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ABSTRACT

DEVELOPING A BIM-BASED SMART ASSESSMENT FRAMEWORK
FOR THE CIRCULARITY OF RELOCATABLE MODULAR BUILDINGS

[lipinar, Damlanur
Doctor of Philosophy, Building Science in Architecture
Supervisor: Dog. Dr. Mehmet Koray Pekerigli

August 2025, 160 pages

Recently, one of the most pressing challenges facing the construction industry is the
inefficient use of resources, insufficient adoption of sustainable practices, and the
environmental impacts caused by construction and demolition processes. In this
context, modular buildings have emerged as a promising solution, offering
advantages such as lightness, cost-effectiveness, design flexibility, rapid installation,
and reusability. Particularly, the reuse of modular buildings presents a viable strategy
to reduce construction waste and promote sustainable practices. However, significant
challenges persist regarding the reuse of second-hand modular buildings, especially
in terms of data availability, accessibility, and providing users with reliable

information.

This study aims to develop an automated evaluation and selection system for the
reuse of relocatable modular buildings. The proposed system evaluates modular
building alternatives based on customer preferences and facilitates user access via a

web-based platform. As part of the study, thirty modular buildings were modelled in



BIM environment, with key data such as service life, cost, environmental impacts,
usage history, and location integrated into a BIM-based digital building passport.
Additionally, multi-life cycle assessments were conducted, incorporating
transportation-related carbon emissions into a comprehensive carbon budget
formulation. Circularity performance was evaluated based on four key criteria
defined by the ISO 59020:2024 standard: ecological impact, economic value, energy
efficiency, and reusability. Using BIM and LCA data, these criteria were quantified
and analysed through an MCDA method weighted according to customer priorities.
This system supports user-oriented selection, aims to extend functional building
lifespans, and contributes to environmental sustainability by reducing construction
waste. Overall, the study proposes an innovative, data-driven digital assessment

framework to enhance circular construction practices.

Keywords: Smart Module Market, BIM-based Building Passport, Relocatable

Modular Buildings, Reuse for Circularity, Multi Criteria Decision Analysis.
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0z

TASINABILEN MODULER YAPILARIN DONGUSELLIK
PERFORMANSININ DEGERLENDIRILMESINE YONELIK BIM
TABANLI AKILLI BiR DEGERLENDIRME CERCEVESININ
GELISTIRILMESI

[lipinar, Damlanur
Doktora, Yap1 Bilimleri, Mimarlik
Tez Yoneticisi: Dog. Dr. Mehmet Koray Pekericli

Agustos 2025, 160 sayfa

Glinlimiizde insaat sektoriinliin karsilagtigi en kritik sorunlar arasinda kaynak
kullannomindaki verimsizlik, siirdiiriilebilir uygulamalarin yetersizligi ve insaat-
yikim siireglerinden kaynaklanan g¢evresel etkiler 6ne ¢ikmaktadir. Bu baglamda
modiiler yapilar; hafiflik, maliyet avantaji, tasarim esnekligi, hizli kurulum ve
yeniden kullanilabilirlik gibi 6zellikleriyle sektor doniisiimiinde dnemli bir ¢éziim
alan1 sunmaktadir. Ozellikle modiiler yapilarin yeniden kullanimi, insaat atiklarimni
azaltma ve siirdiiriilebilir uygulamalar1 tesvik etme potansiyeliyle ¢evresel sorunlara
etkili bir yamit olusturmaktadir. Ancak, ikinci el modiiler yapilarin yeniden
kullaniminda veri eksikligi, erisilebilirlik sorunlar1 ve giivenilir bilgilere ulagma

giicliikleri 6nemli bir bosluk olusturmaktadir.

Bu calisma, tasinabilir modiiler binalarin yeniden kullanilabilirligi i¢in otomatik bir
degerlendirme ve se¢im sistemi gelistirmeyi amacglamaktadir. Sistem, miisteri
tercihlerini dikkate alarak modiiler bina seg¢eneklerini degerlendirmekte ve web

tabanli bir platform aracilifiyla kullaniciya erisim saglamaktadir. Calisma
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kapsaminda 30 adet modiiler bina BIM ortaminda modellenmis, hizmet 6mrii,
maliyet, ¢cevresel etkiler, kullanim ge¢misi ve konum gibi veriler BIM tabanli dijital
bina pasaportunda tanimlanmistir. Ayrica ¢oklu yasam dongiisii analizleri
gerceklestirilmis ve nakliyeden kaynaklanan karbon emisyonlar1 karbon biitgesi
formiilasyonuna dahil edilmistir. Dongiisellik degerlendirmesi i¢in ISO 59020:2024
standardina uygun olarak dort temel kriter belirlenmistir: ekolojik etki, ekonomik
deger, enerji verimliligi ve yeniden kullanilabilirlik. BIM ve LCA verileri iizerinden
elde edilen veriler ile sayisal degerleri belirlenen bu kriterler, miisteri 6nceliklerine
gore agirliklandirilarak Cok Kriterli Karar Verme yontemiyle, CoCoSo algoritmasi
kullanilarak analiz edilmistir. Gelistirilen sistem, kullanict odakli se¢im yaparak
islevsel yasam dongilislinli uzatmayr ve atik TUretimini azaltarak c¢evresel
strdiirtilebilirlige katk1 saglamay1 hedeflemektedir. Bu kapsamda ¢alisma, sektorde
veri temelli yeniden kullanim siireclerine katki saglayarak dongiisel ingaat
uygulamalarim1  destekleyen yenilik¢i bir dijital degerlendirme yaklagimi

sunmaktadir.

Anahtar Kelimeler: Akilli Modiil Pazari, BIM Tabanli Bina Pasaportu, Tasinabilir
Modiiler Yapilar, Dairesellik i¢in Yeniden Kullanim, Cok Kriterli Karar Analizi.
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CHAPTER 1

INTRODUCTION

1.1  Research Background and Problem Statement

Buildings are inevitably directed to landfill, resulting in a significant loss of valuable
metals, minerals, and organic materials at the end of their lifespan (Jayasinghe &
Waldmann, 2020). The construction sector accounts for approximately 30% of the
total waste generated globally (Jin et al., 2019) and is the source of more than 35%
of the waste sent to landfill each year (Lopez Ruiz et al., 2020). This proportion is
as high as 44% in the United Kingdom (Jayasinghe & Waldmann, 2020). According
to areport by the Building Registration Agency of the United Kingdom (BRE, 2003),
reducing waste by 5% could save the country's construction sector approximately
£130 million annually. This data demonstrates that waste reduction provides
significant benefits not only environmentally but also economically. However, waste
from construction and demolition (C&D) activities is still considered a major
environmental problem in the literature (Ajayi et al.,, 2015). In particular,
construction and demolition waste, the largest waste stream globally (Jin et al.,
2019), remains a serious problem area for the sector due to its increasing quantity
and environmental impact (Solis-Guzman et al., 2009; Lopez Ruiz et al., 2020;

Purchase et al., 2021).

In this context, the environmental impacts of the construction sector are not limited
only to waste production; they also pose serious problems in terms of natural
resource consumption and greenhouse gas emissions. The construction sector
consumes approximately 50% of natural resources and directly contributes to 33%
of global CO: emissions (Ajayi et al., 2015; Ajayi et al., 2017). The



Intergovernmental Panel on Climate Change (IPCC) emphasizes that to limit global
warming to 1.5°C, CO: emissions must be reduced by 45% compared to 2010 levels
by 2030 and net-zero emissions must be achieved by 2050 (Webster et al., 2020).
Carroll (2025) states that the built environment plays a significant role in global
climate change and is responsible for approximately 40% of total annual CO:
emissions, 13% of which comes from embodied carbon released during the

construction process.

Embodied carbon refers to the carbon emissions resulting from the construction of a
building and before its occupancy. In contrast, operational carbon encompasses
emissions resulting from energy consumed throughout a building's lifespan
(typically 50 years or more). Although embodied carbon accounts for only 13% of
total building emissions, these emissions are becoming increasingly significant. This
is because embodied carbon is released during the construction process and cannot
be reduced during the building's occupancy phase. Furthermore, energy grids are
becoming cleaner, and operational emissions are trending downward over time. For
the past 50 years, the Architecture, Engineering and Construction (AEC) sector has
focused on improving the energy efficiency of buildings, leading to both lower

energy consumption and the use of cleaner energy sources.

However, while operational carbon is declining, the share of embodied carbon in
total emissions is increasing. By 2050, embodied carbon is expected to account for
more than half of the total carbon footprint of new construction. Countries like
Canada, Sweden, and Norway have achieved a nearly equal distribution of embodied
and operational carbon by reducing fossil fuel use and shifting to renewable energy
sources (Carroll, 2025; WorldGBC, 2019; GBCA & thinkstep-anz, 2021; Craft et al.,
2024). While operational carbon emissions are expected to decrease over time by
decarbonizing grid electricity, embodied carbon is fixed upon construction
completion and cannot be subsequently reduced. Therefore, reducing embodied

carbon plays a critical role in achieving net-zero emissions targets by 2050.



Indeed, current estimates predict that urbanization will double by 2060, leading to
an additional 230 gigatons of embodied carbon emissions. According to current data,
embodied carbon emissions have already reached 400% of the global budget
(Carroll, 2025). In this context, combating embodied carbon has become more

important than ever in the fight against climate change.

In this context, modular construction has the potential to transform traditional
construction processes with a more sustainable perspective. Modular systems, with
their transportation and reuse advantages, significantly reduce embodied carbon and
the overall carbon footprint (MBI, 2023). Rocha et al. (2022) showed that, compared
to traditional reinforced concrete structures, modular systems reduce embodied
carbon during the production phase of large construction materials by approximately
36%. Additionally, prefabrication and modular construction methods can reduce
construction waste by up to 84.7%, and total project waste output can be reduced by
52% with the use of prefabricated systems (Ajayi et al., 2017; Yuan et al., 2022).

However, the life cycle of both traditional and modular structures ends with the end-

of-life phase, as summarized in Figure 1.1.

Life Cycle of a Conventional Building
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Figure 1.1. Comparing the life cycles of modular and traditional buildings (Kamali
and Hewage, 2016)

At this stage, modular building systems, in particular, offer significant opportunities
in terms of sustainability goals. The reuse of modular buildings is considered an

effective strategy for improving the environmental performance of buildings by



preventing waste generation from demolition and reducing the need for primary
materials and products. This approach provides various environmental benefits, such
as lower carbon emissions and increased energy efficiency (Cai & Waldmann, 2019).
Furthermore, the reuse of modular buildings is not only limited to waste reduction
but also transforms typical construction processes, as illustrated in Figure 1.2,
driving the industry towards a new paradigm shift in line with the principles of the
Circular Economy (CE) (Geissdoerfer et al., 2017; Charef et al., 2021). Due to their
relocability, standardization, and unitization features, modular buildings stand out as

systems with high circularity potential (Kyr6 et al., 2019).

Life Cycle of a Relocatable Modular Building
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Figure 1.2 Proposed life cycle phases of relocatable modular buildings

The reuse of modular structures offers significant potential in the construction
industry to increase resource efficiency, reduce energy consumption and related
carbon emissions, reduce waste, reduce the need for abandoned land, and create
economic value (European Commission, 2014; lacovidou & Purnell, 2016).
However, the reuse of modular building components is not sufficiently encouraged
in current construction systems. According to lacovidou et al. (2021), there are two
main reasons for this: First, the industry still widely adopts a linear resource
management approach that disregards end-of-life recovery; and second, the lack of
confidence in the quality and long-term functionality of structural modular
components. This lack of confidence requires additional quality control processes

and financial investments.

Furthermore, restrictions in building codes and standards, the underdevelopment of
secondary material markets, trust issues regarding the structural properties and

performance of reused components, prejudices within the industry, and a disregard



for their potential application further limit the reuse of modular buildings (lacovidou
& Purnell, 2016). The lack of reliable data sharing and coordinated decision-making,
particularly in modular construction processes, poses a significant obstacle. As
Turner et al. (2021) note, information management in volumetric modular
construction is still driven by fragmented supply chains and traditional methods,
leading to significant disruptions in data generation, transmission, storage, and reuse.
Current practices often rely on paper documents, spreadsheets, or incompatible
databases, making it difficult to effectively collect and share information (Zheng et
al., 2025), leading to delays in project delivery processes and delivery and payment
delays. Moreover, the lack of data that occurs when building modules reach the end
of their lifespan severely limits reuse applications. This deficiency is particularly
relevant to the lack of regular collection of dynamic information regarding module
service history, which tracks status, performance, and ownership changes. Service
history data can play a critical role in assessing reuse potential by providing insights
into module functionality. However, such comprehensive data collection processes
are only implemented in specialized engineering structures (e.g., bridges, historical

buildings) and are largely overlooked in modular structures (lacovidou et al., 2021).

In this context, reliable and holistic information sharing systems are needed for
comprehensive monitoring and data management throughout the lifecycle of
modules. In line with this requirement, Building Information Modeling (BIM), a
centralized digital data platform, stands out as a key solution tool in reuse processes.
BIM not only contributes to design processes that increase resource efficiency but
also enables the monitoring and sustainable use of building stock through a "material
bank" approach (ARUP, 2016; Honic et al., 2019a). Three-dimensional (3D) digital
modeling allows transparent monitoring of building material components, and by
integrating with operation and maintenance processes, the service life of assets can
be extended. In addition, the BIM environment, which allows the integration of
different data sources, makes reuse processes more systematic and data-driven,
contributing to the sector's more effective approach to circular economy goals
(Zheng et al., 2025).



1.2 Aim and Objectives

This research argues that a data-driven and customer-centric smart market
framework that integrates Building Information Modeling (BIM), Life Cycle
Assessment (LCA), and Circular Economy (CE) indicators can facilitate the reuse of
relocatable modular buildings by supporting decision-making processes. The overall
goal is to develop a closed-loop reuse system that increases traceability, optimizes
selection processes based on customer preferences, and supports environmentally
sustainable decision-making in the modular construction sector. In this context, the
proposed approach aims to promote circular construction practices by digitizing the

assessment, classification, and selection processes.
Accordingly, the main objectives of this study are defined as follows:

e Develop a web-based digital marketplace integrated with a decision support
system that allows users to evaluate and select second-hand modular building
options based on circularity performance preferences.

e Create a BIM-based digital building passport that documents and ensures the
traceability of key data, such as service history, material properties, and
physical condition, throughout the building's lifecycle.

e Calculate the multi-lifecycle environmental impact of embodied and
operational carbon emissions across repeated use cycles by integrating LCA
principles.

e To define and structure circularity assessment indicators in line with the ISO
59020:2024 standard.

e To create a decision support mechanism that translates customer preferences
and functional requirements into weighted selection criteria and ranks the
most suitable modular building alternatives for user needs using Multi-
Criteria Decision Analysis (MCDA).

To this end, the study followed the following steps:



A comprehensive digital workflow was developed, integrating BIM-
based data extraction, LCA calculations, the creation of a smart module
market using the obtained data, and circularity assessments.

e A digital building passport system was generated, which includes static
(size, material type) and dynamic (service history, life cycle) data for
modular buildings using BIM models.

e Multi-life cycle environmental assessments were conducted based on a
specific "cut-off" approach that considers the embodied carbon avoided
in reuse cycles.

e The circularity assessment was conducted using indicators covering
criteria such as ecological impact, economic value, energy efficiency, and
reusability (good physical condition).

e Scenario-based validation was conducted by defining different customer

preference scenarios and location-based variables, and the variation in

ranking results was analyzed using the CoCoSo algorithm on the website.

1.3 Research Questions

The fundamental research question of this study is: How can a smart assessment
framework operationalize the reuse of relocatable modular buildings by ensuring

traceability, quantifying circularity, and optimizing option matching?
In order to answer the main question, the following sub-questions are prepared:

e What are the challenges and limitations of modular building reuse, and how
can these be overcome?

e How can BIM-based data structuring enhance the traceability and reuse
potential of relocatable modular buildings?

e How can LCA of reusable modular buildings be calculated and integrated

into the decision process?



e What are the critical performance indicators that should guide the
restructuring of the circularity assessment?

e Can customer preferences and functional requirements be operationalized
into weighted selection criteria to optimize the matching of reusable modular

buildings to user needs?

1.4 Research Methodology

This research's methodological approach is to integrate a BIM-derived dataset, a
reuse-aware LCA workflow, and explainable MCDA. As shown in Figure 1.3, BIM
inputs populate a database that supports the Smart Module Market, which consists
of a three-scale Digital Material Passport, a Smart Module Selector, and a Browse
Projects view. The digital passport structures fragmented data from the second-hand
market. The decision problem is decomposed into scenario dimensions—transport

distance, refurbishment scope, and number of reuse cycles—evaluated in LCA.
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Figure 1.3. Research methodology layout



MCDA then explores the decision space and reports an interpretable set of near-
optimal options rather than a single optimum. The resulting outputs align with the
figure’s circularity performance metrics—carbon budget, cost/budget constraints,
energy efficiency, and physical condition—and are accompanied by criterion-level
trade-offs and preferences from users, yielding a more granular view of reuse

feasibility.

1.5  Research Outputs and Significance

Although circularity is widely advocated in the built environment, especially for
modular buildings, the workflow that connects BIM-derived data to actionable reuse
decisions remains limited. This research demonstrates how a decision-support
framework can be effectively adopted to evaluate and select relocatable modular
buildings for reuse, addressing both quantitative performance and qualitative

dimensions that shape real-world adoption.

This study offers a practical response to the built environment problems of raw
material consumption, waste production, and increased embodied carbon, based on
the potential reuse of modular structures. The developed system automates the rental
and purchase processes of second-hand modular buildings with a user-centered
decision-support approach; instead of narrowing options to a single “best” choice, it
expands the decision space to make trade-offs between different performance criteria
(carbon, budget, logistical details, etc.) visible and offers greater decision-making
freedom. It also improves the explainability and accountability of decisions by
including qualitative evidence, such as provenance, demountability, and
maintenance history, provided by a digital material passport, rather than depending
only on numerical indicators. This approach treats circularity not just as a label but
as a practical method. The significance is twofold. Scientifically, the study reframes
circularity from a single metric into an operational practice by coupling BIM-derived
LCA calculations with explainable multi-criteria reasoning and a structured

qualitative rubric (user-side and material-side). Practically, it delivers decision



freedom through an interpretable set of near-optimal options that stakeholders can
align with context-specific priorities (e.g., cost, embodied carbon, energy
consumption, refurbishment scope/history), supported by a digital material passport
that strengthens traceability and accountability.

1.6 Contribution of the Thesis

This thesis presents a hybrid methodology supporting the reuse of second-hand
modular buildings based on BIM-derived datasets. The proposed approach links
reuse-sensitive LCA with explainable MCDA, and achieves this integration through
a dynamic and traceable digital material passport. Unlike optimization approaches
that reduce cyclicity to a single numerical score or focus on a single solution, the
proposed method provides an interpretable set of near-optimal options. Furthermore,
by integrating input from the user perspective into the decision process, reuse
decisions become actionable and traceable (justifications and underlying data can be
audited).

A BIM Data Backbone for Second-Hand Modular Markets. To address
fragmented, manual data practices, the thesis uses a BIM-linked readable dataset that
improves traceability, comparability, and discoverability of second-hand buildings.
This backbone supports transparent screening and early-stage feasibility assessments
of the modular buildings.

