive aspects, and the costs in terms of the circular economy were
evaluated using field surveys and observations. The theoretical framework
for all stages of the study method is shown in Figure 3 below. The

parameters examined within the study are indicated by red frames.

1 Research on the structure and membrane
materials of pneumatic systems

| STRUCTURE |[ MEMBRANE
2 Investigation of the structural cycle of >
pneumatic structures according to LCA %
Investigation of three different single layer ;
I PRODUCTION H CONSTRUCTION I 4 pneumatic structures applied in the wide- A
5 span temporary cover typology in Bursa d
BEYOND THE -4 T
BUILDING LIFE USE 5 »
- CYCLE E Evaluation of the effects physico-chemical Q
Circular Economy [~ 5 factors between the building states of 2015- F:C'
END OF LIFE 2025 in terms of building life cycle and =)
. circular economy j
3 Evaluation of long-term physico-chemical =
effects that may affect pneumatic structures =

| SUNAND RADIATION EFFECTS |

[ CORROSION EFFECT |

IVARIOUS ATMOSPHERIC FJFFECTS]

[ FIRE |
Figure 3. Theoretical Framewok of Study (Prepared by the Authors)
The LCA stages and the effects of physico-chemical factors on pneumatic

structures are explained and the structures in which these parameters will
be examined in the context of the field study carried out in the Bursa
sample are explained under three subheadings below.

2.1. LCA Stages in Pneumatic Structures

When examining pneumatic structures within the context of LCA stages,
the process begins with the procurement of plastic based raw materials for
the membrane material and its production in sheets in factories. During the

design process, the membrane material is cut to the desired dimensions and
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assembled by sewing, gluing or mechanical means. This allows it to be
transported to the construction site. During transportation, it can be
transported in much smaller volumes compared to traditional construction
methods. On-site pneumatic structures span wide openings in very thin
layers, saving material. The physical performance of the membrane
material during its use can be degraded by environmental factors. After the
membrane layers are fixed to the on-site structural system, they are inflated
to become carriers. The physico-chemical effects of pneumatic structures
during the use phase, the longest of the LCA stages, directly affect the
structure's lifespan, consumption and durability. Therefore, selecting
membrane materials with qualities such as dirt repellency, abrasion
resistance, resistance to cracking and longevity directly extends the
lifespan of the pneumatic structure, reducing energy consumption and
economic costs. At the end of its lifespan, the membrane can be recycled
and reintroduced into the cycle, although the ratio varies depending on the
material type. Figure 4 below illustrates the LCA stages of pneumatic

structures in a cyclical manner.

Supply and processing of plastic Production of membrane sheets, layers
polymer-based raw materials and coatings from raw materials

| RAW MATERIAL SUPPLY h’ MATERIAL PRODUCTION |

/
. . TRANSPORT Cutting of membrane sheets
Recycling of membrane : ;
- according to the structure design
material

I DESIGN

BEYOND THE BUILDING LCA FOR PNEUMATIC ‘ TRANSPORT
LIFE CYCLE STRUCTURES |

Reuse or recycle of CONSTRUCTION |
membran material On-site construction and
INFLATE stressing of the structure

| END OF LIFE q USE |

End of life of the membrane structure due Use of the structure after
to environmental effects and deterioration inflation

Figure 4. LCA Stages About Pneumatic Structures (Prepared by the
Authors)
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2.2. Physico-Chemical Effect Parameters in Pneumatic Structures
Buildings can suffer from structural defects that can arise from a variety
of causes. The primary causes of structural defects in buildings stem from
issues arising from the design, application and usage phases (Avlar, 2000).
Structural defects during the design phase can be caused by failure to take
necessary precautions against external factors or by incomplete or
incorrect measures regarding detail solutions, material, and product
selection. During the implementation phase, structural defects can be
caused by issues such as construction of building products, workmanship
errors, lack of inspection and inadequate or incorrect product or material
storage. During the usage phase, errors in maintenance and repair, as well
as user related problems, can negatively impact structures (Gtizelgoban
Mayuk & Awvlar, 2014). Adverse events occurring during the design,
application and usage phases of buildings are called structural problems.
In this context, buildings must be designed holistically, from beginning to
end, with each element encompassing the physical defects to be minimized
and potential damage to be optimized.

Building physics encompasses all physical conditions affecting users in
the interior and exterior environments of a building. These physical
environments, where a significant portion of human life is spent, consist
of various elements such as temperature, air movement, breathing air
qualities, sun effect and radiation, sunlight, sound and noise, thermal flows
and color (Serefhanoglu S6zen, 1999). From design to use, the physical
environment has a direct impact on human comfort, safety and health.
Therefore, minimum building physics conditions must be designed and

planned in a holistic manner. The components of building physics defects
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are examined under five main headings: mechanical problems, thermal
problems, water and humidity problems, sound problems and physico-
chemical problems (Giiler, Senkal Sezer & Ulkii, 2010). Figure 5 shows
the building physics problems and the physico-chemical effects examined

on pneumatic cases within the scope of study, outlined in red.

BUILDING PHYSICS PROBLEMS

1. Mechanical Problems 5. Physico-Chemical Effects

» Sun and Radiation
Effects

* Color Fading

3. Water and Humidity Problems | « Wear and Tear

2. Voice Problems

« Superficial Wrinkles

4. Thermal Problems * Cracks in the Material

« Perforation

* Loss of Elasticity

« Structural Deterioration
» Corrosion Effects

» Corrosion (Rust)

» Various Atmospheric
Effects

* Pollution

* Yellowing

* Darkening

« Algae Growth

« Efflorescence

* Fungi

* Mold

» Fire

Figure 5. Building Physics Problems, Prepared by the Authors Using the
Source: (Giiler, Senkal Sezer & Ulkii, 2010)

