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ABSTRACT 

 

ASSESSING CIRCULARITY IN LGS STRUCTURES: A COMPARATIVE 

MULTI -CYCLE LCA OF DFD -ENABLED REUSE AND RECYCLING 

STRATEGIES 

 

 

Aktepe, Sueda 

Master of Science, Building Science in Architecture 

Supervisor: Prof. Dr. Soofia Tahira Elias-Ozkan 

 

 

June 2026, 156 pages 

 

 

The construction industry is responsible for a significant share of global 

environmental impacts, with steel contributing a substantial portion. Light gauge 

steel (LGS) structures represent an important segment within this impact profile. 

Despite its high environmental burden, steel also offers considerable potential for 

impact reduction through the application of circular strategies. However, these 

strategies, particularly reuse, are not yet widely or systematically implemented in the 

industry. This research aims to support the broader adoption of reuse practices in the 

steel sector by providing assessment of their environmental benefits based on a 

comparative approach. A case study approach is adopted to create a base for 

conducting a multi-cycle Life Cycle Assessment (LCA) on different End-of-Life 

(EoL) scenarios. The comparative research evaluates the environmental 

effectiveness of Design for Deconstruction (DfD)-enabled component reuse in LGS 

structures, in comparison with conventional recycling practices based on the case. 

The results indicate that both scenarios achieve lower environmental impacts 

through the application of circular strategies. However, the reuse-based scenario 

demonstrates lower environmental impacts, particularly in terms of emissions. 
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Overall, the findings indicate that DfD-enabled reuse in steel construction has strong 

potential to reduce emissions and enhance circularity in the built environment. 

 

Keywords: Circularity, Light Gauge Steel, Design for Deconstruction, Reuse, Life 

Cycle Assessment. 
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Ķnĸaat sektºr¿, küresel çevresel etkilerin önemli bir bölümünden sorumludur ve çelik 

yapēlar bunda kayda deĵer bir paya sahiptir. Hafif ­elik yapēlar da bu çerçevede 

ºnemli bir etki alanē oluĸturmaktadēr. Yüksek çevresel etkilerine raĵmen, ­elik aynē 

zamanda dºng¿sel stratejilerin uygulanmasē yoluyla etkilerinin azaltēmē i­in ºnemli 

bir potansiyel sunmaktadēr. Bu stratejiler, ºzellikle yeniden kullanēm, sektºrde hen¿z 

yaygēn veya sistematik olarak uygulanmamaktadēr. Bu araĸtērma, çelik sektöründe 

yeniden kullanēm uygulamalarēnēn karĸēlaĸtērmalē bir yaklaĸēma dayalē olarak 

­evresel faydalarēnē deĵerlendirerek, daha geniĸ ­apta benimsenmesini desteklemeyi 

ama­lamaktadēr. ¢ok dºng¿l¿ bir yaĸam dºng¿s¿ analizi y¿r¿tmek i­in temel 

oluĸturmak amacēyla, ºrnek bir yapēnēn verileri ­alēĸēlarak tanēmlanmēĸ farklē yaĸam 

sonu stratejilerine dayalē senaryolar geliĸtirilmiĸtir. Çalēĸma, hafif ­elik yapēlarda 

bileĸenlerin Sºk¿m Hedefli Tasarēm destekli yeniden kullanēmēnēn ­evresel 

etkilerini geleneksel geri dºn¿ĸ¿m uygulamalarēyla karĸēlaĸtērmalē olarak 

deĵerlendirmektedir. Sonu­lar, her iki senaryonun da dºng¿sel stratejilerin 

uygulanmasēyla daha d¿ĸ¿k ­evresel etkiler saĵladēĵēnē gºstermektedir. Ancak, 
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yeniden kullanēm temelli senaryonun ºzellikle emisyonlar a­ēsēndan daha d¿ĸ¿k 

­evresel etki ortaya koyduĵu gºr¿lm¿ĸt¿r. Genel olarak ise, araĸtērma bulgularē, 

­elik yapēlarda Sºk¿m Hedefli Tasarēm destekli yeniden kullanēmēn, emisyonlarē 

azaltma ve yapē sektºr¿nde dºng¿selliĵi ilerletme konusunda g¿­l¿ bir potansiyele 

sahip olduĵunu gºstermektedir. 

 

Anahtar Kelimeler: Döngüsellik, Hafif Çelik, Söküm Hedefli Tasarēm, Yeniden 

Kullanēm, Yaĸam Dºng¿s¿ Analizi. 
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CHAPTER 1  

1 INTRODUCTION   

This chapter starts with background information, then presents research problems, 

research questions, and research methodology. The chapter ends with the disposition 

of the study explaining the content of each chapter and presents the limitations of the 

research to define the study boundaries.  

1.1 Background  

The Architecture, Engineering & Construction (AEC) sector is one of the largest 

contributors to carbon emission worldwide. Buildings, including both their 

construction and operational phases, are responsible for 39% of global energy-

related carbon emissions; 11% of this emission is directly linked to the building 

materials and renovation processes. (Ramachandran, 2024) Additionally, the 

construction industry is a major consumer of resources accounting for approximately 

50% of total raw material usage. (Norouzi, Chàfer, Cabeza, Jiménez, & Boer, 2021)  

The European Council introduced the updated Construction Products 

Regulation (CPR) in 2024, focusing on harmonizing product standards and targeting 

materials like concrete, steel and insulation to address embodied carbon and energy 

efficiency due to their high impact. (Zacharia, 2025b) Emphasizing the significance 

of the iron and steel industry, the sector provides many construction materials while 

being one of the largest industrial contributors to carbon emissions. (UNECE, 2022). 

The high emission level, which accounts for approximately 7% of global CO-

equivalent emissions, is mostly resulting from the sector's heavy reliance on fossil 

fuels in its energy-intensive production processes (World Economic Forum, 2024). 

Consequently, the iron and steel industry is a critical target for carbon reduction 
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efforts aimed at limiting global temperature rise, in line with the goals of the Paris 

Agreement (Global Energy Monitor & LeadIT, 2023).  

Steel, as a high-impact and high-demand construction material, is recognized 

as a priority in numerous sustainability initiatives. While many actions have already 

been taken, further efforts are still necessary to meet the targets and achieve progress. 

In this context, the integration of circularity principles into steel production can 

contribute to reducing embodied carbon and improving energy efficiency throughout 

the material lifecycle. However, the majority of the steel construction industries lack 

implementations towards circularity in the design process of steel structures. The 

absence of comprehensive assessments on circularity in practice further creates the 

need to explore and apply circular economy methods within the steel industry. 

1.2 Problem Statement 

Current construction practices favor recycling as the dominant End-of-Life (EoL) 

strategy in steel structures, while the potential of reuse enabled by Design for 

Deconstruction (DfD) strategies in Light Gauge Steel (LGS) building frames 

remains underutilized and insufficiently explored. On the other hand, unlike disposal 

practices, circularity inherently depends on reuse and/or recycling. However, the 

environmental benefits of reuse are not well quantified due to limited comparative 

studies and the methodological limitations of conventional Life Cycle Assessment 

(LCA) in capturing impacts across more than one life cycle. 

1.3 Research Objectives 

The main objective of the study is to evaluate the environmental effectiveness of 

DfD-enabled component reuse in LGS structures compared to conventional 

recycling. For the comparative study, it is aimed to conduct an LCA and to apply 

multi-cycle allocation methods to quantify and distribute environmental impacts in 

two-cycle scenarios in which reuse and recycling is considered at the EoL stage. 
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1.4 Research Questions 

Based on the objectives, the research focuses on two main questions.  

1. How do the environmental impacts of LGS structures differ when 

components are reused in their second life cycle instead of being recycled? 

2. How can LCA and multi-cycle allocation methods be applied to calculate and 

share the impacts of DfD-enabled reuse within the two-cycle scenarios? 

The research questions are organized under distinct topics, allowing for the 

formulation of secondary questions to support the main objectives through a 

literature review. Further concerns were explored through the case study and data 

regarding production stages was obtained. This approach facilitated gathering the 

essential background information to effectively apply the research scenarios, 

conduct the assessment and comprehend and discuss the findings. To address these 

considerations, the following questions were explored:  

o How are circular economy strategies applied to the built environment? 

o How can an effective strategy be assessed regarding sustainability? 

o What are the characteristics of steel elements that can enable deconstruction 

and reuse? 

o What are the End-of-Life strategies that can be applied to steel and LGS 

structural systems? 