Dynamic Digital Passport. The research proposes a three-scale digital passport—
building, module, and element—for relocatable volumetric modular units. Beyond
static attribute lists, the passport captures time-stamped interventions
(refurbishment, repairs), provenance, disassemblability, adaptability, and
maintenance history. The developed passport structure is designed to improve
traceability and comparability of second-hand buildings by specifying data fields and
relationships. In doing so, the passport moves from a merely descriptive register

toward a responsibility-bearing instrument suitable for second-hand markets.
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Reuse-Aware LCA Integration. A reproducible LCA workflow is implemented
that explicitly models transport distance, refurbishment scope, and multiple reuse
cycles, while documenting mapping assumptions between BIM parameters and LCA
datasets. Rather than relying on single-point values, the workflow reports scenario
and sensitivity results, clarifying the epistemic status of numbers and enabling

comparisons under realistic constraints.

Explainable Decision Support and Design Space. The study replaces single “best”
recommendations with an explainable design space of feasible, near-optimal
alternatives. Using MCDA, the framework exposes criterion-level contributions
(e.g., embodied carbon, budget, logistics, adaptability) and reports ranking stability
under modest weight changes. This provides decision freedom for customers to align

selections with context-specific priorities without metric lock-in.

Taken together, these contributions shift circularity from an abstract ambition to an
evidence-based practice: numbers are contextualized by explainable trade-offs and
governed records, and customers are equipped to make defensible reuse decisions

under real project constraints.

1.7  Research Disposition

The structure of this study is composed of four main sections as illustrated in Figure
1.3. Following the introduction section, Chapter 2 provides a comprehensive
literature review that defines and categorizes modular building types and examines
their reuse potential. It identifies key limitations associated with the reuse of modular
structures and explores relevant studies and market insights. The chapter also
reevaluates the reuse potential through the lenses of circular economy principles and

BIM-based data management in the construction sector.
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Definition & classification of modular buildings
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modular buildings
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{ Results

Figure 1.4. The research framework

Chapters 3 and 4 present the methodological foundation of the study, consisting of
workflows that illustrate how the research framework will operate. Chapter 3
explains how the necessary infrastructure for the reuse of modular buildings was
established. Modular case study models were created for the study. A modular
building ontology was developed, and data related to the modular structures in the
ontology was obtained via BIM to create a database. The database was then
connected to a web-based second-hand market, providing customers with access to

reliable data on modular buildings.

Chapter 4 focuses on the development of a Smart Assessment Mechanism for
Circularity, which constitutes the core of the proposed digital reuse framework. This
mechanism integrates four main components: the establishment of a web-based
marketplace, the creation of a BIM-based digital building passport, the execution of
LCA calculations for evaluating buildings across multiple lifecycle stages, and the

12



inclusion of logistics-related data to account for transport-based emissions and costs.
Next, circularity performance indicators were structured to evaluate the reuse
potential of modular buildings at the building level, integrating environmental,

economic, and energy efficient and reusability dimensions.

Chapter 5 presents the outcomes of the developed smart assessment mechanism and
discusses its implications for enhancing circularity in the relocatable modular
building sector. A decision support tool was implemented, which operationalizes
customer preferences and technical constraints using a MCDA method. This tool
enables users to rank and select optimal modular building alternatives aligned with
their specific needs. Furthermore, scenario-based validation was conducted to test

the system’s effectiveness under different customer and building conditions.

This thesis concludes with the revisiting the research questions, main research
contributions, limitations and future works of the study, and concluding remarks.
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CHAPTER 2

LITERATURE REVIEW

This section structured the conceptual framework of the study through modular
building types, the reuse of transportable modular structures, the advantages and
limitations of reuse, the role of BIM in this process, and the relationship between
reuse and circularity. To facilitate reuse, a particular focus was placed on
transportable and corner-braced steel-framed modular structures. BIM-based data
structures and the capabilities offered by BIM were examined to obtain reliable data
on building elements. To explore the relationship between reuse and circularity,
literature studies including calculations on carbon emissions, energy consumption,
and logistics processes were evaluated. The section concluded with a critical review

of the relevant literature.

2.1  Theoretical Background for Modular Building Reuse

The concept of modular buildings has a long history, although it has been referred to
by various names over the years, including off-site construction, modular building,
prefabrication, and design for manufacture and assembly (Nekouvaght Tak et al.,
2020). Recent trends in construction, like the growing interest in lean construction,
the increased use of BIM technologies, and the expanding importance of green
construction, have led practitioners to reevaluate modularization's relevance
(SmartMarketReport, 2011). In order to improve time, cost, safety, quality, and
productivity, modularization has currently gained popularity in the construction
sector (Nekouvaght Tak et al., 2020). Modular construction involves manufacturing

standardized components of a structure in a factory environment and then assembling
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them onsite (Bertram et al., 2019). In global literature, ‘modular construction’
describes a building method where prefabricated components and units are produced
off-site and then put together at the construction site (lacovidou et al., 2021). In other
words, modularization: It is defined as the process of carrying out a significant
portion of construction off-site using pre-built units (i.e., modules), which are then
transported to the site and assembled. Each module is a small-scale project that must
be designed and built independently. These modules are typically manufactured at a
central off-site production facility called a module assembly site that serves different
projects (Nekouvaght Tak et al., 2020).

Modular construction, offsite construction, and prefabrication are interchangeable
words that include a range of approaches and systems. In their build-off-site glossary,
Gibb and Pendlebury (2006) described modular construction as the production of 3D
or volumetric units in a controlled environment, which are later transported to the

construction site to serve as the primary structural elements of a building.

According to Gibb and Pendlebury (2006), off-site construction is classified into four
types, which are (1) component subassembly, (2) non-volumetric preassembly, (3)
volumetric preassembly or hybrid systems, and (4) modular construction.
Correspondingly, in Chauhan et al.’s study (2022), prefabrication products have been
classified into four categories based on the degree of product standardization and
off-site production: (1) component manufacture and sub-assembly, (2) non-
volumetric preassembly, (3) volumetric preassembly, and (4) modular buildings. In
Bertram et al.’s report (2019), modular construction covers four approaches in terms
of complexity and scale: (1) single individual units, (2) panels, (3) volumetric units,
and (4) complete structures. These different scale approaches are covered in the

following Figure 2.1.
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Complexity and scale of modular construction—comparison of approaches
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Figure 2.1. Different scale approaches in the modular system (Bertram et al., 2019)

When modular construction is adopted, the production process is carried out with
higher quality and precision, resulting in significant advantages over traditional
methods, such as faster construction and installation, lower costs, minimal waste
generation, and increased resource efficiency. Research shows that modular
construction reduces construction time by approximately 20% to 50% and costs by
approximately 20% compared to traditional methods (lacovidou et al., 2021).
Furthermore, modularization has the potential to overcome recurring industry-
specific challenges such as skilled labor shortages, limited budgets, tight timelines,
and reduced on-site labor requirements. Furthermore, modular systems supported by
information technologies offer the opportunity to effectively manage complex
processes such as design, coordination, communication, and organization (Azhar et
al., 2013).

In the past, the modular construction industry had a low level of modularization, like

prefabrication, preassembly, and non-volumetric application. But recently, the

17



industry has focused on the higher level of volumetric modular construction to
benefit from its advantages more because the component and element level of
modularity is considered less valuable in terms of both economy and environment.
Shifting the main focus from the component and 2D panels to the 3D module level
in modular construction enables easier implementation of reusing modules, and this
refers to the remarkable novelty of the Modular Circular Economy (Eberhardt et al.,
2019a). In this context, from a modular construction perspective, reusing building
elements as an integrated ‘module’—as illustrated in Figure 2.2—rather than reusing
them individually or as 2D panels, results in significant resource savings by reducing

landfill waste and energy consumption.
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Figure 2.2. Emphasizing 3D modular systems over components and panels as a
strategic move toward higher circularity in construction (Mignacca and Locatelli,
2021)

According to Rezzag Lebza (2022), the total global warming potential (GWP) of 3D
modular construction systems is 30% lower than that of 2D panel systems. The LCA
system boundary covers stages A1-A3, A4, A5, B1-B5, B6, B7, C1-C4, and D.
Similarly, Westerink (2023) compared the life cycle assessment of traditional,
modular, and panelized construction methods. The findings showed that modular
construction has approximately 20% lower environmental impact than 2D panel

systems and 35% lower impact than traditional construction.
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3D volumetric units are pre-finished modules—representing complete rooms or
room segments—that can be joined together on-site in a modular fashion, similar to
assembling Lego bricks. Although the 3D volumetric approach includes
transportation costs and size limitations (road transport is around 3.5 meters, not
requiring a police escort), it offers significant opportunities for enhanced efficiency
and reduced construction time. As illustrated in Figure 2.2, reusing modules in their
3D volumetric form enhances both environmental and economic benefits. Here, 3D
volumetric construction denotes modules that are 80-95% complete upon delivery,
featuring built-in services, internal divisions, finishes, and exterior cladding (Boafo
et al., 2016; Srisangeerthanan et al., 2022).

A case study on a four-story residential project revealed that implementing a 3D
volumetric modular system resulted in 24% cost savings compared to traditional
construction methods and reduced construction time by 25% to 50% (Bertram et al.,
2019). One of the primary motivations for using modular construction is the ability
to produce standardized, identical units in dimensions suitable for transportation.
Manufacturers prefer standardized sizes to ensure continuity in material supply and
streamline production. The most common maximum width to reduce transportation
costs is 3.5 meters; units are typically between 8 and 12 meters, but lengths of up to
16 meters are also available. These units are typically designed to be more robust
than end-use requirements to ensure adequate strength and stability during

transportation and lifting (Gorgolewski and Morettin, 2009).

Modular buildings typically consist of three types of structures: core, frame, and self-
supporting, as illustrated in Figure 2.3. In the core-based structural system, all
modules are arranged around one or more central stability cores. While the modular
units are primarily designed to carry vertical gravitational loads throughout the
building's height, the cores are independently responsible for resisting lateral forces
such as wind and seismic activity. Typically, modular frame construction involves a
grid layout of columns and beams, into which modular units are fitted. These
modules are placed within the structural grid, occupying the spaces formed by the

main framework. Columns and/or modular walls are employed in frame structures
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to withstand vertical loads, whilst bracing and/or moment-resisting connections in
the frame resist lateral stresses such as wind and earthquake (Thai et al., 2020; Wu,
2022). A self-supporting structure is defined as one composed of prefabricated three-
dimensional or volumetric modules that are connected both horizontally and
vertically (Lawson et al., 2014; Wu, 2022). Load-bearing walls and floors carry both

vertical and lateral loads in such constructions (Wu, 2022). Self-supporting structural

systems are generally used in low-rise constructions of up to six floors (Lawson et
al., 2012).

Figure 2.3. The three methods of constructing modular buildings; core, frame and

self-supporting structures (Wu, 2022)

Modular construction incorporates multiple structural systems and diverse materials
instead of depending on a single construction technique. The structural performance
of modular buildings largely depends on the integrity of frame member connections.
These connections are typically categorized into three types: inter-module, intra-
module, and connections between modules and the foundation (Lacey et al., 2018).
Lacey et al. (2018) provide the following explanation of the different connection
types. Intermodule connections consist of connections among adjacent modules on
the horizontal plane, as well as connections between modules placed on top of each

other on the vertical plane. Intra-module connections refer to the joints between
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structural elements of a module and are generally compatible with standard
connection details used in conventional construction practice. Module-to-foundation
connections include the integration of columns at the base level of the modules and
foundation footings (Lacey et al., 2018).

As illustrated in Figure 2.4, 3D volumetric modules are being developed using a
variety of materials, including timber, concrete, steel, aluminum, and hybrid systems
(Bertram et al., 2019; Chen et al., 2021). Aluminum offers certain advantages, such
as being lighter, approximately 1.5 times stronger than steel, and allowing for tighter
construction tolerances. However, its brittle nature and high cost pose significant
limitations for its use as a structural element, and it remains in the early stages of
research. Similarly, timber modular systems are generally limited to low-rise
buildings due to their reduced load-bearing capacity compared to steel and precast
concrete modules, which have long been the preferred solutions for high-rise

construction.

Precast concrete modules, while commonly used, are significantly heavier—by 5-9
kN/m>—than steel and timber modules (Chourasia et al., 2023). Additionally, their
lifting weight is approximately 25-30% greater than that of steel modules, resulting
in increased tower crane costs. Although timber and cold-formed light-gauge steel
modules are frequently adopted as alternatives to concrete, their application is
typically restricted to buildings under four stories due to their limited vertical load
resistance (Thai et al., 2020).

In contrast, steel modules offer several advantages: they are 25-30% lighter than
precast concrete modules, more durable, feature simpler connection systems, and
have a higher strength-to-weight ratio. In terms of weight, steel modules typically
range between 15 and 20 tons, while concrete modules range from 20 to 35 tons.
Considering that the lifting capacity of standard tower cranes used in construction is
around 20 tons, modules exceeding this weight require specialized cranes, which can

increase costs by up to 60% (Liew et al., 2019; Thai et al., 2020; Chourasia et al.,
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2023). Therefore, concrete modules are generally considered less efficient for

repetitive transportation and hoisting operations.

Figure 2.4. Prefabricated volumetric module units with different construction
materials- respectively timber modules, precast modules, steel modules, aluminum
modules (Chen et al., 2021)

Steel modules possess sufficient strength to allow for a higher degree of completion
prior to on-site assembly. As noted by Chen et al. (2021), unlike timber and precast
modules, steel modules possess the robustness required to avoid structural
overdesign or downsizing for transportation and hoisting. This structural integrity
allows them to be self-supporting and resistant to vibrations during transport,
ultimately resulting in lower transportation costs compared to other building
materials. In addition to being self-supporting, steel modular units are preferred for
high-rise prefabricated volumetric buildings due to their superior structural stability
and resistance to lateral loads, making them a more cost-effective option than precast
systems. Their rigid and durable nature allows for greater architectural flexibility,
including larger openings, reduced need for lateral bracing, and an overall lighter
structural form. Moreover, steel modular construction is generally faster, as it
commonly employs bolted connections, unlike concrete modules that often rely on
time-consuming in-situ grouted joints (Liew et al., 2019). In terms of performance,
steel volumetric modular construction has demonstrated advantages over concrete in
both cost and environmental impact—excluding greenhouse gas emissions
(Balasbaneh and Ramli, 2020). Steel systems also offer notable advantages in reuse
scenarios. For instance, the “Direct Reuse of End-of-Life Structural Steel” strategy

allows structural steel components from decommissioned buildings to be repurposed
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without undergoing traditional reprocessing (lacovidou & Purnell, 2016). This
approach aligns with circular economy principles, holds the potential to transform
construction practices, and contributes to sustainable economic development (Lee et
al., 2025). In light of these advantages, this study focuses specifically on volumetric

steel modules.

211 Volumetric Steel Modules as Reusable Units

Volumetric Modular Construction typically consists of 3D box-shaped or cellular
units—referred to as modules—which are often formed by combining two-
dimensional or panelized components. This method involves the off-site assembly
of module interiors in a controlled factory environment, including Mechanical,
Electrical, and Plumbing (MEP) systems as well as preassembled units such as
bathrooms and kitchens. These modules can function either as standalone units or be

integrated with others to create larger, cohesive building structures (Egege, 2018).

Among various modular construction methods, volumetric steel modules have
gained prominence due to their practicality, environmental friendliness, and
economic efficiency (Rashidi et al., 2020). Architecturally, steel modular systems
offer greater design flexibility thanks to their open-space frame structures and the
possibility of larger module dimensions. Moreover, prefabricated volumetric steel
construction significantly reduces construction time, minimizes material waste, and
lowers on-site labor requirements. As a result, it contributes to higher construction
quality and supports a faster, safer, and more sustainable building process (Chen et
al., 2021).

In terms of manufacturing techniques, steel modular construction commonly
employs hot-rolled | and H sections, which are produced with pre-formed end
connections and assembled on-site using bolted joints, with welding applied when
necessary. In addition to these primary structural elements, galvanized steel strips

are cold-formed into C-shaped sections, which are then prefabricated into panels for
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walls, floors, and ceilings. In wall construction, C-sections typically range from 70
to 100 mm in depth, with steel thicknesses varying between 1.2 and 2.4 mm,
depending on the structural load requirements. These members are spaced at
intervals of 300 to 600 mm to match standard plasterboard dimensions. For floor
systems, deeper C-sections—typically 150 or 200 mm—are used, with an average
steel thickness of around 1.5 mm, adjusted according to the span length and structural

demands (Lawson et al., 2014).

Steel modular units are typically classified based on their structural typology,
particularly the load transfer capacity of the module. In this context, 3D volumetric
units are predominantly produced as either continuously supported or corner-
supported steel modules, both designed for rapid on-site assembly—even in
prefinished conditions (Alembagheri et al., 2022). According to the literature
(Lawson et al., 2014; Chen et al., 2021; Chourasia et al., 2023), volumetric steel
modules can be broadly categorized into three types: (1) load-bearing or
continuously supported modules, (2) frame-supported or corner-supported modules,

and (3) non-load-bearing modules.

In load-bearing or continuously supported modular systems, structural loads are
primarily transferred through the sidewalls, which act as continuous vertical
supports. These modules are further classified into two subtypes based on the nature
of sidewall support: lightweight load-bearing wall systems and module-barrel hybrid
systems, as illustrated in Figure 2.5 (Chen et al., 2021; Chourasia et al., 2023). The
load-bearing wall type utilizes steel studs or tubular elements spaced at 300—600 mm
intervals to form a rigid four-wall enclosure (Figure 2.5a) (Lawson et al., 2005).
However, due to stability limitations associated with cold-formed C-sections, this
system is generally restricted to buildings up to four stories in height (Lawson et al.,
2014). In practice, depending on the dimensions and spacing of the steel studs,
modular structures reaching up to eight stories can still be constructed using this
typology (Lawson et al., 2005). For taller structures, the module-barrel hybrid system
(Figure 2.5b) offers a more robust alternative. This system incorporates multi-

column sidewalls composed of square or rectangular hollow steel sections, which are
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occasionally enhanced with concrete sheathing to resist both vertical and lateral
forces (Chen et al., 2021).

Figure 2.5. Load bearing/ continuous supported system; (a) lightweight load-

bearing wall system (b) module-barrel hybrid system (Chourasia et al., 2023)

In frame- or corner-supported modular systems, vertical (gravity) loads are carried
by corner columns and edge beams (Liew et al., 2019; Chen et al., 2021; Chourasia
et al., 2023). Since the walls in these modules do not bear structural loads, it is
essential for the corner columns to be vertically aligned and continuously connected
throughout the entire height of the building (Park and Ock, 2016). These modules
are further divided into two main categories—heavy steel and light steel units—
based on the type of steel used for structural load resistance (Figure 2.5). Heavy steel
modules, such as those used in container-type designs, utilize robust square or
rectangular hollow steel sections as corner columns and are reinforced with edge
beams made from SHS, RHS, H, or W sections. These corner elements must offer
high compressive strength, providing superior performance under compression,
torsion, lateral-torsional loading, and bending forces. Due to their substantial load-
bearing capacity, such systems are particularly suitable for use in high-seismic areas.
In contrast, light steel modular units are typically constructed from cold-formed open
sections—often C or Z profiles—made from galvanized steel strips with thicknesses
ranging between 1.0 and 3.2 mm (Lawson et al., 1999). These sections are selected

to meet various functional and structural needs. Owing to their ease of assembly and
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disassembly, lightweight modules are especially advantageous for reuse
applications. However, in comparison to heavy steel alternatives, they generally
exhibit lower connection strength and reduced overall structural integrity (Lawson
& Richards, 2010; Chen et al., 2021; Chourasia et al., 2023).

Figure 2.6. Corner/ Frame supported modules; (a) Heavy steel column supported

system (b) Heavy steel- container type module (c) Lightweight steel module (Chen
etal., 2021)

The third category of steel modules consists of non-load-bearing units, which do not
contribute to structural load transfer and rely on the supporting floor system. These
modules are typically employed to serve specific functions within a building, such

as staircases, bathrooms, or kitchens (Chen et al., 2021; Chourasia et al., 2023).