Mechanical problems include cracks and breaks that occur in structures

due to various loads. Thermal problems generally affect indoor thermal
comfort by resulting from heat conduction of surfaces and materials where
heat flow occurs throughout the entire shell of the building. Water and
humidity problems according to Ertas, 2001; can cause problems in
buildings, such as corrosion, deterioration, mold and bacteria on the
material or structural system, due to the effects of capillarity and vapor
diffusion. These are can pose problems for both structural durability and
human health, safety and comfort. All these parameters, reflected in
buildings over time, affect numerous structural elements, including

materials and structural systems. This can lead to damage or even more
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significant problems, such as thermal, acoustic, visual and other comfort
conditions; safety; human health; and the risk of collapse. Physico-
chemical effects, which are included in building physics defects, are
examined under the subheadings of long-term effects of sunlight and
radiation, corrosion and various atmospheric effects, and sudden-onset
fires.  Physico-chemical effects encompass the changes and
transformations caused by long-term chemical effects on structural
elements, materials or structural systems. The problems caused by sunlight
and radiation, corrosion and various atmospheric effects on structures, as
well as their effects on pneumatic structures, are explained below.

a) Sun and Radiation Effects: The most negative impact of sunlight on
buildings today is the lack of thermal comfort. The detrimental effects of
sunlight on thermal comfort can be mitigated with thermal insulation
solutions. Thermal insulation in buildings is an important factor in terms
of both comfort and heating and cooling costs, which constitute a
significant portion of the cost, as well as energy consumption and savings
(Dagsoz, Isikel & Bayraktar, 1999). Sunlight and radiation reach the earth
through conduction, convection, and radiation. While solar radiation varies
from place to place, it generally causes similar effects on all buildings.
Urban heat islands, overheating, thermal comfort conditions, expansion
and contraction can negatively impact building elements, structural
systems or materials. When solar radiation reaches buildings as heat and
light, the texture and color of the surfaces become decisive factors for the
changes, transformations and deteriorations that will occur. Bright
surfaces reflect solar radiation, while dark surfaces absorb it. Solar

radiation has adverse physico-chemical effects on building materials, such
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as atomic structure degradation, discoloration, aging, abrasion, color
change, thermal stress, cracking, deformation and deformation. Despite
these negative effects of solar radiation, its use in conjunction with natural
lighting, heating, solar panels, photovoltaic cells or energy systems in
buildings offers many advantages. For pneumatic structures, the effects of
solar and radiation can lead to problems such as loss of flexibility, color
fading, abrasion, wear and perforation on membrane materials.
Furthermore, sunlight also affects indoor thermal comfort and the pressure
system. In the context of pneumatic systems, the negative effects of solar
and radiation can be converted into advantages by producing more durable
membrane surfaces, improving them with foils and coatings, or utilizing
solar energy through solar cells.

b) Corrosion Effect: The effects of water and moisture in buildings can
lead to negative physicochemical effects such as capillarity, water vapor
and vapor diffusion (Ertas, 2001), reaching the interior of materials,
ensuring an optimum humidity effect (35%-70%) in the interior
environment (Giiler, Senkal Sezer & Ulkii, 2010); decay, swelling and
damage in unventilated environments, deterioration of structural strength
or durability and corrosion. One of the most significant problems caused
by water exposure in buildings is corrosion. Corrosion, which occurs as a
result of water and moisture exposure, can cause serious problems and
damage to structural systems. Corrosion is defined as the deterioration of
metals through chemical and electrochemical reactions that cause
undesirable changes (Yiizer, 2003). Rusting, or rather corrosion, occurs
when water and oxygen reach metals in buildings. Corrosion, which occurs

when water reaches structural elements such as steel, especially those
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found in reinforced concrete, can affect structural stability and even lead
to destruction. Despite these negative effects, water is a material present
in every stage of construction, materials and production. Water is the
primary ingredient in many binding materials such as concrete, plaster,
screed and mortar. Building a structure without water is therefore
impossible (Yavan, 2017). Considering the positive and negative
properties of water, the necessary insulation or impermeability measures
in structures should be designed and implemented holistically. Corrosion
effects on pneumatic structures are not considered due to the water
impermeability of plastic-polymer based membrane materials and their
lack of metal. No corrosion occurs on membrane surfaces, the main
structure. However, corrosion can occur with water on metal based cables,
supports and anchors in pneumatic systems.

¢) Various Atmospheric Effects: Atmospheric effects include those
caused by bacteria and fungi. This refers to the appearance of algae,
efflorescence, mold and fungi in structures. Problems such as discoloration
and contamination on materials also arise as a result of atmospheric effects.
Long-term effects on structural elements or materials can negatively
impact the durability and strength of products due to atomic deterioration.
For pneumatic structures, depending on the membrane material, various
atmospheric effects can manifest as contamination, yellowing or darkening
due to bacteria. The problems that atmospheric effects can cause on the
membrane vary depending on the type and nature of the material.
Membrane materials are now being made resistant to atmospheric effects
with the use of foils, mesh systems, coatings and fibers, thanks to

advancements in production technologies.
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d) Fire: In buildings, combustion is seen as slow burning, oxidation
(rusting-corrosion) and rapid burning or fire. In this study, the term "fire"
covers rapid burning. Combustion requires an exothermic chain reaction
involving fuel, oxygen and heat. These elements are always present in
buildings and pose various fire risks. The stages of fire in buildings are
initiation, the flaming combustion process known as "flashover," fire
growth, hot joints and fire spread (Simsek, 2013). Physically, fire events
include thermal deformation, melting, overheating and expansion, while
chemically, they include molecular structure degradation, carbonization,
smoke emission and the release of toxic gases. Many materials exhibit
different behaviors in the face of fire. In this context, flammable and non-
flammable materials and products are classified by various regulations.

In buildings, passive and active structural or mechanical measures, in
addition to materials, are taken to address various risks in terms of fire.
Passive measures include planning the structure using masses, volumes
and blocks; creating compartments with partitions or partitions between
volumes; dividing horizontal and vertical circulation elements; selecting
and implementing building materials and elements (doors, walls, floors,
elevators, etc.) that are fire-resistant for a specific period; ensuring that
building materials do not emit toxic or suffocating gases upon combustion;
avoiding the juxtaposition of materials with different thermal expansions;
avoiding the use of flammable grades of materials in the load-bearing
system; and continuously designing fire safety halls, fire escape stairs and
fire-safe areas throughout the building to serve every area. Active
measures include the use of mechanical systems, including manual

warning buttons or smoke, flame and heat detectors with sensors, and fire
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detection systems; the addition of smoke extraction systems; the use of
water, dry, foam or gas extinguishing systems; and the placement of up-
to-date and usable fire extinguishers in designated locations within the
building. It includes elements such as the presence of audible or visual
warning devices in escape routes. In order to ensure that buildings are fire-
resistant, holistic solutions and systems should be planned and
implemented in accordance with regulations from the design phase. For
pneumatic structures, measures taken for the flammability class, flame
conductivity, toxic gas release status and flammability characteristics of
the membrane material used for fire; pressurization conditions; all fire
escapes are passive measures. In addition to these, mechanical systems,
water or gas extinguishing systems, fire detection or alarm systems are
active measures. It is important for fire safety that all passive and active
fire precautions are taken and pneumatic structures are constructed with
fire-resistant materials (Bal & Simsek, 2025). In the scope of this study,
the fire parameter was excluded because it is a sudden event and its long-
term effects are examined.