1.5 Research Methodology 

The research boundaries and objectives are defined following the identification of 

the research problem. To support the main objective and provide a background to 

evaluate the results, a review of the existing literature is conducted. The literature 

review is carried out using resources from Mendeley, Elsevier, ResearchGate and 

MDPI. The research for other sources is conducted via Google Scholar and official 

websites. The findings are presented in the research within the scope. 
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A case study approach was adopted for the research, with site visits and data 

collection. A typical LGS residential building was selected as a basis for analysis. A 

company based in Ankara (REM ¢elik Yapē) provided the required data for an LGS 

residential building they had produced, including its technical drawings and 

specifications. The production process of an LGS housing system was also examined 

using information provided by REM ¢elik Yapē (to be called manufacturing 

company from now on) and Arkitech Ķleri Yapē Teknolojileri Ķnĸaat Ķmalat Sanayi 

ve Ticaret A.ķ. (to be called rolling machine producer from now on) publications. 

The drawings are either used as they are or adapted and redrawn by the author. 

Based on the case study, the research scenarios were formulated. Following 

the definition of the study boundaries and scenarios, the LCA was applied to 

investigate the environmental benefits of reusing building components in terms of 

carbon emissions and energy consumption. 

Utilizing the case study data and production information, inputs were 

modelled in One Click LCA to conduct the life cycle assessments of defined 

scenarios. Multi-cycle LCA allocation methods are used to assess two cycles 

included in the scenarios by utilizing the findings from One Click LCA as input for 

the calculation formulas.  

The discussions on the findings of the study are based on the result of the 

LCA and supported by insights from the literature.  

1.6 Disposition 

The thesis includes five chapters starting with Introduction and ending with 

Conclusion. Introduction chapter presents the topic of the thesis stating the research 

problem. Research objectives and methodology are also clarified within this chapter 

while the research questions are stated. 

The second chapter provides the literature review and aims to define circular 

economy in construction, identifying related key environmental indicators such as 
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carbon emissions, raw material consumption and energy consumption. The 

widespread use of steel and light gauge steel as construction materials is examined 

to explore their potential for reducing high environmental impacts through the 

application of circularity strategies. EoL strategies, with a focus on deconstruction, 

are reviewed within the same scope to define the study scenarios.  LCA as an 

assessment method is also reviewed in literature to understand its effectiveness in 

calculating environmental impacts. Studies using LCA are also reviewed to 

understand its outcomes in evaluating the principles and performance of a circular 

economy within the construction industry. The review is conducted comprehensively 

to provide essential background knowledge that establishes the theoretical 

foundation necessary to interpret the findings, support the assumptions and formulate 

recommendations. While conducting the literature review, new concepts related to 

the research objectives were also explored, which contributed to shape the scope and 

boundaries of the study through the research.  

The third chapter consists of research materials and research methodology. 

The research materials include a case study, information on the LGS housing 

production line, defined LCA scenarios and One Click LCA as a research tool. 

Research methods include data collection, LCA, Multi-cycle LCA calculations and 

the analysis of the data.  

Chapter 4 presents the results and findings of the research and provides the 

discussion. The results of the materials and methodologies used are given in detail 

first providing detailed information on the LGS structure studied in the research. 

Further details are given on the production line of LGS structures. Secondly, LCA 

conducted in the study is presented in this chapter with the inputs, stages and results. 

Multicycle LCA methods are applied to the LCA outcomes and results are obtained 

to conduct comparative analysis. Then a discussion of the findings is presented.   

The last chapter concludes the research while highlighting motivation and 

presenting the main findings. It also discusses the limitations encountered during the 

research process and provides suggestions for future studies. 
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1.7 Delimitations of the Research 

There are several delimitations of the research in order to provide a focused 

assessment based on the available data and defined system boundaries. 

The LCA study is limited to the LGS structural frame system. Building 

envelope components, such as wall boards, doors and windows, etc. are excluded as 

they are assumed identical in all scenarios. The data obtained is mostly after the 

manufacturing stage (A3), but upstream steel sheet production (A1-A2) is 

incorporated through generic data sets in One Click LCA. All use-stages (B1-B7) 

are excluded based on the assumption that usage conditions and maintenance 

requirements remain the same across cases and that no material replacement occurs 

during service life.  

For the reclaimed steel ratio of the LGS frame system, 10% and 20% loss 

values have been assumed based on literature.  

The study focuses on the environmental impacts of DfD-enabled reuse rather 

than on DfD strategies. Therefore, aspects related to DfD such as design flexibility 

or architectural implications are outside the scope of this research. It is assumed that 

the same structural scheme is used across all scenarios, ensuring consistency in 

comparative assessment. This represents a restriction on the study, as potential 

variations in structural design are not considered. 

Due to the defined system boundaries and the exclusion of selected life cycle 

stages and materials, the calculations do not aim to constitute a comprehensive LCA 

of the building, nor do they represent formal documentation such as an EPD. Rather, 

they provide data for comparative assessment within the defined scope and 

methodological assumptions. 
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CHAPTER 2  

2 LITERATURE REVIEW  

The literature review begins with explaining the fundamentals of the circular 

economy, followed by an exploration of circularity in the built environment. Life 

Cyle Assessment (LCA) is then introduced as an assessment method, with particular 

focus on multi-cycle assessments, material identification and End-of-Life (EoL) 

strategies. This is followed by exploration Design for Deconstruction (DfD) as a 

circular strategy, including its assessment and associated benefits and barriers. The 

review then focuses on steel as the primary construction material of the study and 

examines key concepts related to the circular economy in steel construction, 

including EoL strategies, LCA and DfD. The review including these elements 

establishes the foundation for understanding the study materials, analysis and results 

within the context. 

2.1 Circular Economy for Sustainability 

There are many definitions and approaches of circular economy. In fact, Kirchherr, 

Reike, & Hekkert (2017) analyzed 114 definitions of the circular economy and 

proposed a comprehensive definition: ñan economic system that replaces the óend-

of-lifeô concept with reducing, alternatively reusing, recycling and recovering 

materials in production/distribution and consumption processes.ò   

The number of definitions and studies in the literature show that every 

industry is getting more and more concerned about ecological impacts and 

sustainable production. The ultimate goal is to achieve transition towards a circular 

economy rather than maintaining a linear economy. 

The traditional method of a linear pattern of products starts with ñtakeò and 

ñmakeò ends up with disposal that creates waste. In response to the growing 
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awareness of environmental impacts, this take-make-dispose mentality of the linear 

economy evolved into a reuse-repair-recycle approach, which applies a circular 

perspective. (Perey, Benn, Agarwal, & Edwards, 2018)  

2.1.1 Circularity Indicators  

Even if there are agreed parameters overall or within sectors, circularity does not 

have a single correct method of application. Thus, it requires assessing circularity by 

developing indicators. Questions arise regarding how to assess benefits of CE and 

measure the success of its implementation. There are several methods defined for 

this purpose as described below. 

Å The Material Circularity Indicator (MCI) was introduced by Ellen MacArthur 

Foundation in 2015 and the methodology was updated in 2019. (Ellen MacArthur 

Foundation, n.d.) MCI is utilized to measure the alignment of a product or production 

system to circular economy principles and evaluate their circular value. (Husain, 

2025) This method also focuses on material flows and detects the risks in the chains. 

(Cilleruelo Palomero, Freboeuf, Ciroth, & Sonnemann, 2024) 

Å The Circularity Index (CI) was proposed in 2017 by Jonathan M. Cullen. CI 

focuses on energy use, revealing the difference in primary and secondary material 

production (Cilleruelo Palomero et al., 2024). This index shows how efficiently a 

material is reused by combining how much of it is recovered and how good its quality 

is maintained. The methodology estimates the material circularity with a formula 

where a value of 1 means no loss in material or quality which means theoretically a 

hundred percent success rate in circularity. (Cullen, 2017) 

In the AEC sector, CE principles can be evaluated through a specific building 

circularity measurement, (Zhang, Han, & de Vries, 2021) which helps assess 

sustainability and resource efficiency even during the decision-making process of a 

structure. 
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Å The Building Circularity Indicator (BCI) is a methodology developed to 

specifically measure circularity in the building sector. It evaluates circularity 

primarily at the material level and sums up the results of the components to assess 

circularity score of the entire building. The final score also considers how easily 

materials can be disassembled for reuse or recycling, based on the types of 

connections used. This makes the BCI a valuable tool not only for assessing material 

use but also for integrating disassembly potential and evaluating environmental 

impacts throughout the buildingôs life cycle. (dos Santos Gonçalves, Claes, & Ritzen, 

2025) 

These developed indicators provide valuable guidance for practitioners- from 

the design phase to the evaluation of existing buildings, by measuring the success 

rate in circularity and to inform decisions for future applications.  