Different kinds of modules can be utilized in the design of buildings, either through

fully modular construction or a combination of steel construction:

. 4-sided wall modules, in which vertical loads are held up by the walls, are
built to resemble cells since all four sides are enclosed. These modules are designed
to continuously transfer loads along the length of their walls. They can be used in
the construction of dormitories, staff housing, lodgings, hotels, and dwellings (Wu,
2022).

. Partially open-sided wall modules incorporate corner and intermediate posts,
along with a rigid, continuous edge beam in the floor cassette. By combining two
modules, wider spaces can be formed. Additionally, longer modules can be

specifically designed to include a built-in corridor. These versatile modules find
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application in various settings such as accommodation, small apartments, hotels with

corridors, and communal areas in student residences, among others (Lawson, 2007).

. Open-sided wall modules, where vertical loads are held up by corner and
intermediate posts. The design of modules focuses on creating fully open sides by
transferring loads to the corner posts. Steel edge beams, typically ranging from 300
to 400 mm in depth, can span between corner columns to form open-sided modules
(Lawson et al., 2014). These modules can be arranged adjacent to each other to form
larger open-plan spaces, which are commonly needed in settings such as hospitals

and schools (Lawson, 2007).

Frame-supported modular systems are commonly adopted in contemporary
construction practices (Chourasia et al., 2023). Among these, light steel framing is
considered particularly suitable for modular applications due to its material
efficiency and compatibility with advanced fabrication processes. For areas
subjected to higher loads—such as lifting points—Ilight steel framing can be
combined with other section types, including hot-rolled I-beams and hollow
structural sections. In many cases, the structural components of light steel frames in
modular construction are designed with additional strength beyond standard service
demands, as the sizing is primarily influenced by the need for stability during lifting
and transportation. This often results in modular buildings demonstrating superior
in-service performance compared to conventional structures (Lawson et al., 1999).
Furthermore, the use of lightweight steel frames enhances the potential for modular
units to be relocated. Their ease of disassembly allows for the rapid and cost-

effective reconfiguration of modules into new buildings (Lawson et al., 1999).

In addition to their structural efficiency, lightweight steel framing systems used in
volumetric modular construction also offer significant advantages in terms of
reusability and relocatability. These characteristics support the broader flexibility
and sustainability goals of modular construction. In this context, the Modular
Building Institute (MBI) defines modular construction as a process in which

individual modules can be manufactured either as independent units or as integrated

27



parts of a larger structure (MBI, 2012; Egege, 2018). This modular flexibility enables
the same unit to be disassembled and relocated for use at different sites, enhancing
both the environmental and economic value over its life cycle. In other words, the
effective utilization and reuse of steel in subsequent product systems play a vital role
in promoting sustainable construction, particularly within the context of developing

economies (Jayawardana et al., 2023).

Reusability and mobility are key features that maximize the long-term benefits of
modular construction. Modular buildings are typically divided into two categories:
Permanent Modular Buildings (PMB) and Relocatable (or temporary) Modular
Buildings (RMB). PMB are built using modern, eco-efficient methods that rely on
lean manufacturing to preassemble single- or multi-story structures off-site. These
buildings offer faster construction timelines, reduced material waste, and higher
quality control compared to conventional site-based construction (MBI, 2024).
Considering that this study focuses on minimizing the environmental impact of the
construction sector in line with circular economy principles, the research prioritizes
RMB, which are more suitable for repeated use, disassembly, and adaptation to new

contexts.

212 Relocatable Modular Buildings (RMB)

Relocatable Modular Buildings (RMBSs) are reusable structures composed of one or
more volumetric units that can be relocated to different sites based on user needs.
Designed for ease of disassembly, transportation, and reassembly, these buildings
are typically intended for temporary or semi-permanent use, with a standard service
life ranging from 15 to 30 years—primarily determined by material selection rather
than workmanship. However, with proper maintenance and operation, their lifespan
can be significantly extended. For example, upgrading HVAC systems or replacing
roofing elements can add many additional years of use (MBI, 2019). RMBs are
manufactured off-site in specialized facilities using modular construction techniques

and are purposefully designed for multiple reuse or repurposing cycles. While they
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are built for flexibility and market adaptability, RMBs also fully comply with
applicable building codes and regulations, regardless of their deployment location
(Sage Policy Group, 2012). Thanks to their flexibility and code compliance, RMBs
are used in a wide range of applications including educational facilities, site offices,
healthcare clinics, sales centers, and temporary showrooms. Beyond temporary uses,
RMBs are also suitable for multi-story residential buildings, dormitories, hotels, and
healthcare facilities, as they adhere to the International Building Code—comparable
to conventional construction standards (Egege, 2018).

The economic scale of relocatable modular construction further highlights its
significance. In North America, the modular construction and building industry
generates approximately $5 billion in annual revenue, of which relocatable buildings
account for 60 percent, while the remaining 40 percent comes from permanent
modular construction. The relocatable building market alone includes more than
550,000 modular units, collectively valued at up to $6 billion. Of these,
approximately 300,000 units are utilized in the education sector—180,000 owned by
public school districts and 120,000 owned or leased by private industry players. The
remaining 250,000 units serve various other sectors and are also managed by
industry companies. The industry as a whole generates $3 billion in annual revenue
from relocatable modular buildings, primarily through leasing (45%), followed by
unit sales (30%) and associated services (25%) (Sage Policy Group, 2012).

In addition to their economic impact and widespread application, relocatable
buildings provide a range of practical advantages, including rapid deployment, ease
of transport, cost-effective reconfiguration, and accelerated depreciation benefits.
Unlike permanent structures, RMBs are not fixed to land ownership but are installed
in line with both the manufacturer’s specifications and local building codes (MBI,
2023). These features make RMBs particularly suitable for scenarios where
temporary space, speed of construction, and mobility are critical factors. As such,
relocatable modular buildings offer a highly adaptable solution to the challenges
presented by rapidly changing population needs, while also supporting both
functional usability and long-term sustainability goals (Kyro et al., 2019).
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2.1.2.1  Reusability and Relocation of Modular Buildings: Evidence from

Literature and Practice

Modular buildings constructed with lightweight steel framing offer a high potential
for disassembly and relocation, enabling the reuse of the building in different sites.
When user demands or societal needs evolve, these modules can be dismantled and
either reinstalled in their original form at a new location or returned to the
manufacturing facility for modification (Gorgolewski and Morettin, 2009). This
approach defines the concept of Relocatable Modular Buildings (RMB), which offer

adaptable and reusable spatial solutions.

Relocatable modular systems provide an efficient alternative for cities and
municipalities that face fluctuating space requirements. Compared to conventional
construction, they present a more cost-effective and flexible solution, as they can be
quickly adjusted to meet changing functional or demographic demands (Kyro et al.,
2019). To optimize their reusability, it is essential to consider the interface between
modular units and elements, such as wall finishes, roofing systems, and service
connections, during the design phase. This foresight facilitates easier deconstruction,
allowing modules to be removed with minimal damage and reused either in their
existing form or after minor alterations at the factory (Gorgolewski and Morettin,
2009).

As Luk et al. (2023) emphasized, MiC (Modular Integrated Construction) systems
have a high reusability. This is because modular structures can be easily
disassembled without damage and reassembled without loss of performance.
International examples demonstrate that these modules can be reused as independent
structures in different projects. One prominent example is the NC220 temporary
housing project in Hong Kong, which became the country’s first MiC development
to be fully dismantled following the end of its land lease in 2023. Thanks to bolted
connection details, these modules were easily separated and reused in another
project. The existing building was disassembled into its modular units, transported,

stored, inspected, renovated, and rebuilt in a different location. All these processes
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were completed quite quickly and erected at the new location in just eight months.
NC220 stands out as one of the first MiC projects in the world to completely

transport and rebuild a four-story building.

Another example, a semi-permanent office building in Germany, was constructed by
a local authority of the same quality as a permanent building, but designed to be
relocated if the need for office space changes. This 3-story office building in Munich,
constructed with 66 modular units, was designed for a local authority. Its purpose
was to be quickly assembled and relocated to accommodate the changing needs of
the client. This project featured modular units that were all 2.5 m wide and ranged
in length from 5.0 to 7.5 m. These units were equipped with roller blinds and cooling
systems in the facade. To create larger office space, some of the units had open sides.
The primary structure was composed of | beams and square hollow-section columns.
Additionally, an external structure was used to support the sloping roof and steel
stairways of escape. (Lawson et al., 1999). Likewise, Finland has experienced a
notable rise in the demand for modular and relocatable buildings over the past
decade, particularly within the public sector. Temporary modular solutions have
been widely adopted in schools and healthcare facilities to address challenges such
as renovation needs, regional population changes, and moisture-related damage in
existing buildings. These buildings are used for hospital support, imaging services,

healthcare centers, and care homes (Kyro et al., 2019).

This increasing interest in relocatable modular buildings is further supported by
findings from Kyro et al.’s (2019) study, which explored their usability potential.
The researchers conducted factory visits and interviews with a manufacturer
specializing in relocatable modular systems. These interviews focused on the core
principles of modular construction, its versatility for various purposes, and the
potential for engaging users in the design phase. The manufacturer reported that their
relocatable modular buildings are primarily produced for municipalities and other
public institutions in Finland and Sweden, and are frequently leased rather than sold.
A significant portion of these modules is used to replace aging public buildings—
particularly those constructed in the 1960s and 1970s—that no longer meet indoor
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air quality standards. Although these structures are typically designed for a 20-year
service life, many remain operational for 25 to 30 years. Notably, approximately
25% of the company’s modular units have already been disassembled and reused in

different locations multiple times (Kyro et al., 2019).

Building upon this, the study by Zheng et al. (2025) provides a detailed explanation
of the life cycle process associated with relocatable modular structures. In the initial
life cycle, modular components are primarily manufactured using virgin, non-
recycled raw materials. This aligns with the "next-use" approach, which prioritizes
the use of natural resources during production while planning for future disassembly,
reassembly, and reuse. During intermediate cycles, if the modular elements remain
technically viable, they are reused within the same system or building context.
However, elements that are no longer suitable for reuse must be replaced with new
components and either recycled or properly discarded. In the final stage of the life
cycle, all components are considered to have reached the end of their functional
lifespan, and the focus shifts entirely to recycling or disposal. This circular process,
illustrating how modular elements transition through phases of use and reuse, is

visually represented in Figure 2.7.

First use cycle

Production Assembly J Disassembly Repair

Intermediate use cycle(s)

Production of
replaced material

Re-assembly Re-use

Disassembly H Repair & Replacement }—‘

Last use cycle

Production of 3 K 2
replaced materisl Re-assembly '—1 Re-use H Disassembly H Recycle & Disposal

Figure 2.7. Reuse process for relocatable modular buildings (Zheng et al., 2025)
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This life cycle-oriented perspective also aligns with observed patterns in the actual
use of RMB. On average, an RMB can be reused up to seven times throughout its
lifespan, although this number can vary based on the unit’s size, typology, and the
specific market it serves (URL-1). RMBs are commonly deployed as temporary
structures in sectors such as education, healthcare, and construction, where flexibility
and rapid installation are critical. A particularly illustrative example is the use of
RMBs as construction-site offices. These units are typically designed to
accommodate smaller spatial needs and often consist of just one or two modules.
Due to the transient and cyclical nature of construction activities, these modular
offices are frequently relocated between projects—Ileading to an average of 12 to 15

relocations over their functional lifetime (Sandamini and Waidyasekara, 2022).

For educational buildings, relocatable modules have become an important aspect in
dealing with student population changes and growing enrollment numbers. They can
be put into place and made operational quickly, often within 24 hours. The quality
and compliance with codes of these portable classrooms are regularly and randomly
checked by state or independent agencies through inspections, testing, and certifying
services (MBI, 2019).

For healthcare centers, relocatable buildings are built to the highest standards of
quality. Facilities such as clinics, hospital extensions, diagnostic units, MRI rooms,
dental offices, and similar medical spaces can be rapidly deployed and made
operational within days, enabling prompt service delivery to communities. These
modular solutions offer hygienic, secure, and efficient environments, along with
customizable interior finishes and optional leasing of medical equipment and
furnishings (MBI, 2019).

The relocatable modules are used for housing and childcare projects, as seen in
Figure 2.8. A daycare center on the campus of Harvard University was designed,
constructed, and set up in an inventive 5,700 square feet in a mere six weeks with 8
modules in 2009. For a period of 18 months, this modular school facility will

temporarily accommodate the Harvard Yard Child Care Center and the Oxford Street
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Daycare Cooperative during the renovation of their permanent buildings. Once the
refurbishment of Harvard’s permanent childcare centers is finalized, the entirely
relocatable structure—designed for a 50-year service life—will be transported and
repurposed at a new site (URL-2, 2025).

Figure 2.8. Relocatable modular buildings; Child care center for Harvard
University in Cambridge (URL-2, 2025)

Currently, relocatable modular buildings are utilized by a wide array of sectors,
including general contractors, real estate developers, manufacturers, commercial
enterprises, educational institutions, financial organizations, government bodies, and
companies operating in natural resource industries. These clients use a variety of
modular products ranging from single-unit offices and storage units to expansive
multi-module office complexes and educational buildings. The demand for such
buildings differs geographically within Canada: in Western Canada, workforce
accommodations for the oil and gas sector dominate the market, while in Eastern
Canada, demand is more diversified—covering support facilities for resource-related
industries as well as schools and training centers (MBI, 2019). According to the
Modular Building Institute (2019), the market is expected to shift toward greater
diversification, with less dependence on the resource sector and growing interest in
applications such as construction-site offices, modular classrooms, and retail spaces.
These segments tend to offer steady income streams, typically through lease
contracts that extend 12 months or longer. In most cases, companies can recover their

investment in modular units within approximately four years, with lower
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maintenance costs than those associated with buildings used in resource-intensive

settings.

2.1.2.2 Codes and Standards for Relocatable Buildings

The International Existing Building Code (IEBC, 2021) defines relocatable buildings
as structures that are either partially or fully assembled and designed to be reused
multiple times across different locations. These buildings are specifically engineered
for repeated deployment and ease of transportation (MBI, 2019). Today, relocatable
modular buildings are utilized across a wide range of sectors, including real estate
development, manufacturing, commercial enterprises, education, finance,
government, and resource extraction industries. Their growing popularity stems from
key advantages such as rapid construction, flexibility, functional efficiency, and
cost-effectiveness. Expanding on this foundation, the Modular Building Institute’s
2024 Relocatable Buildings Report provides a detailed overview of the relocatable
building landscape in North America. Within this context, building code compliance
is addressed through two distinct pathways: one for newly constructed relocatable
buildings and another for previously used (existing) relocatable units. This
differentiation ensures that both new and reused structures meet relevant regulatory
requirements, thereby supporting broader acceptance and safer implementation

across diverse applications.

a) Newly constructed relocatable buildings: All newly manufactured
relocatable buildings are required to comply with the building codes that are
current at the time of their construction. Since these structures are assembled
off-site, many of their components may not be visible during on-site
inspection. In the United States, 35 states operate state-level regulatory
programs to verify code compliance for these buildings, which are often
referred to as “industrialized buildings.” Manufacturers must be approved by
the state agency, operate under a certified quality assurance program, and

submit regular compliance documentation.
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b)

Each design to be built must undergo review and approval by a licensed third-
party professional, commonly known as a Compliance Assurance Agency
(CAA) or Third-Party Inspection Agency (TPIA). Once the design and
manufacturer are certified, every module must carry a label from the TPIA
that includes their name, address, and a unique certification number. A
permanent data plate is also affixed near the electrical panel, listing key
specifications such as: Occupancy classification, Manufacturer details, Date
of production, Module serial number, Structural load design (roof, floor,
snow, wind, seismic), Approved inspection agency, Codes and standards
used, Thermal insulation values, Electrical capacity, Fuel-based system
specifications, and any specific limitations.

After certification, the relocatable building is considered “registered” and
ready to be placed at its initial site. Registration confirms that the building
complies with all applicable codes, and local authorities typically recognize
this compliance. As a result, local building officials generally do not inspect
the internal components of the unit. However, site-specific regulations—such
as zoning, land use, setbacks, fire safety zones, and subdivision rules—
remain under the jurisdiction of local authorities (MBI, 2024).

Existing relocatable buildings: A defining feature of relocatable modular
buildings is their design intent—these structures are engineered to be
repeatedly transported and reused across multiple sites. Once a relocatable
building is moved from its original site, it is officially classified as an
"existing building™ under the International Building Code (IBC), provided it
had been previously permitted. Prior to the 2015 edition of the IBC,
compliance requirements for such buildings were outlined in Chapter 34.
However, from 2015 onward, this chapter was removed and replaced by a
reference to the International Existing Building Code (IEBC), as specified in
IBC 2015, Section 101.4.7.

According to Chapter 14 of the IEBC, titled “Relocated or Moved

Buildings,” relocatable buildings are described as either partially or fully
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assembled structures that are manufactured for repeated use and transport to
various sites. This chapter outlines necessary structural and safety criteria
that address environmental loads, including wind, snow, and seismic
conditions. Any building being relocated must meet these safety standards
relevant to the new site. To verify code compliance, the local authority having
jurisdiction may consult the data plate provided by the manufacturer, which
is permanently attached to the structure. This plate includes essential
technical information and certification details. In most cases, if the third-
party inspection label and manufacturer’s data plate are intact and visible, the
local official does not need to conduct additional inspections beyond site-
specific requirements such as zoning or land-use regulations. However, if
either the certification label or data plate is missing, the structure must
undergo a review and approval process by the local code enforcement
authority (MBI, 2024).

2.1.2.3  Sectoral Applications of Relocatable Modular Buildings

In recent years, the market for RMBs has expanded significantly, particularly in the
UK. This market is attracting attention by offering fast, economical, and flexible
solutions to the growing space needs in the education, healthcare, construction, and
public sectors. Private companies such as Pickerings, MPH Building Systems, PF
Modular, Algeco, Wernick, and Portable Space offer these ready-to-use, portable,
customizable structures, often consisting of two or more modules, for sale or rental.
These structures can include functional components such as restrooms, stairs, and
ramps, and are distinguished by their short delivery times as sustainable building
solutions. However, the fragmented market structure, the lack of quality and
certification standards, and the lack of transparent data on module history pose
significant obstacles to reuse. Significant differences exist among the buildings
offered for sale in terms of planning, specification presentation, and the quality of

documentation. The difficulty in accessing clear information on pricing,
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performance history, legal compliance, and quality assurance hinders buyers and
tenants from making sound comparisons. Furthermore, the lack of a centralized
digital platform or a standard system to ensure performance-based classification and
traceability of reusable modules complicates the achievement of circular
construction goals. Despite these shortcomings, the economic potential of modular
buildings entering their second life demonstrates their contribution to the circular
economy by saving resources, highlighting the need to support this area with a more

structured market infrastructure.