2.3. Field Study

Building physics problems caused by long-term physical and chemical
effects were investigated by demonstrating them on pneumatic structures
selected for field research. The designated field study area was Bursa,
Tirkiye's fourth largest city. Three sports facilities, all single layer
pneumatic structure swimming pools, were selected for the study. These
structures represent all currently operational inflatable structures in Bursa.
The locations of the selected inflatable structures within Bursa are marked

on map in Figure 6.
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Figure 6. Showing the Locations of Pneumatic , B and C Case Studies
in Bursa (Shown by Marking on the Image Taken From Google Maps,
2025)

Case study A was opened to the public in 2015 (Bursa Metropolitan
Municipality, 2015). It’s a swimming pool and sports facility located
within Osmangazi, Bursa. The sports facility, provided as a social service
within the city park, is open to public use. The structure is an example of
a single layer pneumatic structure. It consists of white semi-permeable
membrane surfaces supported by cross braided cables. The facility houses
a semi-olympic swimming pool with five lanes. It also includes dressing
rooms, administrative units, and instructor rooms. The site plan of the
building; general information and structural properties are shown in Figure

7 below.

Site Plan (Url 1) General Information

Location: Osmangazi / BURSA
Function: Semi-Olympic
Swimming Pool Sports Facility
Year of Construction: 2015

Structural Properties

Construction System: Single
layer, cross cable supported
pneumatic structure
Material: PVC foil coated
membrane

Color: White

CASE STUDY A

i

Figure 7. Case Study A (Prepared by the Authors)
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Case study B is a pneumatic structure sports facility located in the
Giizelyali, Bursa. During the hot summer months, the cover is deflated and
removed, and temporarily re-inflated during the winter months. After its
construction, it was closed to use for certain periods and the inflatable
cover was replaced. For this reason, the year of construction cannot be
given as an exact date. It has a single layer pneumatic system. It consists
of white, semi-permeable membrane surfaces with no cable support. The
facility includes semi-olympic swimming pool. The building includes
dressing rooms, administrative units and instructor rooms. The

information about the structure are shown in Figure 8 below.

Site Plan (Url 1) General Information

’ N Location: Giizelyali / BURSA
Function: Semi-Olympic
Swimming Pool Sports Facility

Structural Properties

y | Construction System: Single
Bl [layer pneumatic structure
Material: PVC membrane
Color: White

CASE STUDY B

- T

- - - B -
Figure 8. Case Study B (Prepared by the Authors)
Case study C was opened to the public in 2015 (Bursa Metropolitan

Municipality, 2011). It’s an inflatable system located in Umurbey, Bursa.
The structure, constructed of white membrane surfaces, has no cable
supports. It houses a semi-olympic swimming pool. The building includes
dressing rooms, administrative units and instructor rooms. The

information about the structure are shown in Figure 9 below.
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Site Plan (Url 1) General Information

m | Location: Umurbey / BURSA
%% | Function: Semi-Olympic
Swimming Pool Sports Facility
i | Construction Year: 2015

Structural Properties

Construction System: Single
layer pneumatic structure
Material: PVC membrane
Color: White

CASE STUDY C

—Figu re 9. Case Study C (Prepared by the Authors)

The structures selected within the city of Bursa share common
characteristics: they are single layer pneumatic structures, inflated onto
reinforced concrete building, constructed of semi-permeable white
membrane material, can be inflated and deflated seasonally and used for
sports facilities. The structures differ in terms of location, material type
and cable support. In this context, the negative impact of differences in
environmental and structural characteristics on structural deterioration is
investigated and explained visually in the next findings section, based on
the structures life cycle.

3. Findings and Discussion

This section of the study describes the changes caused by long-term
physical and chemical effects on single layer pneumatic structure
swimming pool covers examined in Bursa. Identified problems are
illustrated through photographs to demonstrate changes over time.
Pneumatic structures, along with the changes they have undergone over 10
year period, are shown in Figure 10. While the same cover system was
used over the years in case studies A and C, the membrane cover was
replaced in case B. Therefore, a comprehensive evaluation for case study

B could not be clearly performed.
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CASE STUDY A 2015 (Url 2) CASE STUDY B (Url 3) CASE STUDY C 2015 (Url 4)

Figure 10. Images of Case Studies A, B and C from Sources (Bursa
Metropolitan  Municipality, 2015; Bursada Bugiin, 2011; Bursa
Metropolitan Municipality, 2011) Images Photographed by the Authors

Long-term exposure to sunlight and radiation can lead to problems such as
loss of durability, discoloration and loss of elasticity in membrane
materials. Corrosion from water and moisture is not directly visible in
pneumatic structures due to the plastic-polymer composition of the
membrane material. However, corrosion can be observed in iron or steel
based metals at locations such as anchor points, load-bearing struts, cables
and system details, as seen in case study A. Figure 11 is the structure where
deterioration such as contamination, yellowing, wrinkles, loss of elasticity,
loss of structural stability and corrosion due to environmental pollution,
atmospheric effects and intensive use are most severe. While various
atmospheric effects can cause problems such as contamination and

yellowing in membrane materials, since they are plastic in structure, they
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may not cause defects such as mold, efflorescence or algae formation. Fire
effects, vary depending on the type of membrane material and are
examined using parameters such as toxic gas emission, smoke effect,

flame conductivity, flame or fire permeability and thermal resistance.