Besides material-based calculations, circularity systems can also be evaluated 

using the proposed circularity indicators and environmental impacts can be assessed 

based on life cycle perspectives (Cilleruelo Palomero et al., 2024). This approach 

can support further studies and improvements in the application methods of circular 

economy CE practices, whether material-based, building-based or system-based. 

2.1.2 The 10-R Model in Circular Economy (CE) 

After addressing the initial concept and fundamental topics of Circular Economy 

(CE), this study proceeds with a brief introduction to strategies for achieving CE at 

various stages of a life cycle.  

Circularity methods initially focused on reuse, recycling and recovery. Over 

time, more detailed strategies were developed to enhance the longevity of product 

life cycles and improve circularity. The number of strategies increased and Potting, 

Hekkert, Worrell and Hanemaaijer (2017) introduced an R-list consisting of the ten 

strategies (Figure 2.1). 
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Category Strategy 

Smarter product use 

and manufacture 

Refuse 

Rethink 

Reduce 

Extend lifespan of 

product and its parts 

Reuse 

Repair 

Refurbish 

Remanufacture 

Repurpose 

Useful application of 

materials 

Recycle 

Recovery 

Figure 2.1: The 10-R Model of Circularity methods adapted from Potting et al. 

(2017)  

This inclusive method provides a set of strategies that aims to achieve more efficient 

circular practices. The list was developed based on waste treatment procedures from 

more linear way of thinking to a circular approach. Moving upward in the table, the 

strategies demonstrate increasing levels of circularity performance according to their 

effectiveness in retaining material value, reducing resource consumption and 

minimizing environmental impacts throughout the production chain. 

The most effective strategy is to prevent generation of waste by refusing 

unnecessary consumption. Following strategies focus on maintenance after the 

consumption has already occurred, so emphasis is on extending the life span of 

materials and structure. Then, when a product reaches the end of its service life and 

the aim is to assess the possibility of further use as waste is accepted as a valuable 

resource in circular economy. 
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2.1.3 Building Circularity (BC)  

In order to understand Building Circularity, gaining insight into what Circular 

Economy stands for was essential. As expected, the construction sector, with high 

impacts, is also following the steps of circularity and adopting sustainability 

principles for construction materials. 

Circular economy promotes longer periods of material use and circularity in 

construction aims to close material loops to address ecological concerns such as 

minimizing construction and demolition (C&D) waste and lowering emissions and 

energy consumption. (Afshari & Górecki, 2019). 

The traditional approach with a linear pattern is also seen in the AEC sector. 

When materials and components from buildings reach the end of their service life, 

they are mostly directed to landfill disposal. (Ellen MacArthur Foundation, 

McKinsey & Company, & World Economic Forum, 2014) While linear way of 

thinking considers waste as a burden that should be eliminated and ignore the value 

as an input for a new process (Perey et al., 2018), CE will save the construction waste 

to repurpose and utilize in a future construction (Bhavsar, Sridharan, & Sudarsan, 

2023) through various strategies to close the material loop.  

Többen and Opdenakker (2022) points out that circular economy also focuses 

on extending the lifespan of products and promoting a more efficient use of resources 

which, accordingly, would help elongate service life.  Presumably, the first outcomes 

of elongated service life are to be observed as reduced waste and decrease in the 

consumption of raw materials. It gives value to waste and aims to join it to a circular 

pattern which will replace the need for virgin materials. However, despite numerous 

studies and efforts to create a more sustainable construction industry and to address 

environmental issues, the sector continues to face many challenges.  

To obtain maximum environmental benefits, practitioners in the construction 

industry should integrate circular methods in project designs by considering closed-

loop material cycles during the building design phase (Sassi, 2004; Illankoon & 
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Vithanage, 2023).  Potting et al. (2017) points to manufacturers and retailers to take 

a planned action to face the challenges of achieving the change through circularity. 

In that matter, Bhavsar et al. (2023) reports that the drawbacks result from legal, 

political, economic, environmental, social and technical barriers. In order to 

overcome these barriers, coordination among green rating agencies should be 

improved. Thus, material standards, disposal and recycling methods should be 

uniformly handled to deal with construction waste. To achieve an overall agreement, 

authorities should strengthen their policies to implement circularity principles 

consistent with each other.  

2.2   Life Cycle Assessment (LCA) 

Sassanelli, Rosa, Rocca, and Terzi (2019) analyzed 45 papers related to CE that 

propose a new framework from 2015 to 2019 and found that the most commonly 

used methodology among the analyzed papers is Life Cycle Assessment (LCA). 

LCA is a key method for evaluating the environmental impacts of products, 

processes, or services throughout their entire life cycle, and it plays an important role 

in sustainability and waste assessment. (Zhang et al., 2021) It helps to facilitate 

informed decisions regarding environmental sustainability by providing a 

comprehensive view on supply chains and their environmental effects. (Cilleruelo 

Palomero et al., 2024)  

 

Figure 2.2: LCA methodology diagram with phases (Le Bourhis, Kerbrat, Hascoët, 

& Mognol, 2013)  
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According to ISO 14044 (an international standard that defines the requirements and 

guidelines for conducting a consistent and transparent LCA), the LCA method 

follows a standardized four-step protocol (Le Bourhis et al., 2013): 

1. Goal and Scope Definition sets the boundaries and objectives of the assessment. 

2. Inventory Analysis involves a comprehensive account of all input consumed and 

output emissions or waste generated. Life Cycle Inventory (LCI) is the data 

collection phase where all relevant input and output flows of a product system are 

quantified forming the basis for further environmental evaluation.  

3. Impact Assessment evaluates the potential environmental impacts with tools. 

4. Interpretation is a stage that verifies the accuracy of the results and system 

boundaries, while also identifying opportunities for improvement in the study. 

2.2.1 LCA Stages for Buildings 

The LCA stages of buildings were defined according to the EN standards. These 

stages facilitate the assessment of various building scenarios and allow calculations 

based on specific stages. Since LCA is carried out for different purposes and by 

different stakeholders, it can be applied during production, construction, use, or end-

of-life phases or combination of those to calculate whole life cycle. Conducting an 

LCA for a construction project will inform about the benefits of circular use and 

embodied carbon based on stages (Figure 2.3). Therefore, the results can then 

support evaluations and decision-making aimed at achieving a circular life cycle.  

The scope should be defined before conducting the assessment, to decide on 

which LCA will be performed: cradle to gate, cradle to grave, or cradle to cradle 

(Figure 2.4). Cradle to gate can be used for the assessment of the production of 

materials and will mostly serve manufacturers to show their products' environmental 

properties. Since the cradle to grave scenario includes until the disposal stage, 
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circularity aims to shift from cradle to grave assessment to cradle to cradle 

assessment so the components can join a new life cycle and stay in the loop.  

 

Figure 2.3: Sources of embodied carbon across the life cycle stages of a construction. 

(Ramachandran, 2025)   

Module A of a life cycle refers to Product and Construction Stages which includes 

all processes before the building is completed and used. It begins with A1, which 

focuses on the environmental impact of extracting raw materials like minerals and 

metals. A2 involves the transportation of these materials to manufacturing facilities, 

considering distance, transport mode and fuel use. A3 covers the manufacturing 

process, where raw materials are turned into construction products, with impacts 

related to energy use, emissions and waste. A4 addresses the transportation of 

finished products to the construction site, again focusing on environmental factors 

like energy and emissions. Finally, A5 includes the on-site construction activities, 

from site preparation to installation, also considering energy consumption, emissions 

and construction waste. (Lemperos, 2024 & Ramachandran, 2025) 
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Figure 2.4: Stages of Building Life Cycle Based on LCA approaches and boundaries. 

(Masson, 2025) 

Module B refers to Usage Stages when the building is operational and actively in 

use. It begins with B1, which covers how the building and its products perform in 

their intended function, including user behavior, occupancy patterns, and the 

effectiveness of systems. B2 focuses on maintenance activities that aim to extend the 

lifespan of building components and minimize the need for new resources. B3 

involves repairing damaged elements instead of full replacement. B4 addresses 

necessary replacements for safety, functionality, or compliance with updated 

regulations. B5 includes refurbishment activities such as structural or functional 

modifications to meet new demands or expand the building. Finally, B6 & B7 are 

responsible for operational requirements. While B6 evaluates the energy required for 

building operation such as heating, cooling, lighting and other systems; B7 examines 

the buildingôs water consumption, including all uses of water within installed 

systems and appliances. (Lemperos, 2024 & Ramachandran, 2025) It is important to 
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meet the targeted consumption levels and environmental impacts during the use 

phase to achieve goals such as net-zero emissions and energy, which are key 

benchmarks for many certified green buildings.  