2.2 Building Information Modelling (BIM) as Infrastructure for Reuse

According to ISO 19650, Building Information Modelling (BIM) refers to a
collaborative digital representation of a built asset that supports decision-making
throughout its design, construction, and operational phases. In recent decades,
substantial efforts have been directed toward a digital transition marked by the
widespread integration of information technologies into the built environment
(Boton et al., 2021), and BIM has become the primary digital platform driving
technological advancement and integration within the construction sector (Parracho
et al., 2025). The BIM model enables data collection through the use of digital
modeling and related technologies, and provides a standard, readable data format to
support data sharing among different stakeholders throughout the project lifecycle
(Lee et al., 2018; Hu et al., 2022). This model digitally represents all physical and
functional components of the structure. BIM enables intelligent and automated
applications by integrating domain knowledge and expert methodologies (Pezeshki
and lvari, 2018). Today, since BIM technology has reached a mature level, many
BIM systems and related data platforms are widely used in the AEC industry (Boton
et al., 2021). As the volume of data escalates, stakeholders have increasingly
recognized the potential to extract new insights from the information gathered via
BIM. For instance, certain investigations indicate that semantic networks may
augment the value of BIM by facilitating the integration of diverse data sources and
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the resolution of intricate inquiries (Lijun and Chua, 2011). This trend has also been
observed by influential organizations such as BuildingSMART, and in this direction,
technical roadmaps have been updated with a new layer covering areas such as
“semantic search” and “cloud database”. Additionally, research on BIM applications
in information generation and extraction keeps growing. This includes ontology-
based data management and sharing, cross-disciplinary information integration,
automatic logic extraction, and information access (Hu et al., 2022). In Tan et al.’s
research (2021), the functions of BIM in decision support systems are classified
under three classes: a model-based database that encompasses both geometric
attributes and associated non-geometric metadata; a data handling module that
supports the acquisition, classification, modification, and analysis of various data
sets; an information mediation layer that facilitates data format transformation and
enables seamless information exchange across systems. Thus, BIM allows integrated
design for more effective sharing of data and interdisciplinary collaboration. By
incorporating comprehensive design data—such as geometry, material qualities, and
component characteristics—into BIM, technical studies, like as solar exposure and
energy consumption, may be carried out using performance simulation tools. This
method improves the general quality and efficiency of the design (Su et al.,2022).
The modular construction systems that have gained popularity in recent years, when
combined with the advantages of BIM in the AEC industry, are expected to address
the significant issues of inefficiency, waste production, and raw material and
resource consumption that affect the sector. As a tool capable of storing a wide range
of building characteristics, BIM can improve the management of C&D waste and
support the implementation of CE principles (Karanafti et al., 2024).

2.2.1 BIM Potentials in Reuse

Prefabricated buildings can accomplish thorough information integration and unify
various industrial chains by utilizing BIM technology. BIM will easily integrate with
prefabricated construction as the relationship between industry and informational
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elements strengthens, spurring industry innovation and possibly revolutionizing

conventional building techniques (Bonen et al., 2019).

The growing implementation of BIM supports the advancement of prefabrication
and modular construction methods. Fast and accurate assessment of modular
building components' condition is essential for preventing operational disruptions
and enabling timely maintenance and repairs. Given the complexity and high number
of elements in modular construction systems, there is a need for an automated system
that can track and visually represent the attributes and conditions of these elements
throughout all phases of the project lifecycle (Valinejadshoubi et al., 2019). In
support of this, BIM allows building owners and facility management teams to
efficiently determine the status by providing access to instant, verifiable, and current
data on various building components (Chen et al., 2014). According to Wang et al.
(2017), integrating BIM into construction information systems significantly
enhances decision support by improving the traceability of field data
(Valinejadshoubi et al., 2019).

BIM is becoming a useful tool for the design and building processes as well as for
dismantling planning. BIM-based dismantling models can reduce errors resulting
from manual processes by defining module dismantling parameters. Furthermore,
virtual dismantling simulations can be developed using 3D BIM models (Luk et al.,
2023). However, these technologies are still in their early stages and require further

research, as indicated in the study by Luk et al. (2023).

BIM technology enables access and management of a wide variety of components at
different levels of detail, from the micro-scale features of a connector to the macro-
level parameters of volumetric modules (Patlakas et al., 2015). Particularly in the
design of complex structures such as hospitals, it supports highly integrated MEP
systems manufactured off-site, allowing designers to plan the use of space for other
functions in the most efficient way. Studies show that teams using BIM in more than
50% of their projects reduce project durations by four weeks or more when they

integrate their prefabrication processes. The use of BIM also increases workflow

40



efficiency and provides a more effective communication environment among project
teams (SmartMarket Reports, 2011). Furthermore, BIM contributes to increased
coordination across the entire supply chain in modular construction by facilitating
data sharing during design, production, transportation, and construction site
implementation (Lee and Lee, 2021). In other words, by strengthening supply chain
integration, it can support “just-in-time” delivery in modular construction processes.

In this way, it helps reduce costs and prevent waste (Ocheoha and Moselhi, 2018).

In a study conducted by Motawa and Almarshad (2013), BIM technology was
utilized to determine the maintenance processes for one or more building elements.
When a maintenance situation arises for an element, maintenance information for
that element and all other related elements is obtained through BIM. The resulting
data is evaluated against a data library containing previously recorded maintenance
events, allowing the most appropriate solution to be determined for the new
maintenance situation. At the end of the process, a comprehensive maintenance
history is generated for the target elements and related components and presented to
the user (Motawa and Almarshad, 2013). Similarly, recycling and reusing modular
structures require detailed information about existing elements and materials. One of
the biggest obstacles to recycling and reuse today is the lack of data on existing
structures. In this regard, reuse should depend on BIM to enhance the assessment of
the remaining service life of reclaimed components and to improve the
understanding of how structural elements can be effectively reused (Bertin et al.,
2020).

BIM has the potential to enable the applicability of portable modular buildings and
support the lifecycle of the built environment. Because it contains a detailed building
model, BIM provides useful information about building elements and material
compositions in a data system called a "Material Passport” (Honic et al., 2019a).
Goals such as implementing material passports and conducting Life Cycle
Assessments (LCA) become more feasible when using modular construction systems
(Palaima, 2021).

41



2.2.2 BIM-based Material Passport

A Material Passport (MP) is defined as a digital inventory that documents the
material components of a building both quantitatively and qualitatively (Debacker
and Manshoven, 2016). This system, also referred to as the Building Materials
Passport (BMP), as mentioned by Munaro et al. (2019), provides a comprehensive
set of information and indicators that define the properties of materials or systems
and aim to increase material value through recovery and reuse. In addition to the
technical data provided by manufacturers, the passport also includes historical
information, such as the material's condition after use. In this respect, it serves as an
important tool aimed at facilitating the end-of-life recycling of building materials

and supporting the circular economy (Munaro et al., 2019).

The creation of successful material passports is a key element supporting the
transition to circular business models. These passports fulfill three key functions: (1)
ensuring traceability by collecting data on materials and products, (2) contributing
to the organization of reverse logistics processes, and (3) accelerating innovation by

encouraging knowledge sharing (Debacker and Manshoven, 2016).

The use of an information infrastructure that includes MP and BIM objects makes
access to building data quick and easy. This advanced access to information
accelerates implementation processes and reduces the risk of costly errors,
particularly during the dismantling phase. This infrastructure facilitates the transition
to a circular economy by allowing those involved in the reuse or demolition phases
to more accurately assess the potential for reusing or remanufacturing building
components and materials (Debacker and Manshoven, 2016). Integrating BIM with
Material Passports not only automates sustainability assessments but also facilitates
the documentation and sharing of building information in line with future needs (Atta
et al., 2021). The data collected in this manner enables circular building assessment,
which enables the analysis of the reuse potential and recyclability of a building and

its key components at a specific level of detail (URL-3).
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BIM-based Material Passports (MPs) serve different functions at different stages of
the building lifecycle. This system, considered a comprehensive material inventory
at the end of the lifecycle, serves as an optimization tool in the early design stages.
In this context, it provides a fundamental database for tracking secondary raw
material resources. This database includes the type, quantity, intended use, quality,
and recyclability of materials (Honic et al., 2019a). In their 2023 technical report,
Luk and colleagues propose the development of a BIM-based Digital Material
Passport to support the reuse of modules throughout their lifecycle. For NC220, the
first local MiC temporary housing project planned for dismantling in Hong Kong,
dismantling, transportation, and installation information were digitally tracked using
QR codes specific to each module. This application stands out as an important
starting point for digital transformation in the sector. In the future, these QR codes
are planned to be integrated with detailed data such as material type, quantity,
reusability, usage history, and carbon content. This information can be collected
within a BIM-integrated digital material passport system, enabling the digital
tracking and management of modular structures throughout their entire lifecycle.

This can make reusing modular buildings more efficient.

Tools such as material passports and reversible building design allow the integration
of circular economy principles into the value chain of the construction sector
(Munaro et al., 2019). In this context, the Buildings as Material Banks (BAMB)
project aims to produce circular solutions that promote the reuse of building
materials and systems while preserving their functional properties and economic
values, and thus to achieve a systematic transformation in the construction sector
(BAMB, 2019). In addition, a commercial digital platform called Madaster has been
developed to create material passports and reduce construction waste. The Madaster
system records the material components of buildings in detail and aims to quantify a
building's circular value through the Madaster Circularity Indicator (MCI) (Honic et
al., 2024).

For the creation of a valid MP, accurately modeling in BIM is essential, as it provides

comprehensive data about every material and component incorporated into a
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building (Honic et al., 2024). Accordingly, BIM-based MP becomes a standard
application for certified structures and buildings. This application will make a
significant contribution to the implementation of circular economy solutions in the
AEC sector (Honic et al., 2019a).

A review of existing literature demonstrates that MP has the potential to support
circular economy principles in the construction industry. However, despite this
potential, their widespread implementation faces several obstacles—the passports'
static nature, the need for manual updates, and the time-consuming and error-prone
nature of this process. Therefore, a multifaceted approach encompassing automation
with BIM integration, a robust data management system, and collaboration among
stakeholders is needed to enable MP to effectively contribute to sustainability goals
(Markou et al., 2025).

2.2.3 BIM and LCA Integration

The reuse of building components has been described as an effective strategy to
increase both the functionality and economic value of products at different life cycle
stages (Sanchez et al., 2021). From a life cycle perspective, the construction sector
is one of the main sectors responsible for the intensive consumption of natural
resources and the production of large amounts of waste on a global scale (Badi and
Murtagh, 2019). This resource inefficiency has begun to be addressed in recent years
by integrating digital and environmental data-based technologies such as BIM,
material passport applications (Honic et al., 2019a), and Life Cycle Assessment
(LCA) into construction processes (Sanchez et al., 2021). BIM is defined as a digital
information model designed to support all lifecycle processes of a building,
containing comprehensive and sufficient information, and directly interpretable by
computer applications. This model includes not only data about the building and its
components, but also various attributes related to the building lifecycle, such as
function, shape, materials, and processes. The use of BIM for design and analysis

offers extensive possibilities for simulating and evaluating different scenarios by
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integrating numerous parametric properties into the model (Benjamin et al., 2022).
In this regard, the integration of BIM and LCA improves the environmental
performance of construction structures (Kim et al., 2024). This integration can
eliminate the need for manual data entry and greatly speed up the development of
LCA models (Yang et al., 2018). Besides, BIM-enabled LCA holds significant
potential to shorten the time required for collecting life cycle inventory data while
simultaneously enhancing the level of detail in simulations tailored to the specific
building (Yang et al., 2018). BIM generates extensive information, including
detailed quantities of construction materials. It enables the integration of resources
and components into a unified 3D model, facilitating effective management across
all phases of a building’s life cycle—from design to implementation (Alvi et al.,
2023).

Various approaches exist for integrating LCA with BIM, such as: (1) exporting the
Bill of Quantities (BoQ) from the BIM environment to LCA tools; (2) using the
Industry Foundation Classes (IFC) format for data export; (3) processing the model
through a BIM viewer before transferring it to the LCA tool; (4) utilizing BIM
plugins like Tally; and (5) developing supplementary tools within the BIM
environment to enrich the model with relevant information (Kim et al., 2024). Some
LCA tools operate independently, while others are integrated directly into the
Building Information Modeling (BIM) environment, which offers a comprehensive,
cradle-to-grave perspective of a building and facilitates efficient information sharing
across disciplines (Besana and Tirelli, 2022). However, there is no clear consensus
on which approach is most suitable (Ajayi et al., 2015). Regardless of the tool’s
integration level, the BIM model plays a crucial role in accelerating the LCA process.
It enables the straightforward extraction of the bill of quantities, listing materials and
their respective quantities, thereby minimizing error risks. These quantities can then
be linked to relevant LCA impact categories—such as GWP—to accurately calculate

the embodied carbon emissions of each material (Besana and Tirelli, 2022).

As a result, BIM serves as a valuable tool for supporting rapid decision-making
throughout the entire project duration (Alvi et al., 2023), and the chosen method
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should align with the specific objectives and scope of the LCA study (Kim et al.,
2024). So, Environmental LCA and BIM stand out as effective tools for
strengthening the link between modularity and the circular economy (Soares and
Tavares, 2025).

2.3 Circular Economy Principles

Circular Economy (CE) is an economic approach that moves beyond the traditional
concept of product disposal by encouraging the reduction, reuse, recycling, and
recovery of resources throughout the stages of production, distribution, and use
(Ghaffar et al., 2020). This model supports the use of renewable energy, the creation
of forward-thinking business strategies that foster innovation and cooperation, and
the improvement of product efficiency and performance by minimizing waste within
supply chains (Antwi-Afari et al., 2021). There are many definitions of CE in the
literature. It can be defined as a regenerative, closed-loop system designed to
incorporate processes such as maintenance, recycling, and reuse (Geissdoerfer et al.,
2017) while the most widely accepted definition of the CE concept was made by the
Ellen MacArthur Foundation (2013), which defined this approach as an industrial

economy model designed to be restorative and regenerative from the outset.

As the Circular Economy (CE) concept has gained prominence, it has been
recognized by professionals, researchers, and policymakers as a suitable strategy to
address the high resource consumption in the construction industry. Being one of the
five key sectors highlighted in the European CE package, the building sector is
expected to foster the development of innovative eco-friendly technologies (Rahla et
al., 2021). Since construction industry, as a resource-intensive business, uses
excessive energy, emits a lot of greenhouse gases into the atmosphere, and causes a
lot of solid waste each year (Wuni and Shen, 2021). In 2008, construction and
demolition activities were responsible for 344 million tons of mineral waste and 972
million tons of total waste (Eurostat, 2020). Given the significant resource

consumption and waste generation in the construction sector, implementing CE
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principles can enhance its economic and environmental performance of the built
environment (Guerra and Leite, 2021). Prefabrication and modular technology are
the ideal solutions for waste reduction and a lean supply chain in the construction
industry (Zairul, 2021). Modular construction technique, dominated by a controlled
production process, and CE's core strategies of reduction, reuse, and recycling can
increase efficiency in material consumption, thus significantly reducing the amount
of waste generated at the end of the product's life cycle (Minunno et al., 2020). In
this context, the adoption of modular construction and CE principles through six
main research domains —CE development, building reuse, CE practices in the built
environment, LCA, and the use of MPs (Benachio et al., 2020) — can transform the

AEC industry from a linear flow.

2.3.1 Circular Economy and Modular Construction

The integration of CE principles into traditional construction processes is often
approached through a singular, comprehensive approach (Minunno et al., 2018).
Modular construction is based on a controlled factory setting, which enhances the
potential for implementing circular economy (CE) principles. Integrating strategies
like reducing, reusing, and recycling can improve material efficiency and help
minimize waste generated at the end of a building’s life cycle (Jayawardana et al.,
2023). CE strategies, which create closed-loop systems involving cyclical processes
such as design, maintenance, repair, and reuse (Geissdoerfer et al., 2017), directly
align with the goals of portable modular buildings, with their core elements such as

resource efficiency, interoperability, digitalization, and the use of technology.

However, the flexibility offered by modular systems in terms of design, disassembly,
and reuse presents significant opportunities for the applicability of circular strategies.
The reuse and relocation possibilities of modular buildings make them notable for
their circularity (Wu, 2022). Properly designed modular buildings have the potential
to be disassembled and reassembled across multiple life cycles, which both preserves
material value and supports CE principles (Zheng et al., 2025). The ability to
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disassemble and reuse buildings, a fundamental principle of circular construction,
allows for the restoration of structural elements and connecting components after
their initial lifespan (Dams et al., 2021). In this context, because the CE approach
prioritizes the recovery and reuse of materials, components, and systems, access to
accurate and meaningful data at every stage of the process is critical for making

informed decisions (Munaro et al., 2019).

Despite the growing interest in modular construction and the circular economy,
existing research at the intersection of these two fields is still limited and largely
exploratory (Zairul, 2021). Although prefabrication and modularity are often
considered key strategies for promoting a circular economy in construction, the
relationship between these two concepts is not yet sufficiently well-established. At
this point, portable modular buildings concretely reflect the fundamental principles
of CE by enabling the reusability of components and the extension of the building's
lifecycle (Kyrd et al., 2019).

2.3.2 Reuse of Modular Buildings within the Framework of Circularity

The reuse in the construction sector could enable the recovery of nearly three billion
tons of raw resources worldwide, reflecting substantial economic value, estimated at
approximately 40-50% of the total material throughput in the global economy (Cai
and Waldmann, 2019). The relocation and reuse of modular structures offer a good
practice for the sustainability and circularity of modular construction projects by
reducing demolition waste, avoiding raw material consumption, and contributing

economically to the sector (Luk et al., 2023).

When building components are reused, they may necessitate limited reprocessing or
minor fabrication; however, the associated energy consumption remains
significantly lower compared to full recycling processes (lacovidou and Purnell,
2016; Mulder et al., 2007; Hosseini et al., 2015). For instance, Minunno et al. (2020)

conducted a comparative life cycle assessment of a building prototype, evaluating
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both modular circular and traditional linear GWP scenarios. Their study compared a
design strategy focused on material recyclability with one prioritizing reuse. The
results demonstrated that designing and constructing buildings for reuse rather than
recycling can reduce greenhouse gas emissions by 88%, while also showing
improvements across several other environmental indicators. These findings support
the strategic implementation of design-for-reuse practices to reduce construction-
related waste and emissions effectively. Reusing elements such as steel and glass can
lead to over 60% savings in carbon emissions relative to their recycling counterparts
(Gorgolewski, 2008). Additionally, the study conducted by Minunno et al. (2020)
examined the environmental impacts of reuse and recycling. The results revealed
that reuse resulted in approximately 39% CO, emissions reduction compared to a
recycling strategy. Reuse can also generate economic value by minimizing costs
linked to raw material extraction, manufacturing, transportation, on-site

construction, and storage (Hosseini et al., 2015; lacovidou et al., 2016).

Modular buildings allow for the repositioning and reuse of modular units. Hence,
recycling is more prevalent in conventional buildings than in modular structures.
Although the material inside the module may always be recycled, reusing the module
unit is a more useful choice than recycling because it minimizes resource
consumption while decreasing material waste. The most appropriate circular
methods for modular structures are durability, adaptability, disassembly, and
reusability, and measuring these four characteristics of modular building

performance is worthwhile (Wu, 2022).

Modular buildings should be created to enhance their recyclability and potential for
reuse, supporting the circular economy and environmental sustainability. Therefore,
new designs must address ecological issues and adapt to social changes. Many
modular systems are designed to be easily manipulated, expanded, and maintained
throughout their lifecycle, allowing for reconfiguration, relocation, or disassembly

for reuse without waste generation.
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Although there are several challenges related to reuse have previously been
identified, including the absence of clear guidelines, the need to certify recovered
components, ensuring safety—particularly for structural elements—proper jointing
techniques, the need for improved Design for Disassembly (DfD) approaches
tailored to reuse, and financial concerns such as increased storage costs (Bertin et al.,
2020). However, during the initial design phase, adaptable and reusable modular
building systems (Ferreira Silva et al., 2020) and well-designed modular
construction enable straightforward disassembly, relocation, and repeated reuse

throughout several life cycles (Yang et al., 2024).