RN 5,

Figure 11. Case Study A: Deterioration
Authors)
Physico-chemical effects on structures observed in case studies based on

N ol A i

f Matials (Photoraphed by the

physical and chemical effect parameters are shown in Figure 12 below.
The intensity of physical and chemical effect parameters in case studies is
shown in three levels using the change in color intensity of the circle. The
severity of the deterioration detected in the structures is shown in the black
circle representing high intensity, dark gray representing medium intensity
and light gray representing low intensity. Sun and radiation effects are
examined under the headings of color fading, abrasion and wear,
superficial wrinkles, cracks in the material, perforation, loss of elasticity
and structural deterioration. Various atmospheric effects are examined
under the headings of contamination, yellowing, darkening, moss growth,
efflorescence, fungi and mold. The loss of elasticity of the membrane
material due to sunlight and atmospheric effects manifests as wrinkling
and deformation on the structure's surface. Extensive darkening of the

structure's surface has been observed, thought to be due to traffic and

368



environmental pollution due to heavy use and its location in the city at case
study A. Dirt has accumulated on the surface along the capillary membrane
cracks. Sunlight, radiation and various atmospheric effects, along with
discoloration, yellowing, dirt, abrasion and wear are observed on the
membrane surface. This also impacts the structure's overall durability,
strength and load-bearing capacity. These structural effects also have a
negative visual impact on the interior. While moss, efflorescence, fungus
and mold are not observed in the structures due to atmospheric effects,
pollution, yellowing and darkening are observed. Case study A, in
particular, exhibited intense darkening, abrasion, pollution and yellowing
due to sunlight and atmospheric factors. Regarding the damage caused by
water and moisture to the structure, there is no corrosion effect on the
waterproof membrane surfaces. However, corrosion is observed in some
metal elements supporting the load-bearing system at case study A.
Corrosion is observed at the connection points of structural elements or
ground anchors, and it is anticipated that it may lead to future structural
stability deterioration. Too thin wrinkles observed but loss of elasticity
were not observed on the structure's surface and its form remained stable.
In case study B, long-term change couldn't observed due to the
replacement of the membrane cover. The observed deterioration severities
are significantly different in case studies A and C, which were constructed
in the same year (with the deterioration severity being greater in A). This
is due to the location of the structure, environmental influences and
material type. In this respect, the texture, chemical composition, type,
weave type, coating types and composition of the membrane material,

along with environmental influences, have a direct impact on the
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structure's lifespan, deterioration and durability. Case study B and C, no
corrosion effects were observed on the metal elements of the structure. In
addition to these slow acting physical and chemical effects, which develop
over a long period of time, the sudden fire factor poses a common risk for
inflatable structures. Because sudden fire events cannot be observed, this
issue has been considered common to all structures. Passive and active fire
safety measures must be implemented for all pneumatic structures made

of membrane materials to prevent irreversible deterioration following a

(CASE STUDIES]
| PHYSICO-CHEMICAL EFFECTS | AllB||C | PRECAUTIONS |
SUN AND RADIATION EFFECTS

§ » Color Fading ® @ | Sunlight and rac_lialion' can cause sl_ruclural delerioration. in the
&  « Wear and Tear ® ® memh_ranc ~malenal within the Pul!dlng envelope. _Therelure. the
= S ficial Wrinkl ® selection of the membrane material is a key precaution. The weave
= ‘uper '?'a il e? ® and coating properties of the membrane material can prevent visible
5 * Cracks in the Material [ ) solar and radiation-induced effects. Furthermore, material
E * Perforation deterioration directly affects the structural stability and form of the
(.'7 « Loss ofElaStiCity [ ] @ | pneumatic structure. In this context, supporting the structure with
5 « Structural Deterioration P cables or supports can be precaution in terms of structural stability.
-
= CORROSION EFFECT
=] 3 . F ] A
& « Corrosion (Rust) Since the membrane is a plastic-polymer based waterproof material,
; no corrosion effects are observed. Water-induced corrosion affects
Z PY metals. In pneumatic systems, anchor points, connection elements and
= metal elements in the ground can exhibit corrosion. Precautions can be
S taken to make metal elements resistant to corrosion through alloying,
Eﬁ’ cathodic protection, or surface protective coating.
=4
@ VARIOUS ATMOSPHERIC EFFECTS
re
g « Contamination [ ] These are the deteriorations observed on the membrane surface, the
é + Yellowing ® ® fundamenllal element c?fll?c pncumanf: structure. Prct{aulxons can be

Datleni ® taken against contamination, yellowing and darkening caused by
g arkening envirc | factors through the selection of the membrane
=) Algae material's weave type and foil coating materials.
=« Efflorescence
=
2 « Fungus

« Mold

FIRE
= 7 3 % o P
E « Deterioration of matesials as-a ) l"lr% was not examined during the field sl_udy due to .ns stfufldcn
> 1t of sudden fi db It is development compared to other long-term physical and chemical effects.
= resu l ol sudden ."'C caused by ¢ommen Depending on the membrane material type, parameters such as toxic gas
Z  flaming combustion emission, smoke effect, flame conductivity, flame or fire permeability
A to all ; : s A ;
g and thermal resistance may vary in the event of a fire. Passive and active
=) structures. fire safety measures specific to the structure should be implemented in
@
case of a fire.

Figure 12. Physico-Chemical Deteriorations Observed in Cases and
Precautions (Prepared by the Authors)
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Inferences from structural analyses have led to the conclusion that a
significant portion of deterioration caused by physico-chemical effects in
pneumatic structures can be prevented by taking precautions regarding
various materials. A common deterioration in membrane materials, often
due to solar and atmospheric influences, is noted in all structures
examined. Therefore, selecting the membrane materials weave type and
coatings appropriately for environmental conditions can prevent potential
deterioration from solar, radiation and atmospheric influences. Corrosion
occurs in metal elements supporting the membrane structure, external to
the membrane material, due to water. In terms of corrosion, the membrane
material is a water-impermeable plastic that can also be used for insulation
purposes in architecture. Thus, it has been determined that the membrane
material is more affected by long-term physical and chemical parameters
from solar and atmospheric influences. Furthermore, the characteristics of
the selected membrane material and environmental influences directly
influence potential deterioration in the pneumatic structure.