Module C refers to the End-of-Life Stage, focusing on the period after a 

buildingôs service life to minimize environmental impact. C1 is the demolition phase, 

which occurs when a building is no longer functional or needed. During this phase, 

the building is dismantled to recover materials for reuse or recycling while 

minimizing waste. C2 covers the transportation of demolition waste to lower carbon 

emissions and facilitates material separation. C3 prioritizes recycling materials for 

new uses and evaluates the environmental effects of these processes. Finally, C4 

addresses the disposal of materials that cannot be recycled or repurposed and may 

end up in landfills. (Lemperos, 2024 & Ramachandran, 2025)  

Module D explores beyond the EoL of buildings to explore the long-term 

impacts. It highlights the benefits of reusing and recycling materials to extend their 

lifespan and reduce resource demand, as well as the carbon sequestration potential 

of certain materials. This phase seeks opportunities for innovative reuse, reclamation 

and sustainability beyond traditional assessments. (Lemperos, 2024 & 

Ramachandran, 2025) Within a circular approach at Module D, in other words at the 

end of the buildingôs first life cycle, it may be refurbished or reused to begin a second 

life cycle. This process enables multiple reuses with minimal or no waste generation. 

When a building ultimately reaches the end of its final life cycle, most materials are 

recycled, while any remaining non-reusable components are disposed of in landfills. 

(Minunno, O'Grady, Morrison, & Gruner, 2020) Hence, Modules C and D will be 

the primary focus of this study for evaluating the LCA of the case study.  

One Click LCA released the 2025 Carbon Experts Report, which presents 

research conducted among industry professionals on LCAs and EPDs. The report 

focuses on their usage rates, the barriers faced, as well as the advantages and 

outcomes observed. It underscores the critical importance of enhanced collaboration 

between manufacturers and AEC professionals to advance decarbonization efforts 
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within the construction industry. The report shows the significant carbon reduction 

potential in the AEC sector, as surveyed professionals indicate that LCAs can reduce 

embodied carbon in construction. (Figure 2.5) 

 

Figure 2.5:  Carbon reduction potential in AEC assumed by surveyed professionals 

(One Click LCA, 2025a) 

The insights from the report related to the research are summarized below. (One 

Click LCA, 2025a)  

¶ LCAs are proving effective in reducing embodied carbon, with over 60% of 

AEC professionals reporting at least a 10% reduction. 

¶ 86% of manufacturers anticipate achieving carbon reductions of up to 30% 

by incorporating LCA insights into their product development. 

¶ EPDs are increasingly shaping material selection and procurement decisions. 

83% of AEC professionals report their influence on building projects and 

57% consider them either very important or critical, showing their growing 

role in market demand and competition in the sector. 

¶ Precise data on steel production, including differences between primary and 

secondary steel, is crucial for manufacturers and designers to make informed 

decisions that reduce carbon footprints in structural applications. 

¶ 36% of manufacturers emphasize the need for more comprehensive product 

data across all materials, indicating a widespread supply chain issue with 

environmental data transparency. 
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2.2.2 LCA Calculation Principles 

LCA calculations are done according to the European standard EN 15804 

Sustainability of construction works ï Environmental product declarations ï Core 

rules for the product category of construction products. EN 15804 is the main 

standard that outlines the essential product category rules for developing EPD for 

construction products. LCA principles and framework are based on ISO 14040 and 

LCA requirements and guidelines are given in.  

Although specialized LCA softwares are commonly used, life cycle 

assessments can also be performed manually. The calculations can be conducted 

using developed spreadsheet-based approaches such as Excel, where inventory data, 

characterization factors, and impact calculations are organized through matrices and 

mathematical formulations. (Bim LCA, 2024 & Eco Costs Value, 2026). Excel-

based tools have been developed to facilitate LCA calculations while maintaining 

transparency of the underlying methodology.  

LCA calculations can be also conducted manually in accordance with EN 

15804 and ISO 14044 standards, which define a matrix-based framework for life 

cycle inventory modelling and impact assessment.  

Heijungs and Suh (2002) developed a formal framework in which the product 

system is represented using matrices and vectors, forming a system of linear 

equations. (von Pfingsten, 2022) 

The equation that forms the basis of almost the entire framework is:  

ί ὃ Ὢ 

where Ὢis the final demand vector, ὃ is the technology matrix, ὃ  is its inverse, and 

ί is the scaling vector. (Heijungs & Suh, 2002)  
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Then, environmental impacts (or emissions/ resources use) are calculated 

using an intervention matrix (B) where Ὣ is the total environmental impact inventory. 

(Heijungs & Tan, 2010) The intervention matrix B maps process activities to 

elementary flows after calculating the scaling vector. 

Ὣ ὄί 

Ὣ ὄὃ Ὢ 

This formulation reduces the entire LCA computations to a single linear mapping.  

Instead of treating the model as a sequence of separate computational stages, it is 

formulated in a compact matrix form. The formulation also provides a consistent 

mathematical basis for further analyses, including sensitivity assessment and 

uncertainty propagation, within a unified linear algebra framework. (von Pfingsten, 

2022) 

Building on this basis, formulations have been updated and improved with 

characterizations for different systems. The LCA and LCI calculations are modeled 

further with study based complex methodologies.  

2.2.2.1 Building Circularity  Score 

A building circularity score is an indicator that evaluates the impact of different 

design choices. (European Circular Economy Stakeholder Platform., 2024). In One 

Click LCA, the score is calculated according to ISO 59020 by combining several 

circularity-related parameters assessing the source and content of materials used, 

construction wastage, and material EoL. Calculations can be reflected based on the 

service life of the building. (Building Circularity, 2026)  

The parameters considered in the circularity assessment include Disposal 

Rate, Connection Type, Structural Role, Service Life, EoL Processes, Recycled and 

Reused Content, Wastage Rates and Material Quantity. 
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In building circularity assessments results, materials are grouped into two 

categories: recycled materials and returned materials. Materials recovered include 

Virgin, Renewable, Recycled and Reused, while materials returned include Reuse as 

Material, Recycling, Downcycling, Use as Energy and Disposal. (Building 

Circularity, 2026) The Building Circularity score diagram includes a percentage in 

the center which represents the average from the materials recovered added up to the 

materials returned.  

The calculation is based on the weighting factors of the total shares of 

Material Recovered and Material Returned. Building Circularity Score is then 

derived as the average of these values.  

2.2.2.2 Benefits (Module D) Calculations 

Module D quantifies the net environmental benefits and burdens associated with 

product reuse, material recycling, or energy recovery at EoL. EN 15804+A2 standard 

requires Module D to be included in EPDs. 

According to the standard, Module D is intended to ensure transparency by 

capturing the environmental benefits and burdens associated with reusable products, 

recyclable materials, and recovered energy carriers that leave a product system as 

secondary outputs. (Hamed & Ciroth, 2025). The benefits are calculated in 

accordance with EN 15804+A2 using the following formula: 

ὩÍÏÄÕÌÅ$ ὓÏÕÔὓÉÎẗὉÒÅÃÙÃÌÉÎÇὉÖÉÒÇÉÎ 

ὩÍÏÄÕÌÅ$ὓ-2ȟÏÕÔὓ-2ȟÉÎẗὉ-2 ÁÆÔÅÒ %Ï7ȟÏÕÔὉ6-3ÕÂȟÏÕÔẗ
ὗ2ȟÏÕÔ
ὗ3ÕÂ
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Equation variables (One Click LCA., 2025b):  

ὩmoduleD: Net environmental benefits or burdens from exported secondary materials. 

ὓMR,out: Amount of scrap content exiting the system 

ὓMR,in: The amount of scrap content fed into the system 

ὓMR,outὓMR,in : Net amount of scrap content produced by the system 

ὉMR after EoW, out : The amount of emissions, resources and waste from material 

made from recycled scrap material. 

ὉVMSub,out : The amount of emissions, resources and waste from material made 

from primary materials. 

ὗR,out : material made of recycled material  

ὗSub : material made of primary material. 

ȟ  

Sub
 : Coefficient of quality difference, A value of 1 can be used. 

By this approach, LCA calculation softwares applies EN 15804+A2 Module D 

formulas based on the inputs. Module D calculations are not directly reflected on 

environmental impact results. Instead, it is accounted for beyond the main system 

boundary as an independent, avoided burden credit. 

All secondary material flows must be included in Module D calculations. 