Incorporating reuse and recycling planning into building design offers a range of
tangible benefits. These include the conservation of non-renewable resources,
reduced energy consumption and emissions typically associated with manufacturing
new products, and easier maintenance or replacement of building elements and
HVAC systems—ultimately lowering future operational costs. Moreover, repair and
demolition waste can be significantly minimized, while improved adaptability
allows spaces to be repurposed for alternative uses. The potential for resale and reuse
of undamaged recovered components is greatly enhanced, and buildings may achieve
higher environmental quality ratings, thereby improving a company’s ecological
image. Additionally, deconstruction costs and environmental impacts—such as dust,

noise, and harmful emissions—are substantially reduced (Hradil et al., 2014).

This section ends with the technical assessment of the relocation of the buildings for
the purpose of reuse. A report published by Luk and colleagues (2023) stated that a
comprehensive assessment of reusability was conducted during the relocation of a
modular structure to a different site. In this context, the contractor project team
reviewed all criteria, including structural integrity, renovation requirements, and
legal compliance, before disassembly, after disassembly, and before reassembly.
Additionally, field observations were conducted to assess the external and internal
condition of the MiC modules and analyze their reusability potential. According to

the findings obtained from the analysis:

50



e MiC modules are 95% reusable after two years of use and have maintained
their structural integrity.

e There was no visible deformation or serious coating damage in the modules,
and their forms were preserved after transportation and installation.

e Structural steel members and connections were 100% reusable, while only
2% required minor maintenance and coating renewal.

e The roof systems are fully reusable, with only 10% of the protective coating
being replaced. The firestops are 100% reused.

e The windows and exterior walls remained fully usable with minor touch-ups,
10% of which were painted to match the new design.

e 90% of the interior finishes are reusable and 10% are renewed; most interior
walls are painted for visual enhancement.

e The majority of fixed fittings and MEP systems were reused, external
installations were renewed for hygiene reasons, and the electrical and fire

systems in the corridors were completely replaced.

According to the report results listed above (Lu et al., 2023), it is demonstrated that
the building elements are not damaged in the process of moving modular buildings
from one place to another.

2.4 Critical Review of the Literature

The reviewed literature indicated a strong connection among modular construction,
BIM, and circularity, and work at this intersection has increased markedly. There is
broad agreement that modular construction can support circularity goals in the built
environment. However, in the specific context of second-hand modular building
reuse, the evidence remains weakly actionable in real procurement settings.
Secondary-market infrastructures are largely non-standard, and access to data is
often manual (PDFs, emails, photos), which undermines traceability, comparability,
and discoverability. As a result, customers find it difficult to locate, assess, and reuse

suitable second-hand modular buildings.
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Within circularity approaches, much of the modular discourse still pivots around
recycling, while comparatively fewer studies focus on reuse and its practical
implementation. Where reuse is discussed, the need for a robust data-tracking
system, a functioning second-hand market, and standards is acknowledged, yet how
to meet these needs is rarely specified. In parallel, LCA applications to reuse lack
clearly defined system boundaries and allocation choices; treatment of reuse-specific
drivers—transport distance, refurbishment scope, and number of reuse cycles—is

inconsistent, and scenario/sensitivity analyses are limited.

A second line of work centers on material passports. Although promising, most
published passports are static and product/new-build oriented; they seldom capture
time-varying interventions (repairs, refurbishments), operate coherently across
building—module—element scales, or provide mechanisms for verification
(versioning, change logs, evidence links). For second-hand modules, a credible
passport must show where the unit came from, what changed and when, and with
what evidence; without this, even favorable numeric metrics have weak epistemic
status. These gaps motivate the present study’s design choices: a three-scale
(building-module-element), BIM-linked structured data backbone; reuse-aware
LCA with explicit scenario and sensitivity reporting; and explainable decision

support that complements numeric results with user-side preferences.

52



CHAPTER 3

MATERIAL AND METHOD

Reusing modular buildings works on the principle of providing reliable data about
the modules, connecting buyers and sellers of used buildings, getting transparent
information regarding the pre-use of the buildings, and streamlining the process of
buying and hiring modular buildings. Therefore, the study aims to make it possible
to reuse modular buildings with a smart assessment mechanism. This model makes
the decision-making process automatic for choosing second-hand modular buildings
for uninformed and non-expert users. One of the key criteria in the selection of
reused buildings is environmental impact. The embodied and operational carbon
emission ratios of the buildings, carbon emissions from the transportation of the
buildings, and energy intensity used affect the user selection. Another essential factor
is the economic features, which are the building cost and the transportation cost. The
other fundamental factor in choosing second-hand buildings is the physical condition
of the buildings, which includes how many times used, how old it is, what its
remaining life is, detailed information about the building elements, and general data
about the buildings. For these reasons, the creation of a detailed, dependable,
accurate, consistent, current, easily available, and reliable database for modular
buildings is one of the main steps of the study. Setting up a web-based marketplace
is another step. The platform would connect customers with second-hand modular
buildings and provide a range of services to customers, such as detailed building
information, pricing, delivery cost, carbon reduction, energy consumption, etc. The
next and last step is developing a smart assessment system for determining the
optimum building option among different building alternatives in terms of
environmental impact, energy efficiency, budget, and physical condition for an

uninformed user. As a summary, to achieve the circular economy goals and reuse
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modular buildings, the overall framework of the methodology consists of three main

parts, as illustrated in Figure 3.1.

1.Data Acquisition 2.Data Structuring 3. Database Creation
BIM Data Extraction] ——s=— | .CSV file —
database
IAdd-ins IDjango
DiRoots.One Ubloadi |
Modelled case studies in Data exporter to csv. file fornfa(t)ti dlr;igl o A real-time open source

Autodesk Revit format transactional database
Middleware
(Phyton/ Django)

4. Web-based Marketplace

Web Server
Marketing Page

A centralized digital
inventory system

Smart
searching

5. Optimal Building Matches

Listing convenient
alternatives

!

Customer requirements and
Modular buildings specifications

Figure 3.1. Workflow of the smart decision-support system developed for the reuse

of relocatable modular buildings

Step 1 involves creating a database for the modular buildings using BIM. Step 2 is
related to forming a web-based marketplace system regarding the generated
database. Step 3 involves matching projects with second-hand users by the smart
project selector mechanism. In this regard, a group of modular building projects with
different functions and features was used as case studies to test the proposed process
and its operability. Thirty hypothetical case studies were designed and developed

with diverse modular building scenarios to test the decision-support framework
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proposed in the research. A systematic data set is required so that information from
these case studies can be stored in a database and used meaningfully. In this context,
despite its lack of widespread use in the AEC industry, semantic web technology is
quite useful for combining heterogeneous data from various sources and the
complexity of BIM. The potential of BIM is thought to be activated by semantic web
technology, which uses the ontology description language to completely expand the
model's semantic expressions and describe building regulations and BIM as a
hierarchical data structure (Mohamed et al., 2020). The integration of semantic web
technologies and BIM has recently been recognized as important by many
researchers, particularly in studies on automated compliance control (Zhou et al.,
2022). The combination of information science and BIM offers great potential for
developing a comprehensive knowledge map in the AEC sector (Hu et al., 2022).
Therefore, an ontology for relocatable modules has been developed to create a

meaningful and usable dataset about the modules.

3.1  Ontology Development

Semantic web technologies and Linked Open Data (LOD) tools are being
increasingly adopted in the construction sector to enable efficient data
interoperability, adaptable data exchange, decentralized data management, and the
creation of reusable digital solutions (Pauwels and Terkaj, 2016). Techniques to
structurally display domain information and promote its reusability are made
possible by the combination of ontology and semantic web technology (Lee et al.,
2016). In the context of reusing modular buildings, information about the modules
must remain reliable, accurate, consistent, up-to-date, and easily accessible. A
standardized representation of data related to these modules can be achieved through
semantic web technology, which formally represents concepts and relationships
within a particular domain, such as building modules. This technology provides an
effective method for integrating data from various sources and conducting complex

searches. It excels in combining diverse information from multiple origins using
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standardized knowledge representations. Central to semantic web technology is an
ontology that defines the concepts and relationships pertinent to a specific
knowledge area. This hierarchical structure fosters a shared language and
encompasses the classes, relationships, properties, rules, and instances related to data
and objects (Mohamed et al., 2020).

Ontology technology is crucial for the representation, management, sharing, and
reuse of knowledge. The Ontology Web Language (OWL) is a language for
representing knowledge in a structured manner, allowing for a precise and clear
representation of concepts (Zhou et al., 2022). In other words, ontology offers a
unified semantic foundation that allows computers to understand and exchange
information in a specific domain, addressing the issue of heterogeneous data
interoperability. Classes, entities (each belonging to a class), and semantic relations,
which are established among classes and can be inherited by entities of the classes,
are used by ontologies to model domain knowledge (Li et al., 2022). This can be
achieved by defining a set of mandatory and optional data fields and by
implementing validation rules to ensure that the data is entered in a consistent and

meaningful way.

3.1.1.1  Relocatable Building Module Ontology Model Establishment

A data ontology for relocatable building modules, a structured way of organizing
and accessing the data related to the modules, helps the users easily locate the
information they need, such as the dimensions, materials, and other specifications of
the modules. This makes it easier to identify, access, and reuse the modules, as well
as to compare different modules and determine which ones are best suited for a
particular need. Moreover, tracking changes to the modules over time allows for
better management of the modules. Thus, the modules, reused most efficiently and

cost-effectively, are ensured.
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The development of the relocatable building module (RBM) ontology aims to
comprehensively represent design-related knowledge and support designers in
performing safety compliance checks aligned with reuse scenarios. To achieve this,
the ontology's content—centered on building module design—was derived from
regulatory documents, practical guidelines provided by modular construction
companies, and relevant academic literature (Lee et al., 2016; Jayasinghe and
Waldmann, 2020; Mohamed et al., 2020).

The RBM ontology consists of five main classes: Module Attribute, Module Object,
Module Element, Module Design, and Module History. The object properties and

the relationships among the classes are illustrated in Figure 3.2.

RBM Ontology

has compofed of related with

o

involves
—

contain;

Module Elements

Module Attribute ‘ | Module Object
- L.

Module Design ‘ ’Mod\
_______________________ >

Figure 3.2. The main classes and their connections in RBM (Relocatable Building

Module) Ontology

The main classes include hierarchical subclasses. To illustrate, Module Attribute is
defined by Element ID, Location, Manufacturer, Production Date, Product Cost,
Service Life, and Function. Dimensions, connections, and function classify the
hierarchical structure of Module Objects. Dimension subclass includes length, width,
height, area, weight and volume; connection subclass is composed of inter-module,
intra-module, and module to foundation types. Module elements are initially divided
into three subclasses: Architectural, Structural, and MEP elements. The architectural
subclass includes panel elements, which are the wall, roof, and slab. The structural
subclass is frame elements composed of corner columns and a beam. MEP subclass
includes HVAC system, electric system, and fire system. Module design is defined

by opening and furniture. Finally, the reuse of modules is related to Module History.

57



Its subclasses are safety factors for reusing, relationships, and environmental

impacts. The expanded and refined hierarchical ontology is presented in Figure 3.3.
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Module History <& Maintenance History

== Repair Details

Figure 3.3. Generation of the hierarchical RBM ontology

L Last maintenance date

The RBM ontology was developed using Protégé 5.5.0, an open-source platform
created by the Stanford University School of Medicine. This software was selected
for its user-friendly interface, ease of editing, and efficient data storage capabilities.
The development process of the RBM ontology was divided into three main steps.
In the first stage, the ontology’s classes, subclasses, and sibling classes were
identified and listed based on domain concepts that share similar attributes and help
define the ontology's structure as seen in Figure 3.4. The second stage involved
establishing the ontology’s properties and semantic relationships to represent the
links between concepts. These properties, which describe the features of each class,
were defined as either object properties or data properties, with their corresponding
domains and ranges specifying the applicable classes. In the final stage, individual
instances were created at the lowest level of the ontology hierarchy, including those
generated directly within the Protégé environment (Zhou et al., 2022).
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Figure 3.4. Class hierarchy of RBM ontology and visualization in Protégé

Object properties connect two classes or two individuals, while data properties
specify the association between a class or individual and its values. Defining
properties plays a crucial role in the development of an ontology. It not only pertains
to accurately describing the relationships between concepts in the domain but also
ensuring that the logical reasoning of the ontology is accurately achieved. These
properties are defined in terms of their domains and ranges, which determine the
classes they apply to (Zhou et al., 2022). Besides the object property relation that
connects the subclass and the superclass, Figure 3.5 shows the six key object
properties connecting the five main classes established for the RBM ontology, as
well as their domains, ranges, and characteristics. Figure 3.5 is an example of object
properties defined in Protégé. The property named involves is characterized by its
inverse functionality, with its domain and range specified as Module_Element and

Module_Design respectively, within the designated tab.

A data property, on the other hand, establishes a link between a class or individual
and a literal value, where the class serves as the domain and the value represents the
range. In this section, data types are primarily defined using XML Schema datatypes
such as xsd:integer for whole numbers, xsd:decimal for decimal values, xsd:string

for text, and xsd:boolean for true or false values (Zhou et al., 2022).
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Figure 3.5. Object properties of RBM ontology in Protégé

The data attributes of the RBM ontology classes were defined in Protégé, as shown
in Figure 3.6 below. To illustrate, the data property hasElementlD contains the
functional feature, and its domain and range are defined as Element ID and

xsd:integer in the relevant tab.
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Figure 3.6. Data properties of the RBM ontology in Protégé
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3.1.1.2  Verification of the Web Ontology Model

After the development of the relocatable building module (RBM) ontology was
finalized, it became necessary to conduct an evaluation and quality assurance process
to ensure alignment with construction standards and practical usage demands. This
phase plays a vital role in maintaining coherence in knowledge representation and
ensuring the reliability of ontology-based reasoning. The process includes tasks such

as verifying consistency and subclass connection determination (Jia et al., 2023).

The inference engine used in this investigation was HermiT. A consistency check
was done using Protégé's built-in Hermit reasoner. Figure 3.7 shows how the
reasoning tasks in Protégé with HermiT were evaluated consistently throughout the
class hierarchy, object property hierarchy, data property hierarchy, and class

assertions.
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Figure 3.7. Results of ontology reasoning of consistency testing in the HermiT

inference engine

[«

Then, the debugging task has been completed in OntoDebug, a free and open-source

interactive ontology debugger plugin for Protégé.
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inconsistencies were discovered among the 287 axioms established in the ontology,

as seen in Figure 3.8.
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Figure 3.8. Debugging task results to resolve and repair inconsistencies

3.2 BIM Data Extraction and Database Creation

A Building Information Model digitally represents both the physical and functional
aspects of all building components, leveraging modeling technologies to collect
information and an understandable data standard to facilitate data sharing among
stakeholders. As an effective medium in data extraction, BIM is a comprehensive
digital models that cover all facility-related details across the entire project life cycle.
BIM technology can provide an information framework that includes data
standardization, data management, and a data platform for integrating knowledge
definition, discovery, storage and management, inference, and application (Hu et al.,
2022). In this study, case studies were modeled with Autodesk Revit to ensure an
integrated approach to data management, coordination, and analysis within a BIM
environment. Thanks to the BIM data of the projects, an information bank belonging

to the projects and all modules in the projects has been established.
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3.21 Case Studies

Relocatable buildings are designed for easy relocation and versatile use across
different sites. Since they are transported to be used in different destinations more
than once, the modules must be designed and manufactured in sizes that comply with
the standards in order not to require an additional transportation procedure. The
module size is limited by the Road Vehicles Regulations and vehicle dimensions.
According to the Regulation and the vehicle sizes, if the module width exceeds 3.5
meters, it requires a driver's mate and a 2-day police notice. The standard vehicles
for modules are 6.2 m to 12.2 m long, and the maximum height of the highways is
4.95 m. Therefore, the typical dimensions for modules are among 3-3.5 meters in
width, 5.4-12 meters in length, and 2.4-3 meters in height (Lawson, 2007).
Relocatable modular buildings can serve as general administrative and sales offices,
medical clinics, equipment and storage, security, schools, cafes, offices, housing, and
other purposes. They can be made up of either one or two modules or more than 25
modules (MBI, 2024).

Within the scope of this study, due to the limited accessibility of real projects and
the need for a homogeneous sample that can be analyzed, thirty hypothetical
relocatable modular building designs that can be used in different functions and
scenarios were realized. Various data sets were created to demonstrate the reuse
potential of relocatable modular buildings. The thirty modular projects produced as
a case study were structured as corner-supported steel frames, as they facilitate
assembly, disassembly, and reassembly processes based on portability for
reusability. The project design includes buildings consisting of both single and
multiple modules to respond to different usage scenarios such as healthcare,
education, commercial/retail like cafes, offices and housing. The thirty relocatable
modular building projects comprise eight medical care centers, three education
buildings, six residential structures, seven café ventures, and six office buildings as
seen in Table 3.1. Thus, the decision-making capacity of the system can be tested

through the projects created.
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Table 3.1 Thirty Hypothetical Relocatable Modular Buildings for Database

Hospital 1.1

12 modules

153,76 m?

Antalya

Lease

Life span: 57.5 years

Life span: 58 years

~ Hospital 2.1

11 modules

140,81 m?

" Kayseri

Purchase

Life span: 48 years

Hospital 6.2

16 modules

203,44 m?

Kocaeli

Lease / Purchase
Life span: 48 years

Hospital 3.2

19 modules

23323 m?

s Aksaray

Lease / Purchase
Life span: 52 years

Hospital 4.2

19 modules

23323 m?

Kirsehir

Lease

Life span: 49 years

Hospital 7.2

14 modules

174,08 m?
Afyonkarahisar
Lease / Purchase
Life span: 57.5 years

Hospital 8.2

16 modules

203,44 m?

Denizli

Lease / Purchase
Life span: 55 vears

Life span: 53 years

Office 1 Office 4

2 modules 14 modules
38,03 m? 178,36 m?

Bursa Gebze

Lease / Purchase Lease / Purchase

Life span: 55 years Life span: 49 years

Office 2 Office 5

2 modules 16 modules

38.03 m? 188,44 m?

Eskisehir Sivas

Lease Lease

Life span: 54 years

Office 3

18 modules

239,06 m?

Mersin

Lease / Purchase
Life span: 55 years

Office 6
15 modules
188.44 m?

Life span: 56 years




Table 3.1 (continued)

Cafe 1.1 ’ = Cafe52
1 module 5 modules
13,98 m? 53,69 m?
Ankara Tzmir
Lease / Purchase Lease / Purchase
Life span: 48 years Life span: 55 years
Cafe 2.2 Cafe 6.2
4 modules 5 modules
50.99 m? 53,75 m?
Istanbul Konya
Lease / Purchase Lease
Life span: 52 vears Life span: 54 years
Cafe 3.2 Cafe 7.2
§ 5 modules 4 modules
58,55 m? 50,99 m?
Adana Nevsehir
Lease / Purchase Lease / Purchase

Life span: 54 years Life span: 57 years

Cafe 4.2

5 modules

60,78 m?

Trabzon

Lease

Life span: 52 years

Residential 1.2 Residential 3.1

10 modules 12 modules

124,93 m? 170,85 m?

Ankara Karabitk

Lease / Purchase Lease / Purchase
Life span: 55 years Life span: 50 years

Residential 2.1 Residential 3.2

14 modules 11 modules

211,15 m? 165.44 m?

Hatay . Eskisehir

Lease / Purchase Lease / Purchase
Life span: 52 years Life span: 53 years

Residential 2.2

10 modules

12138 m?

Edirne

Lease

Life span: 54 years

Residential 4.1

i 36 modules

| 514,53 m?
Samsun

Lease / Purchase
Life span: 54 years

School 1

24 modules

22744 m?

Istanbul

Lease / Purchase
Life span: 53 years

School 3

9 modules

102,43 m?