Corrosion can occur in metal structural elements at the connection details,
ground and material anchor points. Rust formed by metal structural
elements can transfer and flow to the membrane surface, causing
discoloration and yellowing. Therefore, making metal elements resistant
to corrosion through alloying, cathodic protection or surface protective
coatings is a viable option. Passive and active fire safety measures should
be implemented in pneumatic fire-resistant structures. Passive fire safety
measures include material selection and escape routes. The membrane
material should be selected based on its ignition temperature,

flammability, flame transmission, dripping, toxic gas or smoke release,
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and the flammability of the pressurizing agent. This will reduce the risk of
material-related fires. Escape routes should be designed as a holistic route
serving every area within the structure and reaching a safe area outside the
structure. Special escape doors should be used for the pneumatic structure
envelope. Active measures include detection, warning and extinguishing
systems. The integration of smoke or flame sensors, manual or automatic
fire buttons, illuminated signs indicating escape routes and exits, and
extinguishing system elements into the pneumatic structure must be
addressed. Because the membrane surface of the pneumatic structure is
susceptible to perforation or the attachment of other elements, active fire
safety measures must be designed into an additional to structure or the
ground. Single-wall pneumatic structure shells can be damaged in the
event of a fire due to their single skinned surface, membrane perforation,
failure to maintain the structural integrity of the building and collapse. In
addition, fire scenarios specific to each structure must be developed to
prevent potential hazards and ensure the safety of life and property. As
seen in the examples examined, material damage and deterioration
negatively impact structural systems.

Membrane materials are innovatively developed with coatings to become
composite materials; providing mechanical strength, hydrophobicity
(water repellency), protection against fire and sunlight, increased carrying
capacity, and resistance to fungi and tearing (Monjo-Carri6 & Tejera,
2011). In membrane materials lacking these durability, deterioration
generally results from physical and chemical effects. This is because
architectural membranes absorb chemicals in their environment, causing

damage to their coatings. The membrane material planned for use in a
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structure is expected to be resistant to climatic and physico-chemical
factors throughout its lifespan (Luo, Hu & Fangueiro, 2008). The lifespan
of the membrane material directly affects the lifespan of the structure
because it is the main load-bearing layer in pneumatic structures.

The choice of structure of a building has a major impact on the
environmental impact of the building, with the building elements and load-
bearing system constituting a significant percentage of the total building
material (Celebi & Arpacioglu, 2023). Circular economy and LCA for
building components monitor the use of an average value in a circular
system over a specific period (van Stijn et al., 2021). In this context, the
type and selection of membrane material used in buildings impacts the
durability of the structure against adverse factors and its economic costs.
Membrane materials, like many materials used in architecture, are exposed
to physico-chemical effects over time. The properties of the membrane
material are determining factors in many aspects, such as the load-bearing
capacity of the pneumatic system, its resistance to environmental factors,
its structure, design, form and the lifespan of the structure. This requires
holistic planning of structures throughout the design, production and usage
phases. The resistance or behavior of membrane materials against adverse
environmental effects over time will be more advanced and efficient
thanks to advancing technology and production capabilities. Thus, by
taking precautions against potential adverse factors, the negative physico-
chemical effects on structures can be optimized.

4. Conclusion and Suggestions

All structures produced should be planned to consistently ensure their

durability, strength and safety at all stages, from design to use. Throughout
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a building's lifespan, physical and chemical effects and the resulting
structural physics problems negatively impact its qualities. As seen in the
pneumatic structure examples examined, environmental factors can cause
adverse effects on membrane materials over time, such as yellowing, loss
of elasticity, discoloration, contamination, corrosion, and reduced material
strength, depending on the structure's location. Membrane structures are
most affected by sunlight and atmospheric elements, while metal elements
deteriorate due to corrosion. In pneumatic systems, deterioration resulting
from physico-chemical effects on products and materials can negatively
impact structures from all perspectives, including structural and
environmental. From a sustainability perspective, when considering the
use of pneumatic structures in the context of LCA, the structure is expected
to withstand the longest-term environmental impacts in its built state,
require no maintenance or repair and exhibit no deterioration. Thus, in the
context of LCA, with a design that is resistant to the problems that arise as
a result of the analysis conducted within the scope of the article; the life of
the structure can be extended, the costs in the maintenance phase of the
structure can be reduced, material consumption can be reduced and
negative environmental impacts can be reduced. Innovative use of
membrane materials and pneumatic systems in architecture will also offer
improved solutions for building life, durability, strength, load-bearing
capacity, cost effectiveness, efficiency, comfort and user satisfaction.
Consequently, it is anticipated that in the future, more durable and
optimized membrane materials can be used in pneumatic structures to

develop more efficient systems against physical and chemical effects.
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1. Introduction

Cultural heritage is not merely a matter of preserving the physical remains
of the past; it has also become a dynamic field where social identity,
economic vitality and environmental sustainability intersect. Over the past
twenty years, the preservation of heritage sites has increasingly been
addressed not only as an aesthetic or historical necessity, but also as an
integral component of sustainable development policies (Throsby, 2010;
Licciardi & Amirtahmasebi, 2012). In this context, the adaptive reuse
approach has emerged as a multi-layered method that combines both
conservation principles and economic and social sustainability goals.
Adaptive reuse is a practice that directly contributes to the circular
economy concept through the reuse of the existing building stock.
Converting existing buildings instead of constructing new ones both
reduces resource consumption and enables the preservation of spatial and
historical continuity (Bullen & Love, 2011; Foster, 2020). However,
repurposing is not merely a physical transformation; it is a process of
reconnecting the social, economic, and cultural values of a structure with
contemporary life. In this respect, it has become an important application
area for sustainable and circular economy models that balance the
economic value of heritage with the production of social benefits (Foster,
2025).

The economic dimension of this transformation is supported by empirical
studies on the impact of cultural heritage on regional revitalisation. Bowitz
and Ibenholt (2009) classified the direct, indirect, and derivative effects of
cultural heritage investments, demonstrating that heritage-based tourism

and restoration activities create a multiplier effect in local economies. This
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proves that cultural heritage is a tangible component of economic growth
and employment. However, for this effect to be sustainable, economic
growth must be carried out in a manner consistent with conservation
principles, social identity, and environmental balance.