Module D can result in either a negative ὩÍÏÄÕÌÅ value, indicating a benefit for future 

systems, or a positive ὩÍÏÄÕÌÅ value, indicating a burden. (Hradil, Vainio-Kaila, 

Ungureanu, Del Castillo, Gervasio, Lüdecke, Ilomäki, Sansom, Girao-Coelho, De 

Paula, & Yang, 2024)  

 

Figure 2.6: Closed loop allocation for Steel Product System (Hradil, et al., 2024)  
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Module D benefits depend on the balance between recycled material flows and the 

impacts of recycling processes. It is important to note that the net output flows can 

be negative if there is more recycled material than material sent to recycling. (One 

Click LCA., 2025b). The negative values obtained for Module D demonstrate the 

potential environmental credits generated by future reuse and recycling. (Coelho, & 

Sansom, 2021). Coelho, Pimentel, Ungureanu, Hradil, & Kesti, (2020) recommend 

using the formulas for steel constructions by neglecting the quality factors and 

considering the yield of secondary steelmaking.  

Figures 2.6 and Figure 2.7 present the diagrams showing a closed loop material flow 

system for steel in circular economy. After use, materials can be recovered through 

reuse and recycling loops, allowing them to re-enter the production process and 

reduce the need for virgin raw materials. Some materials can also leave the system 

as losses. Net amount of scrap steel content produced by the system can be calculated 

using the formula :  ȹM =ὓoutȟρ- ὓin,1 

 

Figure 2.7: Material Flow of steel reuse and recycling. (Hradil, et al., 2024) 

Designing buildings for deconstruction and future reuse can enhance value of waste 

output and provide environmental benefits beyond the current life cycle. This may 

result in increasing EoL impacts associated with deconstruction and reconditioning 

processes. If steel products cannot be reused in future cycles, Module D may indicate 

an environmental burden due to the need for higher-impact production in subsequent 

life cycles. (Coelho, et al., 2020). 
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2.2.3 Multi -Cycle LCA Methodologies 

Current LCA studies typically assess environmental impacts based on a single 

building life cycle. However, Circular Economy (CE) strategies involve the potential 

for materials to be reused across multiple cycles. In this context, a single life-cycle 

assessment may not fully capture the environmental implications of materials 

intended for repeated use. 

Further, evaluating a building designed with DfD approach (Section 2.3) 

considers multiple life cycles, as the environmental benefits emerge through 

successive reuse phases and each additional reuse avoids new production and 

therefore generates additional environmental benefits. Even when future reuse is 

uncertain, integrating DfD principles is justified because its additional costs are 

minimal compared to the significant emission reductions achievable through 

potential reuse. (Carrigan, Daly, & Congeduti, 2024) 

There is no standardized methodology for conducting multi-cycle 

assessments and most LCA software tools are limited to modeling a single life cycle. 

(Eberhardt, van Stijn, Nygaard Rasmussen, Birkved, & Birgisdottir, 2020b) 

Consequently, several allocation methods have been developed, in line with the 

standards and guidelines for LCA and whole building LCA, in the literature to 

address this limitation and to account for the environmental benefits associated with 

reuse and multiple use cycles.  

In the absence of standardized frameworks for multi-cycle LCA, the selection 

of the assessment methods remains subjective to the study. The choice of which 

method to apply in calculation should be determined after the project scope and aims 

carefully defined and the potential benefits and limitations of each approach be 

evaluated accordingly. Still, without formal guidance on how and when to apply 

specific allocation approaches, there is a significant risk of methodological 

inconsistencies and potential errors (Carrigan et al., 2024). Consequently, cross-

study and cross-method comparisons become challenging and less reliable. 
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Therefore, it is essential to reduce the variations in assumptions, system boundaries 

and allocation rules to achieve reliability and comparability of results. 

 

Figure 2.8: Whole Building Life Cycle Assessment Standards (Wambersie, 2024) 

Since there is no standardized methodology for calculating multi-cycle LCAs, 

existing studies suggest conducting assessments under controlled scenarios. In those 

assessments the number of lifecycles a material is going to join is based on 

reasonable assumptions. In these assumptions, uncertainty increases as the number 

of projected cycles increases (Carrigan et al., 2024), which makes it more difficult 

to accurately determine future resource or energy consumption when too many 

cycles come into consideration. This uncertainty reduces the reliability of results and 

introduces the risk of overestimating circular benefits.  

Assuming an excessive number of future loops may artificially lower 

calculated environmental impacts, potentially leading to a greenwashing effect 

(Eberhardt et al., 2020b). Therefore, it is methodologically more robust to base 

calculations on a limited and clearly defined number of life cycles that can be 

reasonably justified and controlled.  
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Similarly, the researchers of the CE LD approach, that will be reviewed, 

argue that the method should be applied only when supported by in-depth analysis 

and for cycles that are certain. (Eberhardt et al., 2020b) Under these conditions, 

circular economy principles can be more reliably integrated into LCA practice in the 

building sector with certain boundaries.  

2.2.3.1 Allocation Approaches 

Many allocation methods are found to be present in the literature. With a focus on 

the essential methods and new allocation methods, 0:100, 100:0, 50:50, LD & 

CELD, Van Gulck methods are selected to be briefly reviewed in this study to guide 

the assessments.  

I. End-of-Life 0:100 Approach 

This method is also known as avoided burden or end-of-life approach. It is 

commonly applied in recycling contexts to assign credits to products intended for 

recycling. (Wambersie, 2024) 

It allocates both production and end-of-life impacts to the final use cycle. 

Although it promotes the design of reusable components, it does not effectively 

encourage their actual reuse. (Moberg & Görman, 2025) 

II.  Equal Share 50:50 Approach 

The 50:50 approach is one of the allocation methods that assigns a relatively high 

share of environmental impacts to the first life cycle. Thus, it creates a motive for 

reuse and recycling by emphasizing reductions in initial production impacts which 

also encourages design for reuse. (Eberhardt et al., 2020b)   

The 50:50 approach assumes two life cycles and divides the impact equally 

between the use cycles. This method favors an equal allocation of impacts from 

production, use and EoL equally between the first and subsequent use cycle of the 

material (Carrigan et al., 2024; Moberg & Görman, 2025). This gives the first cycle 
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a limited benefit for designing for future reuse and recycling, as only half of the reuse 

and recycling impacts are assigned to the next cycle. A drawback is that only 

thinking one cycle ahead does not promote designing for multi-cycling in line with 

the CE concept. (Eberhardt et al., 2020b)  

Interpretations vary with some approaches allocating impacts only between 

the first and second use cycles, while some distribute them across multiple use 

cycles. Distributing across multiple cycles is more appealing in terms of CE, as it 

encourages both reuse of materials as well as design for reuse. (Moberg & Görman, 

2025) 

For reuse cases, this method treats reuse as a localized process burden rather 

than an environmental credit since the required energy and transport. Because reuse 

impacts and benefits are already incorporated within the defined system boundary, 

only the benefits related to material recycling and energy recovery are reported in 

Module D in order to prevent double counting of environmental benefits. (Moberg 

& Görman, 2025) 

III.  Cut Off 100:0 Approach 

This approach is defined in EN 15978 (Sustainability of construction works- 

Assessment of environmental performance of buildings- Requirements and 

guidance) and is one of the most commonly used methods. (Wambersie, 2024) In 

this method production (A1-A3) and EoL impacts are fully allocated to the first life 

cycle. (Moberg & Görman, 2025)  

Reused materials are considered burden-free, carrying only the impacts 

associated with their reuse processes (Carrigan et al., 2024). Thus, the reuse 

advantage is entirely captured in the second life cycle. While this method encourages 

the reuse of materials, benefits of DfD are not visible in the first cycle, which may 

undervalue advantage of using long term CE strategies. (Mc Cann, Corona, Han, & 

Havinga, 2025) 
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IV.  Linearly Degressive (LD) and CE LD Approaches 

The LD approach developed by Allacker, Mathieux, Pennington, & Pant, (2017) 

allocates impacts across multiple use cycles in a linearly decreasing manner. This 

approach rewards reuse and longevity, which are fundamental principles of the 

circular economy. (Mc Cann et al., 2025) 

This method requires determining the total number of cycles while assuming 

that all cycles are of equal length, including use, recycling and energy recovery 

phases. However, determining the number of life cycles can be challenging due to 

the high uncertainty associated with the long timeframes of multi-cycling strategies 

and the excessive lifespan of building components and materials. (Eberhardt et al., 

2020b) 

The LD approach encourages DfD and rewards reusable materials (Eberhardt 

et al., 2020b) since LD balances production and end-of-life impacts across life cycles 

more evenly than the 100:0 (Carrigan et al., 2024) and 50:50 approaches by 

allocating fewer impacts to the first cycle. Under this approach, subsequent cycles 

carry a higher impact compared to cut-off or 50:50 methods. This allocation 

approach more accurately represents closed-loop systems, as the second cycle is not 

burden-free, while the first cycle benefits from design for disassembly and reuse. 