Kocaeli

Lease / Purchase
Life span: 55 years

School 2
| 18 modules
B 211,06 m?
Gebze
Lease / Purchase
Life span: 54 years
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The projects created to be used in the database have different functions, sizes, and
features, and are modeled in a variety that will provide automatic matching and
suggestions according to user preferences. While some can only be rented, some are
grouped as both rented and sold. The number of modules of the projects varies

between 1 and 36 modules. The life span for all instances is 60 years.

The 3D information models of the modular buildings are constituted in Autodesk
Revit in this study. A key benefit of using Revit is that it allows designers to
incorporate any tailored information as needed. In Revit, customized parameters can
be created and included as Shared or Instance parameters to supplement the default
built-in parameters (Jayasinghe and Waldmann, 2020). Thus, all data belonging to
modular structures and their modules were added to the Revit model and transferred
to the digital environment with BIM, and it was aimed to create a data bank to be
integrated into the database. The variety of data transferred to the data bank is shown
in Figure 3.9. Thus, the BIM data associated with the projects and their modules

provides for systematic access to accurate data, data management, and performance

analysis.
—> Module Attribute
-Element ID
-Location
-Manufacturer
Project Details -~ -Production date
-Project ID -Product cost
-Number of modules -Service life
-Total arca -Function
-Current location : > Module Object
-Designed country E Information bank -Class by dimension
-Manufacturer -Class by connection
Logistic Details -~ Buildings Details Module Details —> Module Element
-Estimated delivery time -Architectural elements
-Transportation cost -Structural elements
-Installation time -MEP clements
-Assembly requirements > Module Design
-Conditioning and storage -Floor level
Marketing Details - -Room function
-Physical condition -Openings
-Building cost -Furniture and fixtures
-Environmental effects ‘—> Module History
-Energy efficiency -Usage history

-Maintenance history

-Last maintenance date
-Expected lifespan

-Repair details

-Last data updated date
-Compliance and certification

Figure 3.9. Data to be extracted for a structured database for portable modular

buildings for reuse
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3.2.2 Data Acquisition

During the data collection phase, the goal is to gather all relevant parameters related
to second-hand modular structures thoroughly and securely. In models created with
Autodesk Revit 2024 software, the complete transfer of both geometric and semantic
information associated with portable modular buildings and their modules to the
database is crucial for the functionality of the decision support system developed in
this research. Revit was selected due to its advanced capabilities in managing
parameters and structuring BIM data. Revit enables the creation of custom properties
that can be embedded directly into the BIM model to meet project-specific needs.
Furthermore, the availability of numerous compatible plug-ins supports the
automation of BIM workflows, enhancing both efficiency and consistency
throughout the data processing phase (Baumann et al., 2012; Heaton et al., 2019).
Another key focus area is data integrity, data type standardization, and maintaining
ontological structures. Project-related data, such as physical, environmental,
economic, energy consumption, usage history, logistics requirements, and
production details, along with module-specific data like element properties, material
details, technical information, certificates, and processes, were extracted from the
Revit model outputs within the BIM environment. All project data from the Revit
models in the BIM environment was exported in Comma Separated Values (CSV)
format using the Revit add-in tool DiRoots.One. Thus, information related to the
project, transportation, and marketing details of RMBs, as well as module features,
elements, and history, etc., will be accessible. DiRoots is software that offers Revit
add-ins for BIM-based projects. The add-in, which includes multiple tools such as
SheetLink, TableGen, FamilyReviser, etc., can be easily accessed through a single
window in the Revit interface. In this study, SheetLink, a tool that enables
bidirectional data exchange between Revit and Excel/CSV, was used. With this tool,
data was exported from Revit to Excel based on selected categories and parameters.
The process of the data extraction and the interfaces of the Revit software and the

Sheetlink tool can be examined in Figure 3.10.
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Figure 3.10. Data extraction process from Revit to Excel
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3.2.3 Data Formatting

Data formatting and cleaning are crucial steps for ensuring that information received
from Revit in the BIM database is evaluated correctly and functions smoothly within
the database. In line with the aim of the study, a data-based decision support system
needs to be developed, and the data needs to be standardized for interpretation.
Because the data received from the Revit model is complex and in different formats,
for example, it contains more than one type of data, such as numbers, text, and dates.
Therefore, column names and data types were structured to be consistent in the table.
The type of text-based parameters and the values of numerical data were cleaned so
that there would be no controversial data. In brief, data obtained in CSV format has
been standardized by converting it to Tab-Separated Values (TSV) format in order
to increase its workability and integrity. Thus, the data was brought to a state to be

used in the database. An example from the formatted file is illustrated in Table 3.2.

Table 3.2 Formatted Data About Building Modules

11
A B c | o | e | & | 6 | | & | s | x| al | a8 | & | a6 | | &

1 lp’;)rx: |(I Modu cIIMo:m e T Designed Productic Manufact Length (o Width {m Heght (m Area (m2 Weight (K Vol sl Repair De Last Updi Complian Fire Resis' Warranty
2 |Hospital { M1 Hospital, Germany 2020 Contasines 6 3 280 17 2300 48.72 The wall 3 12/25/24 Eurocode 2- Hour R
3 | Hospital { M2 Hospital, Germany 2020 Containes 6 3 280 17 2300 48.72 The wall 3 12/25/24 Euracode 1- Hour R St
4 |Hospital {M3 Hospital, Germany 2020 Contanes 6 3 280 17 2300 -“S.?Zl The wall 3 12/25/24 Eurocox -Hour R
5 |Hospral{ M4 Hospital, Germany 2020 Contsner 6 3 280 17 2300 48721 The wall 3 12/25/24 Curcc -Hour R
6 _|Hospital { M5 Hospital, Germany 2020 Contanes 6 3 280 17 2300 48.72) The wall 2 12/25/24 Eurocode 1- Hour R
7 _|Hospital { M6 Hospital, Germany 2022 Contanes 6 3 280 17 2000 462 1 12/25/24 Eurocode 1- Hour R
8 |Hospital M7 Hospital, Germany 2022 Contane 6 3 280 17 2000 462 » 12/25/24 Eurccode 1- Hour R
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10 |Hospital { M3 Hospital, Germany 2022 Containey 6 3 280 17 2000 462 | * 12/25/24 Eurccode 1- Hour R
11 |Hospital { M10 Hospital, Germany 2022 Container 6 3 280 17 2000 462 ] » 12/25/24 Eurocode 1- Hour R
12 |Hospital i M11 Hospital, Germany 2022 Contsines 6 3 2380 17 2000 462 » 12/25/24 furocode 1- Hour R

tal § M12 Hospital, Germany 2022 Contai 6 3 280 17 2000 462 I The inters 12/25/24 Eurccode 1- Hour R
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15 |Hospital I M14 Hospital, Germany 2022 Contanes 6 3 280 17 2002 462 | The inters 12/25/24 Eurocor -Hour R
16 |Hospital  M15 Hospital, Germany 2022 Contsiner 6 3 280 17 2003 462 1 The interk 12/25/24 Eurocor -Hour R
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21 |Hospital T M4 Hospital, England 2020 Portabiet 6 3 280 17 a 12/25/24 Eurocox -HourR
22 |Hospital 1 M5 Hospital, England 2020 Portablet 3 3 280 17 3 12/25/24 Eurocode 1- Hour R St
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24 |Hospital TM7 Hospital, England 2022 6 3 280 17 2000 * 12/25/24 Eurc -Hour R
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39 | Hospital t M6 Hospital, 2022 Portablet 6 3 280 17 2000 The interi 12/25/24 Eurocode 1- Hour R Str

. N
Hospital Data (O) 11
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3.24 Database Creation

The data extracted from Autodesk Revit in Excel format was transferred to the
database for effective use and querying after being systematized and cleaned. A
relational database system was needed to analyze and dynamically query the data.
These organized data files are incorporated into the system database through
Django’s admin panel (seen in Figure 3.11) via an application built with the Django
framework. Django is a Python web framework that encourages rapid development
and clean, pragmatic design (URL-4). It works integrated with the SQL database in
the background, enabling dynamic reading and querying of data. On the server side
of the web application, Python-based Django libraries dynamically query and
retrieve these records from the database; therefore, the relevant data can be accessed
instantly and interactively through the user interface.

Smart Module Market WELCOME, DAMLANUR. VIEW SITE / CHANGE PASSWORD / LOG OUT ()

Home > Catalog > Modules

Start typing to filter.

Select modle o change
AUTHENTICATION AND AUTHORIZATION
Groups + Add Q —
Users + Add
= — v|| Go | 0of 100 selected
Modules + Add - )
O Hospital 11 M12 Medical Zeppelin Rental Antalya, Tarkiye
Project images + Add =
O Hospital 11 M1 Medical Zeppelin Rental Antalya, Turkiye
O  Hospital 11 m10 Medical Zeppelin Rental Antalya, Tiirkiye
« O  Hospital 1.1 M9 Medical Zeppelin Rental Antalya, Tarkiye
O Hospital 11 M8 Medical Zeppelin Rental Antalya, Turkiye
O Hospital 11 M7 Medical Zeppelin Rental Antalya, Tarkiye
O Hospital 1.1 M6 Medical Zeppelin Rental Antalya, Tiirkiye
O Hospital 1.1 M5 Medical Zeppelin Rental Antalya, Tiirkiye
O Hospital 11 M4 Medical Zeppelin Rental Antalya, Tarkiye
O Hospital 1.1 M3 Medical Zeppelin Rental Antalya, Turkiye

Figure 3.11. Django’s admin panel for data uploading
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CHAPTER 4

SMART ASSESSMENT MECHANISM FOR CIRCULARITY

This section introduces a system that aims to address the current infrastructure gaps
related to reusable modular structures in order to support circularity and
sustainability in the construction sector. The system in question provides reliable and
detailed data by creating a digital inventory of portable modular structures with a
website, and enables the evaluation of structures according to certain parameters and
user preferences with a multi-criteria decision-making method and their presentation
to the customer. The section is structured as follows: Due to the inadequacy of the
current second-hand modular structure market in terms of data structure, data
reliability, timeliness of data, etc., a second-hand modular structure market based on
web-based BIM data has been developed. Possible scenarios for the reuse of modular
structures have been determined, and carbon footprint calculations have been made.
A passport has been created with dynamic data and structural elements using
Autodesk Fusion for modular structures to be reused as second-hand, and users have
been provided with access to detailed data on the buildings they will purchase or rent
via the website. Later, a multi-criteria decision support system was developed that
allows the user to choose between modular structure alternatives according to certain

parameters.

4.1  Smart Web-based RMB Market Setup

The market mechanism is based on a digital platform that serves as the hub for
collecting, storing, sharing, and assessing information about volumetric steel
modular buildings to facilitate their reuse. This platform makes it more efficient,
transparent, and effective for buyers to reuse volumetric steel modular buildings,

thanks to its interaction with the database created with data from BIM. By utilizing
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a BIM database, this marketplace creates a reliable and secure environment for

trading used building modules.

Smart module market allows for the efficient management of data and provides a
user-friendly interface for accessing and updating information via a website. Smart
module market operates on a digital platform, a website, to list and facilitate the
purchase or lease of used relocatable modular buildings. This market maintains a
database of available relocatable modular buildings, including details about their
size, condition, location, price, etc. Customers can research modular structures and

view information about them on this website, according to their needs.

The smart market ensures that these modules are safe and compliant with the
standards by monitoring their life cycle, including their origins, usage history, and
maintenance records. Second-hand modular structure buyers can search for projects
on the market, select projects according to their personal preferences using the smart
selection tool, and find the most suitable second-hand modular structure for
themselves using the multi-criteria selection tool in line with the specified
parameters. In other words, they are directed to the most suitable option with the
multi-criteria decision mechanism in line with their priorities, such as ecological,
economical, energy efficient, good condition, or balanced, using the smart selection
tool on the website. They can also learn the approximate carbon emissions caused
by transportation between two locations through the carbon calculator tool on this
market. Moreover, the platform presents the elements passport of the modular
buildings, including identification, structural information, material information,
connection information, service life, environmental impact, cost, location, design,
and safety via Fusion with the BIM model. This would enable customers to access a
range of services in one place, making the reuse of volumetric steel building modules
more convenient and cost-effective. The interface of the smart market mechanism
website and the tools mentioned above can be seen in Figure 4.1. This process
encourages the reuse of resources instead of throwing them away or leaving them

unused, thus promoting sustainability and circularity.
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€« C % lobster-app-a6hza.ondigitalocean.app * P9 RBROO O :

Smart Module Market

The smart way to label and reach modules

*g 2

Find modular buildings responsibly.

Smart Module Market delivers reliable modular buildings for re-using.

USE THE SMART MODULE SELECTOR

Figure 4.1. The interface of Smart Module Market

The interface of the website aims to provide easy-to-understand and fast and clear
access to data on portable modular structures. In the project browser tab, all projects
are listed with their marking tags like project 1D, number of modules, total floor area,

manufacturer, floor area, and rental- purchase cost (Figure 4.2).

C %5 lobster-app-a6h: app/catalog/ Q ¥ e 9RO (0]

Smart Module Market OME  SMARTSELECTOR  CARBON CALCULATOR  BROWSEPROJECTS  ASOUT

Describe a project

Cafe 1.1 1 12m? Dorce Prefabrik Ankara, Tarkiye 700,000 TL 180,000 TL/year

Cafe 2.1 E 509 m* site Portable Accor dation Company Birmingham- England 1,350,000 TL - Tl/fyear

58,5m* Kramer company Adana, Turkiye 1,500,000 TL 380,000 TL/year

Figure 4.2. Interactive Project Browser Tab Enabling Access to Modular Building

Information

On each catalog page, project metadata, performance tabs, and the visual assets are
presented together. As shown in Figure 4.3 for Residential 2.2, the right-hand
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summary lists the purchase price and rental price alongside the function,
manufacturer, module count, total room count, total floor area, and current location.
Below, the tab set (Details, Dimensions, Financial, Transportation, Environmental,
History, Modules, Model) organizes project information. This layout enables both
technical and visual examination of the project, together with transport,

environmental, and financial information.

(¢} 25 lobster-app-a6hza.ondigitalocean.app/catalog/Residential%202.2/ Q W © 98 © U C‘L

Smart Module Market

Residential 2.2

2,950,000 TL 630,000 TL

Function Residential
Manufacturer Dorge Prefabrik
Module Count 10

Total Room Count

Total Floor Area 12138 m*

Current Location Edime

MODEL

5.8 X 3 Container [351511]

Uniclass 2.0 .

Uniclass 2.0

Uniclass 201 TE_70_10_10_16

Uniclass 201

Uniformat II

Uniformat IT

Figure 4.3. An interface presenting building-scale features of modular structures
along with their BIM-based digital models
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In the reuse of a modular structure, one of the main features that customers need to
know is: how many times has this structure been used before, what is its remaining
life, and how many more times can it be used? Another important point is that in the
case of reuse, it is very important to access building data at the scale of structure,
element, and material. Therefore, the creation of BIM-based building passports

created within the website is examined in the following section.

4.1.1 Possible Reusing Scenorios for RMB

Relocatable modular structures are intended for reuse or adaptation and can be
moved between various locations. On average, RMBs are moved around seven times
throughout their service life. However, this number can vary based on the unit’s size
and function. Smaller units, like site offices consisting of one or two modules, may
be relocated as many as 12 to 15 times, while larger modular complexes are typically
moved only 3 to 5 times over their lifetime (MBI, 2023; MBI, 2024). According to
Sandamini and Waidyasekara (2022), relocatable modular buildings are typically
moved multiple times, averaging between 12 and 15 relocations throughout their
service life. On the other hand, Modulaire Group, a leading provider, specified that
modular buildings can be reused up to 20 times or more during their lifecycle (ESGS
Report, 2023). Based on this information, this study assumes that modular buildings
with up to 5 modules can be relocated up to 20 times, those with 5 to 25 modules up
to 15 times, and larger structures with more than 25 modules can be transported up

to 7 times.

Table 4.1 Accepted Relocation Frequency by Module Count

Number of Modules Reuse Limit
<5 20 times
5-25 15 times
>25 7 times
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Once the current use of the RMB has ceased, there are three possible scenarios for it

to enter a new life cycle in the proposed system.

e Immediate Reuse

After the current life stage concludes, if there is a new demand for the modular
building, it can be directly moved to a new site and relocated without any

intervention in the structure (Figure 4.4).

transport to a new l m

K — )
Directly relocated

n
mmnmn
TH== S—

New site

Current site

Figure 4.4. Straightforward transfer to new site

e Refurbishment and Reuse

Suppose the building requires maintenance, repair, or renovation (e.g., interior
adjustments, facade updates, mechanical or structural maintenance) before it can be
used for a new purpose. In that case, it is taken back to the production facility
(factory), shipped to a new site after the necessary interventions, and re-erected

(Figure 4.5).

Factory ‘7
Renovation and reconditioning
Maintenance and repair
Customization and modification

Current site -
New site

Figure 4.5. Condition-based relocation

e Temporary Storage and Reuse

If neither immediate demand exists nor a need for maintenance, the modular building

may be stored in a central storage facility under suitable conditions until a new
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request arises (Figure 4.6). However, storage may introduce additional logistics and

cost challenges.

Storage

A central storage facility
Modular yard

Current site

Figure 4.6. Temporary storage awaiting demand

4.1.2 Creation of BIM-based Digital Building Passport

A fundamental requirement for relocating and reusing buildings is the availability of
detailed information regarding the structure’s production, assembly, disassembly
procedures, expected material and component lifespans, and maintenance needs
(Yang et al., 2025). A material passport provides detailed data on the attributes and
specifications of a material or product, serving as a key resource for end-of-life
planning by facilitating the evaluation of its potential for reuse, recovery, and
recycling. In some instances, material passports are aggregated at the building level,
forming a comprehensive database—or material bank—that includes all components
within the structure (WorldGBC, 2019). Materials and components must be stored
when they cannot be reused immediately after disassembly. To address this, a
centralized database like BIM is preferred, as it consolidates information from
various projects in one location. BIM can manage large amounts of data necessary
for the market, including all the functional and physical details that describe
modules. This makes it a vital tool for planning new constructions (Jayasinghe &
Waldmann, 2020). BIM offers comprehensive information on locations, dimensions,
materials, component conditions, detailed element data, remaining lifespan, and
more. This data can be shared across all disciplines with the integration of BIM with

cloud computing technology. Cloud-based BIM offers access to BIM software,
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computing resources, and data storage capabilities through cloud infrastructure. In
this way, project stakeholders located in different geographical locations can
collaborate effectively and simultaneously on the same BIM model and access all
the necessary data (Zhao and Taib, 2022). By storing data from the BIM model in
the cloud, Fusion creates a centralized workspace and provides reliable and
accessible data for all kinds of analysis. Thanks to this feature, the BIM data of each
modular building model within the scope of the study has been integrated into the
Module Market website. Thus, professionals and users can access the models via an
internet browser without the need for any additional software; they can reach the
technical drawings. Additionally, they can access all the parameters and technical
data specified in Revit related to the module elements and materials. In this way,
digital building passports based on BIM data are automatically created and shared
via the Fusion platform. This application significantly enhances data transparency

and user experience in reuse scenarios.

Material passports need to be integrated into the BIM system to be used in recycling
and circular design assessments. BIM, which can also be defined as a digital twin, is
becoming a standard tool in the construction industry thanks to its ability to store
reference and related information about all components of a building throughout its
life cycle. Therefore, material passports and BIM should be considered as integrated
and handled together (BAMB, 2019).