In recent years, circular business models (CBM) have emerged to explain
the economic value of cultural heritage in a more holistic way. This model,
developed by Saleh and Ost (2025), defines heritage sites as ‘circular
ecosystems’ in their economic, social and environmental dimensions. The
CBM approach evaluates heritage conservation not only in terms of
financial return on investment but also through multi-dimensional value
creation (economic, social, cultural and ecological benefits). this process
as a model based on multi-stakeholder and iterative learning cycles; thus,
heritage sites become a platform for community-based production, social
entrepreneurship, and creative economies.

Zhang, Gruhler, and Schiller (2023) have demonstrated that the
implementation of circular economy principles in the built environment is
directly related to spatial characteristics. Factors such as urban density,
morphology, accessibility, and resource cycles are key variables that
determine the scale and effectiveness of adaptive reuse strategies. This
perspective demonstrates that the repurposing of cultural heritage should
be evaluated not only in terms of conservation and economics but also in
the context of spatial sustainability and resource efficiency.

From an economic sustainability perspective, the re-functionalisation of
cultural heritage creates new employment and investment opportunities in
local economies through public-private partnerships, creative industries,

social entrepreneurship, and tourism-based development models (Shipley
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et al., 2006; Duxbury & Richards, 2019). However, in this process,
qualitative values such as conservation ethics, authenticity, social memory,
and identity must be taken into account; otherwise, approaches focused on
economic benefit risk weakening the layers of meaning represented by the
heritage (Rodwell, 2016).

At this point, the principle of ‘heritage for people and by people’ set forth
in the Faro Convention (Council of Europe, 2005) emphasises that re-
functionalisation processes must be addressed not only in economic terms
but also in terms of participatory and democratic governance. The
knowledge, experience and production capacity of communities are seen
as the most important source of cultural heritage sustainability (Smith &
Waterton, 2013; Logan, 2007). Consequently, the contemporary approach
transforms cultural heritage into a holistic sustainability paradigm that
addresses its economic, social and environmental components.
Consequently, the re-functionalization of historic buildings represents a
new approach to conservation that brings together the principles of spatial
circularity, economic sustainability, and social participation This article
examines how this transformation is reflected in the literature and
evaluates the relationship between the circular use of cultural heritage and
sustainable economic discourses through academic studies published
between 2020 and 2025.

2. Material and Method

This study examines the effects of the sustainable reuse of cultural heritage
on the curcilar economy using the bibliographic analysis method. The Web
of Science database was searched using the keyword ‘“adaptive reuse”

along with the keywords “economy” and “heritage”. The search was
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limited to studies conducted between 2020 and 2025 on the topics of
‘Environmental Studies’ and ‘Architecture’. Of the 33 articles obtained,
one was excluded from the study as it was not relevant to the topic. The
distribution of the 32 articles by year and how they addressed the
relationship between heritage architecture and circular economy was
determined. The articles examined were categorised into themes based on
their content and interpreted.

In this study, only the WoS database was utilised in order to maintain
methodological focus and data consistency. The exclusive use of WoS
ensured that the data could be analysed in a consistent and comparable
manner within a single indexing system. This preference is based on the
principles of methodological clarity and analytical integrity rather than any
qualitative difference between databases.

3. Findings and Discussion

This section presents the findings and interpretations derived from the
thematic analysis of thirty-two academic articles identified from the Web
of Science database. The aim is to reveal how the adaptable or circular use
of cultural heritage is addressed within the context of sustainable and
circular economies. First, the scope of the publications included in the
analysis is summarised and the composition and characteristics of the data
set are explained. Subsequently, the relationship between the thematic
categories identified in the articles and the conceptual framework of the

circular economy is discussed.
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3.1. Publications Included in the Analysis and Examination of the Data
Set

As a result of a comprehensive literature review conducted in the Web of
Science database, 32 academic articles published between 2020 and 2025
were examined within the framework of the concepts of re-
functionalisation of cultural heritage, circular economy, and circular
development. These publications reflect current trends and paradigm shifts
in the field, covering both theoretical approaches and practical examples.
A significant portion of the studies show that cultural heritage is being
redefined in terms of economic value creation, social participation, and
environmental sustainability. The articles included in the analysis provide
a rich comparative field for evaluating the multidimensional effects of
adaptive reuse practices. These 32 articles, which form the core dataset of
the research, reveal findings directly related to both the community-based
approaches envisaged by the Faro Convention and the principles of the
sustainable economy in terms of their content and thematic context. Table
1 shows a detailed list of these publications and the sample group used in

the literature analysis.
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Table 1. Articles Examined within The Scope of The Study (Web of

Science).

Year Author Article Title

2020 De Gregorio, Setal. Designing the Sustainable Adaptive Reuse of
Industrial Heritage to Enhance the Local Context

2020  Cerreta, M et al. A Creative Living Lab for the Adaptive Reuse of the
Morticelli Church: The SSMOLL Project

2021  Girard, LF & Vecco, M The Intrinsic Value of Cultural Heritage as Driver for
Circular Human-Centered Adaptive Reuse

2021  Gravagnuolo, A et al. A Participatory Approach for Circular Adaptive Reuse

of Cultural Heritage. Building a Heritage Community
in Salerno, Italy

2021  Dell'Ovo, M et al. Enhancing the Cultural Heritage through Adaptive
Reuse. A Multicriteria Approach to Evaluate the
Castello Visconteo in Cusago (Italy)

2021  Bosone, Metal. Indicators for Ex-Post Evaluation of Cultural Heritage
Adaptive Reuse Impacts in the Perspective of the
Circular Economy

2021  Pintossi, N et al. Assessing Cultural Heritage Adaptive Reuse
Practices: Multi-Scale Challenges and Solutions in
Rijeka

2021  Kaya, Dl et al. An Empirical Analysis of Driving Factors and Policy

Enablers of Heritage Adaptive Reuse within the
Circular Economy Framework

2021  Pintossi, N et al. Identifying Challenges and Solutions in Cultural
Heritage Adaptive Reuse through the Historic Urban
Landscape Approach in Amsterdam