Building on the LD approach, Eberhardt et al. (2020b) refined the allocation 

of production and end-of-life impacts across multiple cycles and developed the CE 

LD  approach. (Carrigan et al., 2024)  

The CE LD approach was interpreted as an information module for multi-

cycle scenarios, similar in role to Module D under EN 15804/15978 reporting 

potential benefits and burdens beyond the system boundary. The CE LD approach 

allocates benefits to the first life cycle to prevent underestimation of future reuse and 

recycling potential, while distributing a share of production impacts across 

subsequent cycles, thereby encouraging DfD. (Eberhardt et al., 2020b)  



 

 

28 

Table 1: Precalculated CE LD allocation fractions for F =50 up to 7 cycles adapted 

from van Stijn et al., 2021 

Total 

Cycles (N) 

Current 

Cycle (i) 

Primary Material 

Allocation 

Linear 

Allocation 

Secondary 

Material 

Allocation 

1 1 100% N/A 100% 

2 1 98% 50% 2% 

2 2% 50% 98% 

3 1 65% 33% 1% 

2 33% 33% 33% 

3 1% 33% 65% 

4 1 49% 25% 1% 

2 33% 25% 17% 

3 17% 25% 33% 

4 1% 25% 49% 

5 1 39% 20% 1% 

2 30% 20% 10% 

3 20% 20% 20% 

4 10% 20% 30% 

5 1% 20% 39% 

6 1 33% 17% 1% 

2 26% 17% 17% 

3 20% 17% 13% 

4 13% 17% 20% 

5 7% 17% 26% 

6 1% 17% 33% 

7 1 28% 14% 1% 

2 23% 14% 5% 

3 19% 14% 10% 

4 14% 14% 14% 

5 10% 14% 19% 

6 5% 14% 23% 

7 1% 14% 28% 

 

The CE LD allocation approach does not consider the length of use cycles, so there 

is a need for regulations to guide the consistent treatment of different cycle types for 

various materials. (van Stijn, Malabi Eberhardt, Wouterszoon Jansen, & Meijer, 

2021) Thus, the approach is subject to uncertainty, mainly because it depends on 
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assumptions about future cycles; however, it applies a best-case scenario to achieve 

a more fair allocation of impacts and benefits. (Carrigan et al., 2024) 

The CE LD calculations consider different values for weighting factor (F) 

and number of cycles based on their research. Eberhardt et al. (2020b) conducted a 

sensitivity analysis by varying the weighting factor F for values 2, 10, 15, 20 and 50 

across three building components. The ultimate setting was F = 50 since it stabilized 

the impact allocation. van Stijn et al. (2021) also used this value in multi-cycle CE 

LD calculations and pre-calculated the allocation values for different cycle numbers 

up to 10 cycles. (Table 1)  

Carrigan et al. (2024) applied both the LD and CE LD approaches, limiting 

their structural reuse scope to a three-cycle product system boundary. They proposed 

the calculation coefficients (0.49/0.33/0.17) based on Eberhardt et al. (2020b) study.  

 Cycle 1: 0.49V+0.17R3+0.17D+0.5R1 

 Cycle 2: 0.33V+0.33R3+0.33D+0.5R1+0.5R2 

 Cycle 3: 0.17V+0.49R3+0.49D+0.5R2 

R3= Module D, V=production, R1 = recycling, D = disposal 

V. The Van Gulck Approach 

The Van Gulck methodology assesses circularity within the framework of EN 15804 

and EN 15978. This method proposes considering multiple use cycles within a single 

life cycle, rather than treating each reuse as a separate life cycle requiring impact 

allocation. (Van Gulck, Wastiels, & Steeman, 2022) 

Aim is to prevent uncertainty with assumption of multiple life cycles. 

Including all transformations of a component within a single life cycle allows the 

assessment to count all production and end-of-life impacts fully in the current cycle, 

providing an alternate way of applying DfD. However, the potential utility of 

transformation scenarios must still be considered. (Carrigan et al., 2024) 



 

 

30 

This method employs EoL modelling and transformation modelling. 

Transformation modelling aims to evaluate the conditions that make a circular 

strategy more beneficial than other strategies in multi-cycling approach. (Carrigan et 

al., 2024) It was seen that including Module D in the assessment effects the result 

since end-of-life recycling and reuse are mostly captured by Module D. In the 

absence of Module D, which favors the reuse scenarios, differences between end-of-

life scenarios are minimal. (Van Gulck et al., 2022)  

2.2.3.2 Limitations of Allocation Approaches 

The wide range of approaches presented in the literature for multi-cycle assessment 

highlights the absence of standardized procedures. Thus, the choice of the method 

depends on the study scope and boundaries, which is mostly up to the practitioners. 

(Carrigan et al., 2024)  

The use of different methods creates methodological uncertainty and 

increases the potential for misuse due to the varying outcomes. (van Stijn et al., 

2021) Furthermore, most methods rely on assumptions regarding future life cycles 

and apply different allocation rules for distributing environmental impacts. This 

variability increases the risk of calculation errors, including double counting of 

impacts and benefits (Carrigan et al., 2024). As a result, the difference among 

methods makes cross-study evaluations and comparisons across different approaches 

impractical. Even when a single approach is adopted, determining the number and 

duration of use cycles in practical applications remains challenging, especially given 

that current allocation approaches neglect differences in service life across cycles. 

As an emerging field with few applications, multi-cycle LCA in the built 

environment requires standardized frameworks (Carrigan et al., 2024), verified 

methodologies and formal recognition to ensure reliability and facilitate adoption by 

the building industry.  
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2.2.4 Material Identification Documents 

To apply DfD, it is essential to have historical records, material properties and 

detailed information about the materials and components, which also contributes to 

improving construction quality. Material identification is achieved through 

documentation tools such as Material Passports (MP), Waste Material Passports 

(WMP), Digital Product Passports (DPP), and Environmental Product Declarations 

(EPDs). EPDs are developed based on LCAs conducted for the materials. 

2.2.4.1 Environmental Product Declaration (EPD) 

EPDs are created in accordance with EN 15804, which facilitates the comparison of 

environmental impacts of different construction products by standardizing the 

presentation of environmental information using LCA methodologies. This supports 

transparency and provides comprehensive data about a productôs ecological 

footprint, making it easier to make informed and sustainable decisions in the 

construction sector. (ERKE, n.d) 

 

Figure 2.9: An example EPD for a multi-layer fiber-reinforced pipe. Aquatechnik, 

(2021) [Digital image]. Retrieved from https://www.aquatechnik.it/es/aquatechnik-

obtains-the-epd-environmental-product-declaration/) 

https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/
https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/
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Zacharia (2025b) reports that the revised CPR regulations align with this 

European standard, which sets guidelines for developing EPDs to offer clear and 

consistent information on the environmental impacts of products throughout their 

life cycle, specific to each product category. Transparency allows manufacturers to 

convey the environmental impact of their products, while enabling AEC 

professionals and all stakeholders to choose more sustainable options by comparing 

products through their EPDs. 

Figure 2.9 shows an example of a material EPD for a multi-layer fiber-

reinforced pipe by Aquatechnik (2021). The EPD document shows the material's 

accordance with the standards in addition to the geometric information.  A designer 

may compare or select this material based on circular approaches, such as the 

recyclability of its sub-materials. Further, if the elements are reclaimed, having 

documentation on the available components can facilitate their reuse. 

2.2.4.2 Material Passports (MP)  

Material Passports are structured data sets that detail the specific characteristics of 

materials within products, highlighting their potential for recovery and reuse. 

(Smeets, Wang, & Drewniok, 2019) MPs serve as a tool for stakeholders across 

various sectors to document and exchange material information, aiming to optimize 

circularity. With the rise of CE, MP usage can extend to include sustainability 

evaluations like deconstructability, recovery potential, and environmental impacts 

(Atta et al., 2021, cited by Çetin, Raghu, Honic, Straub, Gruis, 2023).  

The concept of MP can be practically implemented in construction scenarios 

in the early design phase to enhance the circularity of construction materials. MPs 

are effective for the designers to decide on using specific materials aiming to have 

green solutions for their design considering EoL scenarios using also Waste Material 

Passports (WMP). In the case of direct element reuse, Material Passports primarily 

offer sourcing benefits and they are particularly valuable for designers as access to a 
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database containing detailed information on properties and dimensions allows them 

to identify suitable components more efficiently (Smeets et al., 2019). In Figure 2.10, 

when material passports and waste material passports might be utilized in the life 

cycle of a building or building material to guide design decisions is illustrated. 

  

Figure 2.10: Position of use of material passports in a circular economy diagram. 