Material passports can be created at different levels of detail, such as by material,
by building element, or by entire building. For example, a passport can specify the
type of wood used at the material level, describe the material composition of a slab
at the element level, or show the total amount of wood used in the structure at the
building level (Honic et al., 2019b). Here, the created building passport enables
access to the data in three different scale approaches: building scale, element scale,

and material scale, seen in Figure 4.7.
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MODULAR
BUILDING

BIM Data

Figure 4.7. The modular building passport: a structured and accessible

representation of BIM-derived material, element, and building data

In order to evaluate the circularity performance of modular structures that are
transported and reused, BIM data was integrated into a cloud-based system and
thanks to this integration, digital building passports that can be accessed via the
website were created for each module and its building components. Digital building
passports contain comprehensive information about 30 reusable modular buildings
and their components, generated as case studies. This information, which is taken
from the BIM model and transferred to the database, includes project details in
building scale such as project ID, number of modules, total area, current location,
designed country, manufacturer regarding modular structures; estimated delivery
time, transportation cost, installation time, assembly requirements, conditioning and
storage; and preference criteria for second-hand structures such as physical
condition, building cost details, environmental impacts, and energy efficiency seen

in Figure 4.8.
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Lo

Project Details

Project ID

Number of modules
Total area

Current location
Designed country
Manufacturer

gistic Details
Estimated delivery time
Transportation cost
Installation time
Assembly requirements
Conditioning and storage

Marketing Criteria

Physical condition
Building cost details
Environmental impacts
Energy efficiency

Figure 4.8. Structured data overview for RMBs (Building level data)

In addition, the digital building passport includes the identity and size characteristics
of each module (Figure 4.9) in the projects, the characteristics of architectural,
structural and mechanical elements, design and past usage information of the

modules (production date of the module, how many times it has been used,

maintenance operations it has undergone and its current physical condition).

Module Attribute

0O Element ID

0O Location

0 Manufacturer

O Production date

O Product Cost
Purchase price
Rental price per month

O Service Life Qac

O Function

—> Education
— Healthcare
—>Residential

Figure 4.9. Breakdown of BIM-based data for each building module (Element level

data)

Module Object
O Class by dimension

| Length (m)
> Width(m)

> Height (m)
—> Area (m?)
—> Weight (kg)
—» Volume (m®)
ass by connection
— Intra module
— Inter module

—>Module to foundation

Module Element

O Architectural Elements
—> Panel Elements
—> Wall materials
—>Floor materials
—» Roof materials

O Structural Elements
—» Frame Elements

— Column
—>Beam

0O MEP Elements
HVAC systems
Electrical systems
I—»Lighting fixtures
Plumbing systems
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Module Design
O Floor Level
0 Room Function

Module History
O Usage condition
New

0 Openings — Second-hand
— Door 0O Usage history
—> Window 0O Maintenance history

O Furniture and fixtures

O Expected lifespan
O Repair details

O Last data updated date
O Compliance and Certification

> Compliance standards

—>Fire resistance

—>Warranty details

0 Last maintenance date



Moreover, thanks to the Autodesk Fusion link embedded in the website, it is possible
to access the BIM models of the structures directly and to access the type and
technical specifications of each material (parameters such as fire resistance class,
thermal conductivity coefficient, energy performance, etc.). This approach enables
the evaluation of modular structures for their suitability in reuse and cyclical
applications, allowing for informed and up-to-date decision-making throughout both
the design and reuse processes. In other words, the integration of Autodesk Fusion
enables real-time access to all data within the Revit model through the module

market website, significantly facilitating the reuse process of modular structures.

Firstly, users can access reliable and up-to-date data about second-hand modular
structures they are considering purchasing or renting, and can examine these
structures in detail. The dimensions, floor plans, and all structural components of the
selected modular unit can be reviewed on an element-by-element basis in both 2D
and 3D formats. Details such as wet areas, plumbing connection points, electrical
infrastructure, and the number of connections can be clearly determined on the plan
layout. In other words, customers can examine the project through technical
drawings (Figure 4.10). If any part of the project is revised in the Revit model, the
drawings on the Sheet in Revit are automatically revised; accordingly, the sheet on
the website is also automatically revised. Pages created in Revit can be viewed in
real time on the website. These sheets are not simple 2D technical drawings, but
models of intelligent building objects. In other words, when any building element is
selected in the plan or any technical drawing on the sheet, the same element is
automatically highlighted in all visible technical drawings on that page.
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Figure 4.10. A 2D technical documentation sheet generated through BIM, featuring
smart architectural objects with embedded data, and automatically accessible via

the web-based module marketplace

Secondly, by integrating schedules into the Revit model, access to technical
information for each component of the modular structure is provided in a report
format. For example, in Figure 4.11 below, data for all wall elements in the project
is shared with the technical team and users through schedules automatically
generated by Revit Sheet. Using the same method, schedules are prepared for all
other components that make up the module, allowing all relevant technical
information to be retrieved automatically from the BIM database. Additionally, the
physical and mechanical properties of the walls can be accessed from the 3D building
model. By selecting the desired element in the model and selecting the "Properties™
tool from the bottom toolbar, all parameters defined for the elements in the Revit

model can be viewed in a list (Figure 4.12).
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Figure 4.11. BIM-based wall schedule showing detailed wall specifications,

accessible via the module market’s web interface

Basic Wall [562237]

Product SKU CF-5025EV_F3028
Weight Net (Kg) 2000

Nominal width 15316200.0 cm
¥ Analytical Properties

Heat Transfer Coef... 01829 W/(m?K)

Thermal Resistanc... 54670 (m>K)/W

Thermal Mass 2491 k3/(m?K)
Absorptance

Roughness

Figure 4.12. Wall component analytics accessed via the BIM-based digital passport

in 3D view

Thirdly, up-to-date data related to maintenance and repair processes—which are
critical for reuse—becomes accessible. The technical team or customer evaluating
the potential reuse of a module can access the historical usage and maintenance
records of each building component to support their decision-making. To illustrate,
when examining the usage data of the window systems in the modular building
shown in the image below (Figure 4.13), it is found that the last maintenance was

performed on May 14, 2022, and that maintenance is required every five years.
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Accordingly, the next scheduled maintenance for the window systems is projected
to take place in 2027.

Window_Zeppelin-Rental-GmbH_Slide [603515}

sill Height 90.0cm

| ¥ Phasing

Phase Renovation
Renovation Date
Description of Renovat...
Recommended Inspect...
Phase Created

Phase Demolished
Renovation Details

Identity Data

Image
Comments
Mark

Type Name
Keynote
Model

Manufacturer

Figure 4.13. BIM-data based window system maintenance record

The analytical properties of window glasses are also an important evaluation
criterion in terms of indoor comfort. The technical performance of the glass material
in terms of heat and sound intensity directly affects the quality of the module. Thanks
to the advantage offered by creating an integrated building passport with BIM data,
it has become possible to reach critical values such as thermal resistance (R), heat
transfer (U), and solar radiation heat gain coefficient of the material used. These data
can be easily viewed through both the window schedules and the BIM model

accessed via the web-based platform (Figure 4.14).

84



Ozellikler (5

¥ Other

Default Sill Height 100.0 cm
Head Height 2100 cm
Analytical Properties

5 . /4 in thick - clear/low-E
Analytic Construction /

Define Thermal Propert..

Visual Light Transmitta...

Solar Heat Gain Coeffic...

Thermal Resistance (R)

Heat Transfer Coefficie... 19873 W/(m? K)

Materials and Finishes

Frame Material

Figure 4.14. Analytical data of windows displayed through the 'digital passport'

One of the most critical elements in the reuse of modular structures is the data related
to the module's supporting frame system. Information such as guides for assembly
and disassembly processes, dimensions, and weights of frame elements is the basic
technical data needed when moving the structure to another site. In addition, safety
certificates, performed analyses, and technical reports of the modules are also of

great importance in terms of reuse scenarios.

In this study, static analyses and engineering reports related to the transportation of
modular structures are excluded from the scope. However, after such analyses are
completed in the BIM environment, the integration of these documents into the

system can be provided through the Autodesk Fusion connection.

The following image (Figure 4.15) provides an example section of the element-based
digital passport information of a module's frame system accessed via the web-based

interface.
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5.8 X 3 Container [584792]

Brand url

Date of publishi... 2015

Design country Germany

Edition number 1

Manufacturer c... Germany
Manufacturer n... Zeppelin Rental GmbH
Nominal height 2800cm

Nominal width 5025 cm

Product SKU CF-5025EV_F3028

Figure 4.15. Product data of modular frames displayed via the digital passport

As aresult, this study has created BIM-based digital passports for modular structures
at the building, structural element, and material scales. This approach not only
supports reuse opportunities but also provides systematic and accessible access to

the information necessary for circularity assessments in the construction industry.

4.2  Circularity Assessment of RMBs with LCA

In pursuit of long-term net-zero carbon emission goals set for 2050, governments are
promoting the integration of circular practices within the construction industry
(Circular Economy, 2016). At the same time, both policymakers and scholars are
making efforts to embed CE principles into the built environment (Guerra and Leite,
2021). Although official strategies frequently reference the term "circularity,” they
often do so without prescribing a specific construction methodology. In this context,
LCA is identified as an effective method for evaluating the environmental impacts
of circular construction solutions (Eberhardt et al., 2019b; Lei et al., 2021; Van
Gulck et al., 2022).

To reach global net-zero carbon emission targets and effectively apply circularity
principles, it is essential to clearly understand the roles of embodied and operational

carbon in the environmental impact of the building sector (Carroll, 2025). These two
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types of carbon derive from different sources throughout the life cycle of buildings:
embodied carbon and operational carbon from the life cycle (WorldGBC, 2019). In
this study, the term "carbon emissions" refers to the total amount of greenhouse gases
released and removed within a product system, represented in terms of COo-
equivalents (COze). This calculation is based on a life cycle assessment focused
solely on the climate change impact category (ISO, 2018). For reference, 1 kg of CO:
corresponds to a global warming potential (GWP) of 1 kg COze. The life cycle stages
outlined in EN 15978 are illustrated in Figure 4.16 below.

Supplementary
information beyond
the building life cycle

A1-3 A4-5 B1-7 Cc1-4 D

PRODUCT CONSTRUCTION
stage PROCESS stage

END OF LIFE Benefits and loads
stage beyond the
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Operational water use

Figure 4.16. Life-cycle stages as defined by EN 15978 and corresponding carbon
emissions across each phase (WorldGBC, 2019)

Life Cycle Assessment (LCA) evaluates all phases of a building’s life cycle—from
material production (A1-A3) and construction (A4—Ab5), to the use phase (B stages)
and end-of-life (C and D modules)—and quantifies the potential for carbon reduction
through technical data. Operational carbon refers to emissions resulting from energy
use during a building’s operation, such as heating, cooling, and lighting, whereas
embodied carbon encompasses emissions from material production, transportation,
construction activities, and end-of-life processes like demolition and recycling
(WorldGBC, 2019).
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With the increasing emphasis on energy efficiency and the adoption of renewable
energy sources, operational carbon emissions have been declining. As a result,
embodied carbon is becoming a more dominant component of a building’s total
carbon footprint (Carroll, 2025). According to the World Green Building Council
(2019), by 2050, over half of the carbon emissions associated with new buildings are
expected to stem from embodied carbon, as illustrated in Figure 4.17. This shift
highlights the critical importance of mitigation strategies targeting emissions that
occur before building use—commonly referred to as upfront carbon—which cannot
be offset after release. Since embodied carbon is emitted before construction, its
impact on the global carbon budget is more immediate and significant in the short
term (Carroll, 2025).

Embodied carbon importance grows constantly

O0O0o

Time

- Embodied carbon, (materials) . Operating carbon (energy)

Figure 4.17. Embodied carbon is becoming a primary concern as operational

emissions decline due to cleaner energy sources (One Click LCA, 2018)

According to World GBC (2019), embodied carbon in buildings is projected to
account for nearly 50% of the total carbon footprint of new constructions from now
until 2050, posing a significant risk to the remaining global carbon budget. This
growing concern underscores the urgency of addressing embodied emissions at the
earliest stages of the construction process. In this context, modular buildings—
particularly when developed in alignment with Circular Economy principles—are
increasingly seen as a viable pathway toward more sustainable construction practices
(Zairul, 2021). The reuse potential of relocatable modular buildings (RMBs) plays a

critical role in enhancing environmental performance by reducing reliance on virgin
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materials and minimizing the demand for new components. As a result, RMBs can
contribute significantly to the reduction of greenhouse gas (GHG) emissions,
particularly through the mitigation of embodied carbon associated with repeated

demolition and reconstruction.

4.2.1 Review of LCA Applications in Circular Building Strategies

The European Commission (2019) identifies circular construction as a key strategy
for reducing the environmental impact of the construction sector. The environmental
performance of circular economy practices can be assessed using Life Cycle
Assessment (LCA). However, while conventional LCA methods typically focus on
individual products and a single life cycle, circular construction requires a more
comprehensive, system-level approach due to the possibility that buildings,
components, and materials may undergo multiple life cycles (Eberhardt et al.,
2020a). In LCA, system boundaries define which stages of the life cycle are included
in the analysis. The most commonly used boundary types are “cradle to gate” (A1—
A3), “cradle to grave” (A1-C4), and “cradle to cradle” (A1-D). Among these, the
cradle-to-cradle approach—which accounts for the reuse and recycling of building
materials—is particularly aligned with circular economy principles (Lei et al., 2021).
This method enables the identification of waste streams at various stages of a
material’s life cycle. However, in closed-loop recycling systems, there is a risk of
double-counting environmental impacts. To address this, environmental benefits
from using recycled materials should be attributed to the product and construction
stages (A1-A5), while the environmental burdens associated with recycling
processes should be assigned to the end-of-life stages (C and D modules) (Silvestre
etal., 2014).

The reuse of modular buildings presents notable environmental benefits; however,
conducting an LCA across multiple usage cycles remains a time- and resource-
intensive process (Zheng et al., 2025). One of the most frequently debated challenges

in multi-cycle LCA studies is the allocation of environmental impacts to different
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life cycle stages. While much of the discussion has traditionally focused on
recycling, similar methodological challenges are also relevant to reuse scenarios
(Interreg NWE FCRBE, 2022).

Recent studies have increasingly examined the life cycle impacts of modular
buildings through the lens of repeated reuse. These analyses apply established
allocation methods to assess how the environmental burdens associated with the
initial production of reusable modules are distributed over multiple future use phases.
This approach tried to clarify how the environmental impacts of the initial production
process of reused modules are distributed across subsequent usage scenarios, and

support more informed decision-making in circular construction strategies.

Zheng et al. (2025) evaluated the environmental impacts of modular building reuse
by applying the Product Environmental Footprint (PEF) methodology. This method
distributes the environmental impacts of production and end-of-life processes
equally between the initial and final use phases, while the environmental costs and
benefits of reuse and recycling are evenly allocated between successive life cycles.
In each cycle, the assessment includes impacts associated with material production,
assembly, disassembly, and disposal, as well as the environmental gains and burdens
from reuse, repair, and recycling activities. Based on this framework, the estimated
carbon emissions were approximately 830 tons of CO: in the initial cycle, 350 + 124
tons in the intermediate cycle, and 770 + 93 tons in the final cycle. The significantly
lower emissions observed during the intermediate cycle(s) underscore the

considerable environmental benefits of reusing modular building components.

According to Eberhardt et al. (2020a), from a multi-use perspective, it is reasonable
to suggest that both the environmental impacts of the initial production phase and
those at the end-of-life stage should be distributed across multiple life cycles. In this
context, three primary approaches to end-of-life impact allocation can be identified:
100:0 (Cut-off) Approach: Assigns all environmental impacts to the first life cycle,
without attributing any environmental credit for future reuse or recovery activities.

0:100 (End-of-life) Approach: Allocates the environmental benefits of using
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recycled materials exclusively to the subsequent life cycle. Shared Burden
Approach: Suggests distributing end-of-life impacts proportionally across multiple
life cycles—for instance, the 50:50 method equally splits these impacts between two
consecutive cycles (Eberhardt et al., 2019c; Eberhardt et al., 2020a). Regardless of
the chosen allocation strategy, research shows that the majority of CO2 emissions
from circular building components are generated during the initial production stage
of the first life cycle. In later cycles, the contributions of reuse, recycling, and
disposal to overall GHG emissions are comparatively minor (Eberhardt et al.,
2020a).

Malabi Eberhardt et al. (2020a, 2020b) applied the Cut-off (100:0) allocation method
to a concrete column, assigning the majority of the environmental burden—
approximately 80% of the total impacts from production—to the first use phase,
despite the column being designed for future disassembly and reuse. In contrast, only
17% and 3% of the impacts were attributed to the second and third use scenarios,
respectively. This uneven distribution significantly motivates the reuse of the

component in subsequent applications.

Jayawardana et al. (2023) conducted a design-stage LCA of two alternative end-of-
life strategies—design for disassembly (DfD) and a conventional linear model—for
a modular building unit. Using the Cut-off (100:0) allocation method, which
attributes the majority of environmental burdens to the initial use cycle, the study
demonstrated that the DfD-based circular scenario consistently exhibited lower
environmental impacts across all assessed categories. Notably, the GWP in the DfD
version is 63% lower than that of the linear model (472.36 kg COzeq vs. 1285.09 kg
CO2eq). These results highlight the significant environmental advantages of reuse-
oriented modular design over conventional end-of-life disposal practices. While the
study does not model full multi-cycle reuse scenarios explicitly, it supports the
notion that reused components may benefit future product systems by offsetting the
demand for primary materials. This logic is consistent with the principles
underpinning the Cut-off method and circular economy strategies in modular

construction. A similar principle is observed in Lee et al.’s (2025) 'Direct Reuse of
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Structural Steel' strategy, where bypassing conventional manufacturing processes—
which typically rely on fossil fuels in the initial use phase—results in the reused steel
components being regarded as having zero carbon emissions per unit during their

second life cycle.

422 LCA-Based Environmental Evaluation of RMB Scenarios

The LCA conducted in this research is based on simplified scenarios involving the
complete relocation and reuse of the building at a new location. Complex
transformations such as the change of material type and material thickness during
the transportation phase are not included in the process. In addition, the lifespan of

the building elements is assumed to be the same as the lifespan of the entire building.

In the proposed scenario, the reuse of modular buildings on different sites, the
calculations of the environmental impact of the RMBs are carried out with the cut-
off approach stated in EN 15804/15978. The cut-off method is widely adopted due
to its simplicity and its ability to minimize uncertainties related to future reuse and
recycling scenarios. It provides credit for the use of recycled materials. However, it
falls short in incentivizing the use of materials that possess recycling potential within
the current system boundaries. This limitation is somewhat mitigated by
incorporating Module D, which accounts for both the environmental benefits and
burdens associated with recycling, reuse, and energy recovery through incineration
(Obrecht et al., 2021). According to this approach, all environmental impacts of a
component's production phase (A1-A3) are assigned to the first use cycle; these
impacts are not transferred even if the same component is reused in subsequent
cycles (Malabi Eberhardt et al., 2020a; 2020b). This prevents double-counting of the
carbon emissions from the production process. The differences in carbon budget
calculations in the linear LCA model and the proposed circular model are explained
in Figure 4.18. As Etienne et al. (2022) indicated, in the case of reused products,
environmental burdens associated with raw material extraction, transportation, and

manufacturing (A1-A3) are avoided in the second life cycle, as these processes have
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already occurred during the initial use phase. Similarly, disposal impacts (C4) are
not considered for the reused phase, since the product is diverted from the waste
stream. Therefore, reuse scenarios typically exclude A1-A3 and C4 from the
environmental calculation of the second use cycle, contributing to significant

reductions in embodied carbon emissions.
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Figure 4.18. LCA representation of a linear and reused model across multiple life
cycles (Adopted from FCRBE, 2021)

In the linear LCA approach, the elements for each of the structures are produced
(A1-A3), transported and assembled (A4-A5), used (B), and disposed of when no
longer needed (C). Recyclable elements and materials are then reclaimed and
reintroduced into the system (D). In this context, raw material consumption and CO;
emissions from production are considered three times in calculating the total carbon
released into the environment. This model evaluates the entire cradle-to-grave
system according to the EN 15804 standard. On the other hand, a reused LCA
process is presented for scenarios involving the transport and reuse of relocatable
modular structures (Figure 4.19). In this model, the carbon emitted during production
(A1-A3), transportation and construction (A4-Ab), as well as use (B) during the first
lifecycle, is accounted for. At the end of the first cycle, the carbon from
transportation (Ct) to another site for reuse is added to the initial impact. For
subsequent cycles, impacts from production (A1-A3) and end-of-life destruction (C)
are excluded from the calculations. Additionally, the carbon emissions from
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transporting the modular structures are considered, along with the emissions

resulting from maintenance and repairs performed during reuse.