2021  Marika, G et al. Adaptive Reuse and Sustainability Protocols in Italy:
Relationship with Circular Economy

2021  Pickerill, T Investment Leverage for Adaptive Reuse of Cultural
Heritage

2021  Giani, F Process Proposal for Adaptive Reuse and Social
Promotion of Ecclesiastical Buildings

2021  Cellucci, C Circular economy strategies for adaptive reuse of
residential building

2021 Bosone, M & Lodice, S Strategies for the Adaptive Reuse of the Former
Augustinian Monastery in Vicopelago

2021  Vythoulka, A et al. Protection and Revealing of Traditional Settlements

and Cultural Assets, as a Tool for Sustainable
Development: The Case of Kythera Island in Greece

2021  Acri,Metal. Regenerating the Historic Urban Landscape through
Circular Bottom-Up Actions: The Urban Seeding
Process in Rijeka

2021  Stanojev, J & Gustafsson, C  Smart  Specialisation Strategies for Elevating
Integration of Cultural Heritage into Circular
Economy

2022  Giannakopoulos, D et al. Reuse of Historic Buildings in the Medieval City of
Rhodes to Comply with the Needs of Sustainable
Urban Development
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2022  Nocca, F & Angrisano, M The Multidimensional Evaluation of Cultural Heritage
Regeneration Projects: A Proposal for Integrating
Level(s) Tool-The Case Study of Villa Vannucchi in
San Giorgio a Cremano (Italy)

2023  Pintossi, N et al. Challenges of cultural heritage adaptive reuse: A
stakeholders-based comparative study in three
European cities

2023  Vardopoulos, | et al. Urban buildings sustainable adaptive reuse into
tourism accommodation establishments: a SOAR
analysis

2023  Della Spina, L A Prefeasibility Study for the Adaptive Reuse of

Cultural Historical Landscapes as Drivers and
Enablers of Sustainable Development

2023  Valdiviezo, AC Adaptive reuse: Its potential role in sustainable
architecture and its relationship with restoration and
rehabilitation

2023  Mazzetto, S & Vanini, F Urban Heritage in Saudi Arabia: Comparison and
Assessment of Sustainable Reuses
2024  Angrisano, M et al. Multidimensional ~ Evaluation ~ Framework  for

Assessing Cultural Heritage Adaptive Reuse Projects:
The Case of the Seminary in Sant'Agata de’ Goti (Italy)

2024  Andrade, MJ et al. Reuse of port industrial heritage in tourist cities:
Shipyards as case studies

2024  Della Spina, L A Decision Support Evaluation Framework for
Community-Based Collaborative Urban Regeneration
Processes

2025 Margono, RB et al. Revitalizing Japan's Vacant Houses: A Sustainable
Approach Through Adaptive Reuse

2025  Alraouf, AA Msheireb, Doha: The Urban Regeneration Ofa

Deteriorated Herat.Authentic Contemporary And
Cultural Localism

2025 Ghoz, L A multidisciplinary categorization of challenges of
reuse of residential buildings
2025  Barelles-Vicente, E et al. From Ruin to Resource: The Role of Heritage and

Structural Rehabilitation in the Economic and
Territorial Regeneration of Rural Areas

2025  Xiong, JY etal. A Study on the Defensive Characteristics and
Sustainable Conservation Strategies of Ming Dynasty
Coastal Defence Settlements in Fujian

Articles published between 2020 and 2025 that addressed the relationship
between the circular use of cultural heritage were found to focus on four
distinct themes. These themes are: “Examples of religious/industrial/rural

heritage™, “Economic sustainability and investment models”,
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“Community-based/social economy models”, and ‘“Tourism-based

adaptive reuse” (Figure 1).

12
10

2020 2021 2022 2023 2024 2025

[T SN - O ]

mExamples of religious / industrial / rural heritage
B Economic sustainability and investment models
m Community-based / social economy models

B Touri sm-based adaptive reuse

Figure 1. Distribution of the articles examined by year and theme (Created
by author)

The graph shows thematic trends in the repurposing of historic buildings
in studies published between 2020 and 2025. According to the data, the
most significant increase during this period occurred in 2021 under the
heading ‘community-based/social economy models’. This year, it stands
out by a wide margin compared to all other themes, indicating an intense
debate in the literature centred on the participation of local communities
and social solidarity economies. This is particularly significant as it
coincides with a period when the concepts of community solidarity and
local development have been brought back to the agenda, especially due
to the impact of the COVID-19 pandemic. The Faro Convention
emphasises that heritage is not merely an object to be preserved, but a
vehicle for human rights, democratic participation and social well-being.
Accordingly, cultural heritage is not an element of property but a ‘living

resource’ that strengthens communities' identities, values, and sense of
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belonging (Council of Europe, 2005; Logan, 2007). The intensity of 2021
in the graph points to a period when this paradigm matured in the academic
sphere. Post-pandemic themes of increased solidarity, local production,
and the ‘commons’ have led to a re-examination of Faro's community-
centred definition of heritage in the current context (Smith & Waterton,
2013; Sofaer et al., 2021).

Looking at 2020, it is seen that the themes were addressed in a very limited
number of studies, with ‘religious/industrial/rural heritage examples’ and
‘community-based models’ being explored at a rudimentary level. In 2022,
a significant decline was observed across all themes; this year can be
interpreted as a transitional period marked by a general weakening of
academic output.

A renewed dynamism is noticeable in 2023 and 2024, with ‘community-
based/social economy models’ as well as ‘tourism-based re-
functionalisation’ and ‘religious/industrial/rural heritage examples’
gaining particular momentum. This trend indicates that the topics of
sustainable tourism and the multifunctional use of cultural heritage are
being revisited in the literature.

By 2025, it can be said that the thematic distribution has achieved a more
balanced structure. The renewed prominence of ‘economic sustainability
and investment models’ signals that the financial sustainability dimension
of conservation policies is back on the agenda. The continued presence of
‘community-based’ and ‘tourism-focused’ approaches during the same
period indicates that re-functionalisation practices have entered a

multidimensional paradigm shift.
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Ultimately, the graph reveals a general trend towards social-economic
participation models in 2021, followed by a transition to a balanced
approach incorporating economic, tourist and typological diversity. This
finding points to a holistic transformation process in which community
participation, economic sustainability and tourism-based strategies are
addressed in a complementary manner in the re-functionalisation of
cultural heritage.