(Lu, Peng, Webster, Wu, 2023) 

The study of Smeets et al., (2019) concludes that use of MPs can help reduce the 

financial barriers associated with the reuse of structural steel and already offers 

economic benefits to the building industry under current conditions. Their findings 

also indicate that direct reuse, rather than remanufacturing, provides greater value. 

This claim supports the idea of increasing efforts to reuse steel elements. 

Figure 2.11 shows the data collected to create an MP. This includes LCA data 

and BIM-model data, which provide information about geometry and materials. This 

helps ensure the MP data is reliable and useful.  

Figure 2.12 presents an example of a construction waste material passport on 

how recoverability is used as a circularity metric so that designers can consider EoL 

scenarios of a material on decision making processes. This demonstrates how 

beneficial material passports can be for designers by providing detailed information 

about material properties and life cycle impacts, enabling them to make more 

environmentally conscious choices in their projects. These passport documents are 
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significant for the sector with the data they provide because they help raise awareness 

about practices that support building circularity and encourage the practice of reuse.  

 

Figure 2.11: Data gathering process for Material Passports (Honic, Kovacic, 

Aschenbrenner, & Ragossnig, 2021)  

 

Figure 2.12: Waste Material Passport example (Lu et al. 2023) 
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2.2.4.3 Digital Product Passport (DPP) 

The Digital Product Passport is a digital record that captures comprehensive 

information about a product throughout its entire life cycle, from manufacturing to 

disposal. It functions as a centralized database containing details such as the 

productôs origin, content, usage instructions, environmental effects and other 

relevant data. (Psarommatis & May, 2024) A crucial element in enabling DPPs is 

achieving a comprehensive understanding of product life cycles. This requires 

traceability of product information at every stage of the supply chain and greater 

transparency in the flow of information throughout the entire value chain, from raw 

materials to finished products and ultimately to consumers. (Kjellberg, 2022) 

 
Figure 2.13: Data contained in the digital product passports. (Kjellberg, 2022) 

Starting in 2024, the European Union will require most products sold in the EU to 

have DPP. This regulation aims to improve transparency in product value chains by 

providing information on a productôs origin, materials, environmental impact and 

disposal. The DPP will enhance data sharing across the industry, promoting a more 

open marketplace and benefiting companies, consumers and the environment. 

(European Union, 2024) Effective use of DPPs can enhance decision-making 

throughout a circular supply chain by access to high-quality data. (Jensen, 

Kristensen, Adamsen, Christensen, & Waehrens, 2023) This digital approach 

integrates seamlessly with BIM and ultimately ensures consistent data across the 

entire EU market. (Zacharia, 2025b)   
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2.2.5 End-of-Life  (EoL) Scenarios  

When a product or building reaches the end of its service life, it is referred as the 

End-of-Life (EoL) stage. The strategies materials are handled when the service life 

is over, is defined by EoL scenarios.  

Sustainable development requires minimizing the EoL impact of buildings 

(Burgan & Sansom, 2006). According to Akbarieh, Jayasinghe, Waldmann, & 

Teferle (2020) there are three possible EoL scenarios for constructions: demolition, 

selective demolition and deconstruction. It is essential to determine which scenario 

to use, as it may require planning even before construction and the choice depends 

on how much circular of an approach is desired to be adopted. As a result, the 

quantity and type of waste generated varies depending on which EoL strategy is 

applied to the building. (Akbarieh et al., 2020)  

Each product chain requires a specific EoL approach to achieve a closed 

material loop since product qualities vary in function, durability and setting. (Potting 

et al.,2017). Cullen (2017) poses two guiding questions for evaluating EoL options 

for waste materials or products: What amount of energy is needed to process the 

recovered material back to a usable condition and when comparing the desired 

material or product from new or primary sources, how does this amount measure up? 

These questions should be addressed with the involvement of all stakeholders, based 

on their circularity goals comparing advantages and disadvantages of the scenarios.  

It is crucial to consider the long-term impacts when selecting an appropriate 

EoL scenario. When it is observed from a broader perspective, both deconstruction 

and demolition processes incur additional costs, but they arise from different reasons 

in various stages. Thus, environmental and economical sustainability are both the 

concerns of the selection.  

In order to achieve component reusability in deconstruction or demolition 

scenarios, the first step is to assess the remaining service life of the reclaimed 

element. If the remaining service life meets the expected life of another construction, 
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it is suitable for reuse. After ensuring the lifetime, the connection types and their 

condition are approved to be reintroduced into a new cycle. (Akbarnezhad, Ong, & 

Chandra, 2014)  

2.2.5.1 Demolition  

Demolition is a common EoL scenario in the linear construction model, where 

buildings are typically torn down at the end of their life cycle and the materials are 

either recycled or sent to landfills. (Minunno et al., 2020)  The existing construction 

industry expectedly prioritizes fast demolition strategies. 

Demolition may be expected not to be costly due to the absence of 

investments in the design stage. However, it results in high long-term costs and 

overall emissions by requiring virgin materials for new construction. (Kanyilmaz, 

Birhane, Fishwick, & del Castillo, 2023)  

2.2.5.2 Deconstruction  

Deconstruction is defined as the process of breaking down the facility into its 

components with the goal of rescuing the materials to use for recycling, reuse and 

renovation purposes (Basta, Serror, & Marzouk, 2020). Deconstruction serves as a 

solution to mitigate environmental and economic losses by recovering existing 

building materials at the end of their first lives and repurpose and recycling these 

materials as a resource for new construction projects (Guy, 2006).  

Since most buildings are designed without considering the dismantling stage, 

applying deconstruction tends to be more costly, time-consuming and less efficient. 

Therefore, identifying recyclable elements becomes the most efficient EoL strategy 

in such cases to achieve circularity in existing buildings. (Sassi, 2004)  

It is possible to evaluate reusability of the recovered components based on 

conditions such as the expected service life of the component, connections and 
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elements available for disassembly. (Akbarnezhad et al., 2014) Thus, deconstruction 

requires additional investment in quality assessments, manual disassembly labor, 

storage and transportation to obtain materials for reuse. (Kanyilmaz et al., 2023) Yet 

this method maximizes resource recovery, protects raw material stocks and helps 

prevent the generation of construction waste; thus, its outcomes are environmentally 

beneficial and aligned with the goals of circularity (Zaman, Arnott, Mclntyre, 

Hannon, 2018).   

In a circular building model, components should be suitable for dismantling 

after service life of a building is over. Therefore, a structure at the end of its service 

life would be deconstructed to reclaim materials for reuse or recycling even if it 

requires more time and initial financial investment than demolition.  

Implementing deconstruction requires new methods that make it more 

advantageous while enabling material recovery and ensuring time-efficiency in 

dismantling.  It is claimed that digitalization in deconstruction can help automate the 

process more efficiently and enable a clearer distribution of roles among 

stakeholders and demolishers. (Kanyilmaz et al., 2023) A common approach 

involves Building Information Modeling (BIM) that allows for easier adaptation of 

reusable components to future changes if building information is entered. BIM 

models can be modified more efficiently and enable future buildings to explore EoL 

options following technological developments (Akbarieh et al., 2020). Using this 

method not only improves EoL management but also can be utilized to extend the 

service life and increase circularity through the repair strategy during maintenance.  

Despite growing interest and efforts in achieving circularity, deconstruction 

is not widely adopted as a primary EoL approach, as it presents several limitations. 

Disadvantages include the challenges of handling, storing and managing the 

inventory of various components after disassembly, when they are not immediately 

reused in a new project (Cabaleiro, Conde, González-Gaya, & Barros, 2023).  
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2.3 Design for Deconstruction (DfD)  

A new design strategy has been developed with circular thinking based on the EoL 

scenarios which enable the building to be disassembled. Design for 

Deconstruction/Disassembly (DfD) emerges as a powerful approach for planning 

and enabling the reuse of building components. When buildings are designed for 

deconstruction, it facilitates the process by accelerating disassembly and reducing 

costs by planned deconstruction strategies which also increases the quantity of 

materials that can be successfully reclaimed for reuse (Sassi, 2004).  

Since, the application of circularity in the construction sector should be a part 

of project preparation and management (Többen & Opdenakker, 2022), early 

decision-making is necessary for designing deconstructable structures. Design for 

Deconstruction has emerged in response to this need offering a strategic approach to 

building design that facilitates the easy disassembly of structures at their EoL. The 

goal of DfD is to maximize material recovery and reuse, reducing construction waste 

that would otherwise end up in landfills (Akinade, Oyedele, Ajayi, Bilal, Alaka, 

Owolabi, Bello, Jaiyeoba, & Kadiri, 2017).  