The current LCA aims to assess the environmental impacts that arise when a modular
building is used multiple times. In this analysis, the life cycle is defined as the process
from building production and assembly to disassembly and maintenance. A
functional unit is a modular building designed for 60 years of service. The system
boundaries of the LCA are detailed in Figure 4.19.
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Figure 4.19. System boundary of the reuse scenario for relocatable modular
buildings (Adopted from Yang et al., 2024)

Building components and systems have varying lifespans. For example, the structure
can last 75 years, while exterior cladding may only function for 20. Service systems
typically require replacement within 15 years, while interior fixtures can be replaced
every three years. The first step in managing the temporal tension created by these
differing durability periods is to distinguish between long-lasting and short-lived
components (Debacker and Manshoven, 2016) depicted in Figure 4.20.
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Figure 4.20. Different degrees of durability of building parts (Adopted from

Durmusevic, 2006).

In this regard, for maintenance and repair of the finishing materials are planned to
be done every 10 years, and the analyses are carried out accordingly. In buildings
that have been in use for more than 10 years, the carbon emissions resulting from the
maintenance process (Cm) are included in the calculations. This approach aligns with
the cradle-to-cradle limit specified in the EN 15804 standard. Overall, this system is
compatible with the circular system limit, offering significant advantages in the

carbon budget, especially in scenarios involving multiple uses.

In the light of these LCA frameworks, the carbon footprint of relocatable modular
buildings was formulated by discarding production stages (A1-A3) after the first
cycle and excluding the end-of-life stage (C), except for the last cycle. In other
words, this calculation approach allocates environmental impacts resulting from raw
material production only to the first life cycle, thus excluding maintenance, repair,
and process-generated waste, and the reuse of building components and materials in
the second life cycle does not result in an additional environmental burden. This
approach is consistent with the GWP calculation method developed by Minunno et
al. (2020) for a modular steel structure reuse scenario, which involves deducting
carbon emissions generated during the production phase from total emissions.
Similarly, the CO: budget calculation method used in this study for transportable

modular structures with multiple life cycles is presented in Figure 4.21.
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Figure 4.21. Schematic representation carbon emission calculation model for

reused modular buildings over repeated life cycles

The calculations of embodied carbon emissions were carried out in the Tally plug-in
integrated with Revit software. The building model loaded directly imported into the
Tally. Tally is a LCA tool to assess the environmental impacts of construction works
and construction products. Its calculations are based on the internationally accepted
LCA standards 1ISO 14040-14044, 1SO 21930:2017, I1SO 21931:2010, as well as EN
15804:2012 and EN 15978:2011. In this way, the environmental impacts of the
buildings were evaluated in a standard-based and comparable manner. In LCA
analyses performed with Tally, all structural, architectural, and finishing systems can
be included. In Tally, before calculations, the location, function, usage, service life,
and technical requirements of the buildings are defined on the Revit model. The
database used by Tally for analyses is the LCA database created in collaboration with
KieranTimberlake and Thinkstep. Modeling is done using GaBi 8.5 software and the
2018 database. GaBi data sets are widely used in both industrial and academic LCA
studies. The data largely represents the year 2017 and the conditions in the USA. In
LCA analysis performed with Tally, the system boundary is carried out with the
understanding of the entire life cycle of the structure, i.e., from cradle to grave (Tally,
2025).
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The LCA analysis report presents results for each life cycle stage, organized by
section, generated from Tally. This way, separate carbon results for maintenance and
repair are available for each element and category. For example, while the carbon
emissions from renewing finishing materials are shown in the LCA report, the
amount of carbon produced for maintenance and repair can be specifically calculated

for wall elements.

Operational carbon calculation, which plays a key role in the LCA assessment, was
performed using the Autodesk Insight Carbon Review tool, a plug-in for Revit. The
location, function, and system facilities of the buildings were determined through the
Revit model using 'Energy Settings'. Then, annual energy consumption and carbon
emissions from operational energy were calculated with Insight. Insight is a cloud-
based solution that integrates with Revit, offering users adjustable dashboards, an
intuitive interface, and a straightforward analysis technique. Insight's interface
facilitates the exploration, visualization, and comparison of carbon analysis results.
It uses Revit's Energy Analytical Model as the foundation for operational carbon
(OC) and embodied carbon (EC) analysis. Insight employs Revit data, such as
building envelope performance and material specifications, to demonstrate the
relationship between carbon impacts and energy offsets. The Revit Energy
Analytical Model provides a credible platform for assessing both embodied and
operational carbon analyses. For Operational Carbon, Insight use EnergyPlus, a
popular open-source simulation engine for energy assessments. This engine is
developed by the US Department of Energy (DOE), controlled by the National
Renewable Energy Laboratory (NREL), and used globally for dynamic energy
simulations (Insight Product Team, 2024).

Carbon emissions from transportation are also an important issue in scenarios where
modular structures are transported to another location and reused. In the proposed
scenario, the environmental impact of carbon emissions originating from the
transport of modules, as well as the embodied and operational carbon, was also
analyzed. It was assumed that the transport to be carried out within the borders of
Turkey would be carried out by road via trucks, and accordingly, the amount of
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carbon emitted per kilometer was calculated using Impargo’s CargoApps tool. The
obtained fixed coefficient was integrated into the smart module market system as a
“carbon calculator”. Similarly, the additional costs arising from the transport process
were determined per kilometer according to the module weight, and this value was
used in the calculations. This tool calculates carbon emissions from road transport
according to the 1SO 14083:2023 standard. This calculation process covers the
process from fuel production to delivery to the vehicle (Well-to-Tank) and the
emissions generated during the operation of the vehicle using the fuel (Tank-to-
Wheel), in line with the vehicle's fuel type and consumption data (URL-5). The
obtained fixed coefficient was integrated into the smart module market system as a
“carbon calculator”. Similarly, the additional costs arising from the transport process
were determined per kilometer according to the module weight, and this value was
used in the calculations. Thus, location-specific transportation impacts were
integrated into the decision support process. The dataset includes the current location
of each modular building alternative, and the system dynamically calculates both the
transportation-related carbon emissions and the transportation cost based on the
distance between the building’s current location and the customer’s desired use
location. By incorporating this spatial parameter, the decision support tool enables a
more realistic and context-aware evaluation, reflecting the environmental and

economic implications of relocating modular buildings.

The tools used to calculate carbon emissions from the production of modular
structures to their reuse in another location after the completion of a life cycle are
presented below in Figure 4.22. These tools serve as the primary data source in

determining the total carbon budget of the project.
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In this study, embodied carbon, operational carbon and annual energy consumption
based on geographic location were calculated for all case studies. All calculations

were conducted using plugin tools integrated within the Revit environment.

Embodied carbon emissions were assessed using the Tally plugin, which operates
within Revit. This tool allows the automatic extraction of material quantities from
the Revit model into the Tally interface. In all case studies, materials and their
thicknesses were standardized, and material assignments were made using the Tally
material library. The structural frames of the modules were defined as cold-formed
structural steel, while the floors and ceilings were modeled with coated metal deck.
For exterior walls, EPS-insulated 12.5 cm metal stud gypsum board systems were
used, and for interior partitions, uninsulated 7.5 cm metal stud gypsum boards were
selected. In buildings that included stairs, the material was defined as steel plate.
Door and window frames were assigned as aluminum, door panels as MDF, and
windows as double-glazed units. The life cycle of all buildings was assumed to be
60 years. Through Tally, a cradle-to-grave life cycle assessment was performed,

resulting in the calculation of total embodied carbon emissions.
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For operational energy consumption and annual energy demand, relevant parameters
such as building function, service duration, and HVAC system types were defined
via the Energy Settings tab in Revit. Based on the input location of each project,
appropriate weather stations were automatically selected for energy simulation.
Subsequently, an energy model was created within Revit and transferred to the
cloud-based Insight Carbon Review tool, enabling the calculation of annual

operational carbon emissions and total energy consumption.

Given that the modular buildings are relocated and reused across different sites,
carbon emissions from transportation activities were also included in the analysis.
For each relocation cycle, the emissions generated by transport were accounted for,
and ultimately, the total carbon budget of the modular buildings across multiple life
cycles was determined. An example calculation using school projects in the database

is shown below (Figure 4.23).
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538, 01 kgCO,e/m’

-EC: 190,20 kgCo,e/m?
+0C: 108,39 kgCo,e/m?

CB3: +372,61 kgCo,e/m*
+Ct3: 7,5 kgCO,e/m?

Adapazari
1 year used

459, 87 kgCO,e/m*

-EC: 190,20 kgCo,e/m?
+0C: 108,39 kgCo,e/m?

Gebze- Dilovast
1 year used

384,25 kgCO,e/m’

-EC: 190,20 kgCo,e/m?
+0C: 112,27 kgCo,e/m?

CBI: +531,13 kgCo,e/m’
+Ctl: 6,88 kgCO,e/m’

School 3
15T Cycle

CB2: +456,20 kgCo e/m?
+Ct2: 3,67 kgCO,e/m’

CB3: +378,06 kgCo,e/m’

Balikesir
2 years used

+EC: 185,68 kgCo,e/m?

+0C: 214,67 kgCo,e/m’

CB1: +400,35 kgCo,e/m’
+Ctl: 11,79 kgCO,e/m?

> §2N° Cyecle ---

+Ct3: 6,19 kgCO,e/m’ *

Bursa- Inegdl
1,5 years used

412, 14 kgCO,e/m*
-EC: 183,99 kgCo,e/m?
+0C: 147,22 kgCo,e/m?

: 3% Cycle

Gebze- Dilovasi
1,5 years used

383,90 kgCO,e/m?
-EC: 183,99 kgCo,e/m?
+0C: 131,75 kgCo,e/m?

CB2: +375,37 kgCo,e/m?
+Ct2: 8,53 kgCO,e/m’

Figure 4.23. The last carbon budgets of modular buildings based on transport and

reuse scenarios
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4.3  Circularity Assessment Framework: 1S059020:2024

Circular Building Assessment is an evaluation method designed to comprehensively
analyze the various sustainability dimensions of buildings and their components.
This method considers the building's environmental impact, economic costs, health
impacts, and social value from a life cycle perspective. This approach encourages
more informed decision-making by enabling the evaluation of circular alternatives
over traditional linear models. The environmental impacts of buildings and building
products are generally analyzed by Life Cycle Assessment (LCA), and the economic
impacts by Life Cycle Costing (LCC) methods. Nevertheless, these methods still
present certain shortcomings, even with the presence of European standards and
guidelines. For instance, the modeling of materials within closed-loop systems is not
yet harmonized across Europe. Social value analyses are also quite diverse and
address different aspects of social benefit-cost relationships. However, in the context
of redefining value networks within the construction sector and the general economic
system, existing social impact metrics are often inadequate. Hence, the revision and
development of these traditional assessment methods have become essential (URL-
3). In this context, international 1ISO standards were consulted in the determination

and evaluation of the circularity criteria used in this study.

ISO 59020:2024 is an international standard developed to assess the circularity of
products, services, and systems in implementing a circular economy. This standard
defines the basic conceptual framework and application principles for measuring
circularity performance. That means ISO 59020:2024 provides a structured approach
to measure and assess circularity performance and sustainability impacts based on
standard indicators and complementary methods. The standard aims to ensure more
efficient and sustainable use of resources throughout their different life cycles,
supporting the achievement of sustainability goals. ISO 59020 recommends
assessing products or systems based on resource efficiency, value preservation, a life

cycle perspective, and systems thinking (1SO 59020, 2024).

102



4.3.1 Justification of Circularity Assessment Criteria

In this section, the theoretical background - ISO standards - on which the circularity
assessment criteria used in the study are based, is explained. The study's assessment
method was designed following the circularity performance framework outlined in
the ISO 59020:2024 standard. The circularity assessment criteria identified in this
study—ecological impact, economic value, energy efficiency, and reusability—are
based on the circularity measurement and assessment principles defined in the 1SO
59020 standard. 1SO 59020 recommends structuring circularity performance in line
with the principles of resource efficiency, value preservation, and environmental
performance, specifically based on resource inputs, resource outputs, energy, and
economic indicators. In this study, circularity assessment criteria were determined
as measurable key performance indicators (KPIs) at the building level. The criteria
based on the circularity measurement and assessment principles defined in the 1SO
59020 standard are ecological impact, economic value, energy efficiency, and
reusability. In this context, the criteria adopted in the study directly overlap with the
core and supporting indicators of the standard, as seen in Table 4.2.

Table 4.2 Circularity Indicators and Their Alignment with 1SO 59020:2024

Principles

Key Performance Relationship w/ 1SO59020

Indicators (KPIs) 1S059020:2024 principles
Environmental Direct; aligned with environmental

Ecological impact performance, impact indicators such as LCA, carbon

Resource efficiency | footprint, and resource cycles

) . Direct; aligned with cost savings and
] Economic benefit, ] o
Economic value ) value retention principles through reuse
Value retention ]
strategies

Direct; consistent with energy resource

o Efficient use of energy L . s
Energy efficient optimization and efficiency indicators

resources
under 1SO 59020
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Table 4.2 (continued)

Direct; reflects technical feasibility,
Physical condition Reusability disassemblability, durability, and reuse
potential described in 1ISO standards

This standard specifies particular indicators and classification categories to evaluate
the system's circularity performance. The classification scheme is rooted in the core
goals outlined in 1SO 59004:2024, which aim to protect, recover, and enhance the
value of circular resources. Figure 4.24 places this classification at the core, visually
showing on the left how the organization's or system's circularity goals and practices
relate, and on the right how the sustainability effects of these practices will be
assessed. This structure facilitates a comprehensive analysis of the evaluation
criteria, encompassing both circularity principles and sustainability impacts
(Senaratne et al., 2025).

Circular goals and actions Circularity measurement taxonomy Measuring and assessing
of the organization sustainability impacts

Circular goals, for example: Resource flow measurements

Increase repair of a praduct by X %
Increase plastic recycling in a city by X %
Increase renewable content of inflow into

Social impact and value
(e.g. human rights, health and
safety of labour, consumers and
citizens, social value, well-being)

Resource inflows and outflows crossing
boundaries of the system in focus
(including releases and losses)

an arganization by X %
Increase reuse of steel in 2
Circularity indicator categories " 2
e hetulnri iy L% resource inflows, resource outflows, Environmental impact and value
hazardous substances, pollution of

Durability, recyclability, e.g average reused content of an inflow, ecosystems, biodiversity)

reusability, repairability % actual recycled material derived from outflow
|

energy, water, economic ¢ 'I
|
|
|
|
|

l |
: |
| |
l |
l I
IH (eg, carbon footprint, |

Cirenlarity apects; for example: | Circularity indicators |
| |
| |
| |
I |
|

Actions, for example: 4 Economic impact and value
Reduce, rlr]u'sc, redesign, r!:usc, 4 "{:.g. creation or red[uman |7.f ‘jobs,
repair/maintain, refurbish, F 1 leul market prices, law, regulations, investment
repurpose, remanufacture, recycle, aggregation and tax systems, life cycle costing)
composting, valorization, energy recovery
| S —p— f _____ : L S S S t ______
IS0 59020 principles of measuring and assessing
ISO 59010 & IS0 59014 circularity 1 5 daries and Complementary methods
Circular goals and actions ensn‘u a meaningful outcome) (e.g. other International Standards)
1 x
v

IS0 59004 circular economy principles (e.g. systems thinking, resource traceability, ecosystem resilience)
and circular objectives (maintain a circular flow of resources by retaining, recovering and adding to their value)

Figure 4.24. Circularity measurement taxonomy and interactions (1S059020:2024)

The circularity assessment system developed in this study follows the tripartite
structure shown in Figure 4.24 of the 1ISO 59020:2024 standard. The "Circular Goals

and Actions” section on the left reflects customer priorities, such as minimizing
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carbon emissions, increasing energy efficiency, or achieving cost-effectiveness,
which define the system's circularity objectives. These targeted outcomes are tailored
to meet user demands. The "Circularity Measurement Taxonomy" at the center
combines four core assessment criteria—ecological impact, economic value
preservation, energy efficiency, and technical suitability/physical condition. These
indicators are measured and evaluated using the circularity assessment indicators,
with results integrated through both quantitative data and preference-weighted
assessments. The right-hand section, "Measuring and Assessing Sustainability
Impacts,” relates directly to the study's user-focused assessment outcomes. The
distinction of outcomes from weighted criteria for each scenario, based on
environmental and economic impacts, supports the sustainability objectives outlined
in ISO 59020. Overall, the system aims to deliver a comprehensive circularity
assessment—mnot just measuring specific indicators but generating insights into the
environmental and economic sustainability impacts aligned with the objectives. This
study's circularity assessment system is organized based on the circularity
measurement framework outlined in the 1SO 59020:2024 standard. As depicted in
Figure 4.25, the system has three primary components: customer goals and actions,

resource flow measurements, and indicators of circularity and sustainability impacts.

Measuring and assessing

Circular goals and actions Circularity measurement taxonomy sustainable impacts

Cust 1s’ goal, for ex
Customer preferences
Prioritize carbonreduction

1 Resource flow measurements
|
|
Maximize energy efficiency |
I
1

Environmental impact and value |
Greenhouse Gas Emissions
-Embodied Carbon
-Operational Carbon
-Transportation Emission
Energy Consumption

End-of-life Reuse feasibility

Ensure cost effectiveness etc. Carbon budget
Energy efficiency indicator

1

1

= = |

Circularity indicators |

1

Circularity aspects, for example: :

Reusability Economic value
Actions, for example: =
-Select modular buildings based on Calculation methods Building cost

circularity perforn

Life Cycle Assessment (LCA) Tools
Digital Data Sources (BIM and MP)
MCDA and Scenario based analysis

Socialimpact and value

|

|

|

|

|

Remaining cycle of use e—!  Economicimpact and value :
|

|

|

User empowerment |

I

1 9

| Transportation cost
I

I

Figure 4.25. Circularity measurement structure and interactions based on ISO
59020:2024, customized for this study

Circularity targets and related actions are defined in line with customer priorities.

Users guide the decision-making process by prioritizing goals such as reducing
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carbon emissions, increasing energy efficiency, and ensuring cost-effectiveness. In
this context, selection criteria are customized to customer needs, and modular
buildings are ranked according to their circularity performance. In the circularity
measurement taxonomy frame, the study uses resource flow measurements and
circularity indicators. These include measures such as buildings' final carbon budget,
energy efficiency indicator, economic value, and remaining life cycle. These
indicators are calculated using LCA tools, digital data sources (BIM data), and
supported by multi-criteria decision-making (MCDA) methodology for scenario-

based analyses based on customer preferences.

The circularity assessment steps in this study are also linked to the four basic steps
specified in the 1SO 59020:2024 standard. In other words, the circularity assessment
flowchart shown in Figure 4.26 is structured parallel to the steps specified in the ISO

standard.

Figure 4.26. The systematic relationship between the circularity assessment steps
defined in the 1SO 59020:2024 standard (left) and the performance indicators
developed in the study (right)
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