3.2. The Relationship Between Themes and Circular Economy

This section analyses the methodological approaches developed by the
examined articles to increase the contribution of the reuse of cultural
heritage to a sustainable economy. Although these studies can be
conceptually linked to one another, the recommendations have been
categorised under four main themes and addressed within a thematic
framework to enable a detailed assessment.

3.2.1. Community-based and social economy models

The theme consists of studies focusing on the active engagement of local
communities in heritage conservation and the production of social value.
These studies argue that community ownership of heritage, as envisaged
by the Faro Convention (2005), increases conservation success. Defined
by concepts such as ‘heritage commons,’ ‘participatory governance,” and
‘social innovation,’ these approaches aim to involve local communities in
decision-making processes and enable them to benefit directly from
economic gains. Thus, conservation moves beyond mere physical
intervention to become part of processes of social solidarity, identity

building, and inclusive development.
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3.2.2. Economic sustainability and investment models

Articles highlighted in the second theme reveal that economic
sustainability is a decisive factor in the success of repurposing projects.
Models proposed in this context include public-private partnerships
(PPPs), social entrepreneurship approaches, heritage funds, and micro-
investment mechanisms. The studies indicate that traditional public
funding is insufficient for the preservation of heritage sites, and therefore
multi-source financial models (e.g. EU funds, local development agencies,
private sponsorships) have become important. This finding shows that the
economic value of cultural heritage is increasingly recognised, but that it
must be managed within a framework that respects preservation principles
and ethics.

3.2.3. Examples of religious, industrial and rural heritage

This group includes studies that comparatively examine the processes of
re-functionalising heritage sites of different typologies. Concepts such as
identity, sanctity and belonging come to the fore in the re-functionalisation
of religious structures (e.g. churches, monasteries), while in industrial
heritage examples, spatial transformation is observed to be integrated with
cultural production, museology and creative industries. In the context of
rural heritage, agricultural production, ecotourism, and local craft practices
are instrumentalised in preserving heritage. This theme generally reveals
that typological diversity enriches adaptive reuse approaches and that each
type of structure requires its own unique socio-cultural sensitivities.
3.2.4. Tourism-based adaptive reuse

The studies included in this theme emphasise that cultural heritage

structures can integrate with the tourism sector to bring together the goals
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of economic vitality, identity representation, and sustainable conservation.
It is stated that, particularly in urban centres and coastal areas, tourism-
focused re-functions directly contribute to the conservation of structures,
but that excessive commercialisation can weaken their authenticity and
memory values. The studies suggest that experience-based tourism,
cultural routes, and management models that prioritise local participation
produce sustainable results in tourism-focused adaptive reuse. Thus,
tourism is positioned not merely as an economic tool but as a ‘living’ part
of heritage.

4. Conclusion and Suggestions

This study thematically analysed thirty-two academic publications
published between 2020 and 2025, demonstrating how the re-
functionalisation of cultural heritage has been reconceptualised through
the lens of the circular economy paradigm. The findings indicate that
cultural heritage has evolved beyond a mere focus on preservation,
becoming increasingly intertwined with the principles of community well-
being, economic resilience, and environmental circularity.

Thematic distributions reveal that the theme of ‘community-based/social
economy models,” which rose significantly in 2021, has strengthened the
academic counterpart of the ‘producing heritage for people and by people’
paradigm envisaged by the Faro Convention (Council of Europe, 2005) in
cultural heritage management. This trend has redefined heritage
preservation around the axes of human rights, democratic participation,
and social welfare, making participatory governance a central principle in
heritage management (Smith & Waterton, 2013; Logan, 2007). In the post-

pandemic period, increased global solidarity, local production, and the

393



influence of ‘commons’ practices have transformed heritage sites into
collective production areas that enhance the economic and social resilience
of communities.

After 2023, the resurgence of the themes of ‘economic sustainability and
investment models’ and ‘tourism-based adaptive reuse’ signals a new
phase of integration in the literature. Accordingly, adaptive reuse ensures
the physical continuity of heritage while creating circular economic
ecosystems through local entrepreneurship, creative industries, and social
cooperatives.

These findings also deepen classical approaches to the economic impacts
of cultural heritage. While Bowitz and Ibenholt (2009) reveal the direct,
indirect, and derivative economic impacts of heritage investments, the
thematic analysis of this study shows that these impacts are not only
financial but also vary in terms of participatory and circular production
forms. This situation reveals that cultural heritage has the potential to
generate social capital and a solidarity economy beyond being an
‘economic asset.’

On the other hand, the principles of spatial circularity emphasised by
Zhang, Gruhler, and Schiller (2023) remind us of the importance of local
context and the built environment in the re-functionalisation of heritage.
The findings show that tourism-based approaches concentrated in urban
areas are integrated with ‘slow loop’ (reuse, repair) strategies, while ‘close
loop’ (material recycling, local resource use) strategies are integrated in
rural and industrial areas. Thus, cultural heritage has become a cyclical

economic practice sensitive to spatial scale.
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Overall, the literature from the 2020-2025 period points to a paradigm
shift centred on three main axes regarding the repurposing of cultural
heritage:
1. The rise of participatory social models (Faro principles and
community-centred governance),
2. The strengthening of economic sustainability and investment-
focused approaches (CBM and creative economy),
3. The redefinition of heritage as a living, productive ecosystem
through tourism and spatial circularity.
This transformation clearly demonstrates that cultural heritage is not
merely a value to be preserved, but a resource at the heart of social,
economic and ecological reproduction. Cultural heritage therefore plays a
strategic role in building the low-carbon, inclusive and resilient economic
systems of the future.
A comprehensive assessment of the findings indicates that future research
should particularly focus on deepening the following aspects: (i)
measuring the effectiveness of community-based financial models (e.g.
social cooperatives and community investment funds), (ii) analysing how
circular strategies vary in local contexts at the spatial level, and (iii)
developing interdisciplinary models for assessing the economic value of
heritage alongside social welfare indicators.
Consequently, the re-functionalisation of cultural heritage, as an emerging
paradigm at the intersection of conservation, development, and circular
economy policies, is poised to become one of the main axes of sustainable

urban and regional transformation in the future.
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