Having a comprehensive deconstruction plan in place from the early stages 

of a project design can significantly impact DfD practices; however, DfD should be 

integrated into every stage of the design process. (Basta et al., 2020) During the 

design process, considerations of a buildingôs use, significance and purpose should 

guide decisions to fulfill deconstruction requirements. (Santos & De Brito, 2005). In 

order to create systems that are suitable for disassembly, making the system easily 

reconfigurable facilitates reuse by increasing the number of reusable elements 

(Cabaleiro et al., 2023).  
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2.3.1 Deconstruction Planning with DfD 

Structures designed with screwed connections are generally more suitable for 

deconstruction and reuse, although this process requires more manual labor and less 

reliance on excavators.  (Kamrath, 2023) However, careful planning strategies, good 

co-ordination, and quality assurance support reuse to be technically achievable. 

(Broniewicz & Dec, 2022) A detailed deconstruction plan should be developed in 

advance. 

Original construction drawings should be kept to facilitate efficient material 

recovery and future reuse. Successful deconstruction requires building elements to 

be dismantled in the reverse sequence of their original construction. The process 

should begin with secondary and non-structural components rather than the removal 

of the main elements. (Coelho, et al., 2020) 

Deconstruction should be executed by skilled, specialized workers to ensure 

dismantling is carried out with minimal loss of components and maximum material 

recovery. To prevent surface damage, distortion, and material degradation, recovered 

components should be handled and stored under appropriate conditions.  

Comprehensive documentation of the structure is essential to facilitate 

disassembly, recovery, and reuse of structural components. Relevant information 

should include the building's function and structural configuration, records of any 

interventions, alterations, or repairs, and documentation of events that may have 

affected component integrity. In addition, the date and location of construction, 

original design and fabrication information, and a preliminary inventory of steel 

members support material identification, and deconstruction planning. Also, before 

reuse, all reclaimed steel members should be inspected, certified for their structural 

properties, and classified in accordance with relevant standards. (Coelho, et al., 

2020)  
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2.3.2 Deconstructability Assessment 

Assessing deconstructability is crucial for evaluating how easily buildings can be 

dismantled and their components can be reused. Conducting a deconstructability 

assessment in the early design process supports decision making to promote 

circularity in construction by waste reduction and minimizing raw material 

consumption. 

For this purpose, a group of researchers (Akinade, Oyedele, Bilal, Ajayi, 

Owolabi, Alaka, and Bello, 2015) developed the BIM-Based Deconstructability 

Assessment Score (BIM-DAS). The BIM-DAS is a quantitative tool built on a 

mathematical modelling approach using data from the building designôs bill of 

quantities. The score enables comparing different building designs and selecting the 

most deconstructable option without compromising form or function.  

Building on this foundation, Basta et al. (2020) introduced the Steel Structure 

Deconstructability Assessment Scoring System (SS-DAS). This methodology is 

developed to emphasize the importance of deconstructability and DfD within the 

AEC industry. It also addresses the lack of technological tools for evaluating the 

deconstructability of steel structures. This specialized scoring system enhances BIM-

DAS by including factors specific to steel structures such as reusable fireproofing 

systems and deconstructable composite action connections. Together, these 

frameworks highlight the critical role of detailed BIM modeling and assessment tools 

in promoting DfD and sustainable steel construction. 

2.3.3 Long Term Benefits of Design for Deconstruction 

DfD aims to incorporate circularity into the design process. As a result, the 

production of components is suitable to enable disassembly and reuse. This approach 

requires additional input such as higher costs, increased energy consumption, and 

greater emissions during the initial phase. While this leads to higher cost and 
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environmental impact in the first life cycle, the overall outcomes demonstrate the 

benefits across the entire material service life. (Akbarnezhad et al., 2014) 

Implementing circular strategies offers numerous advantages, including 

reduced environmental impacts such as lower energy consumption and carbon 

emissions, that result in less waste generation, and the minimal demand for raw 

materials. (Sassi, 2004). Thus, applying DfD may result in several additional 

opportunities emerging as positive outcomes, such as the potential to reduce waste, 

in addition to the main goal of lowering resource consumption.  

 

Figure 2.14: Life cycle carbon emissions results of a steel structure with and 

without DfD applied. (Densley Tingley, 2013) 

A study by Akbarnezhad et al. (2014) examines how the choice of 

deconstruction strategy influences energy consumption and carbon emissions 

throughout a building's service life. The findings show that DfD construction results 

in higher energy use and carbon emissions compared to conventional methods in the 

first life cycle, but DfD significantly reduces environmental impacts during the 

second service life thanks to reuse. As a result, when both life cycles are considered 

together, the case of DfD construction resulted in an overall reduction of about 35% 

in energy use and 38% in carbon emissions. The study highlights that construction 

costs, energy consumption and emissions are influenced by the chosen EoL strategy 

and it is essential to consider the full building life cycle while measuring impacts to 
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decide on the EoL strategy. (Akbarnezhad et al., 2014) Figure 2.14 shows the 

decrease in life cycle carbon emissions when DfD is implemented into a steel 

structure.   

2.3.4 Drawbacks and Barriers  

The ongoing digital transformation offers promising opportunities by supporting 

DfD, maintenance, reuse strategies and standardization, to make reuse more practical 

and widely applicable. (Kanyilmaz et al., 2023) Still, the adoption of reuse and DfD 

remains slow due to several limitations.  

The most significant barrier is the limited knowledge and lack of clear 

planning among designers, contractors and property owners which mainly result 

from the absence of regulations and standards. Defining the scope of the project is a 

critical initial step in any project which involves the clear identification and 

documentation of the project's objectives, boundaries and constraints.  

A common issue during the design stage is the insufficient involvement of all 

stakeholders for decision making. Scope definition should be a collaborative effort 

involving all stakeholders before the design phase begins, as it fosters a shared 

understanding and establishes a solid foundation for all subsequent phases of the 

project (Kanyilmaz et al., 2023).  

Awareness is a key component in founding the necessary background to 

define the project scope and set targets with stakeholders. Raising awareness and 

including all stakeholders in design stage is essential for making informed early 

design decisions that support circularity and the application of DfD. Awareness can 

be strengthened through an increasing number of studies, the growing 

implementation of DfD in real-life projects and the introduction of regulations that 

make its application mandatory. These steps ensure that all stakeholders become 

informed and actively engaged in the process.  
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Kanyilmaz et al. (2023) point out design-related issues such as aligning the 

new buildingôs design with the structural capacity of reclaimed elements. Designing 

with reusable elements can be challenging for designers, as the number of suitable 

components becomes even more restricted after assessing the quality of reclaimed 

materials. The issue of availability limits the designerôs flexibility since the design 

must adapt to the existing dimensions and properties of the reclaimed materials. 

Thus, even if the first building is designed for deconstruction, the new building 

should be designed to reuse reclaimed materials which may not be including all 

components of deconstructed structure.  

 

Figure 2.15 Storage of reclaimed steel at Cleveland Steelôs warehouse. Photo by 

Sebastian Ziegler, featured in an article by Eleanor Young (2023).  

Another challenge with reclaimed materials is determining how and where to store 

them within a reasonable distance from both the original and new construction sites, 

as well as for how long they should be stored. These materials often require 

significant space, which can lead to logistical difficulties related to transportation 

costs, storage availability and timing. 
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2.4 Steel Structures 

Steel is a highly demanded construction material that has an emission-intensive and 

energy-intensive production process, consuming a significant amount of resources. 

As a result, many studies in literature and recently published reports have focused 

on measuring, analyzing and assessing steel usage and its share of environmental 

impacts.  

World Steel Association (2024) reports that steel production is receiving 

increased attention for improving environmental sustainability, as it contributes 7% 

to 9% of global carbon dioxide emissions.  

 In 2023, measurements 

showed that buildings and 

infrastructure were responsible 

for more than half of annual 

steel consumption. (World 

Steel Association, 2024) This 

significant share of steel use 

again highlights the critical role 

of the construction sector in 

promoting reuse, circularity 

and life cycle optimization. 

 

The largest steel production occurred in China in 2023, with an output of 1,019.1 

million tons, out of a global total of 1,892.2 million tons. Türkiye ranked 8th among 

the top steel-producing countries with 33.7 million tons in 2023. (World Steel 

Association, 2024) Furthermore, it is expected that the production of iron and steel 

will increase by 70 percent by 2035. (International Energy Agency, 2024) 

Figure 2.16: Steel use ratios by sectors 

(World Steel Association, 2024) 
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The Commission of the European Parliament and Council (2024) has adopted 

the Ecodesign for Sustainable Products Regulation (ESPR) working plan. This plan 

identifies iron and steel as a priority product group that will be subject to new or 

revised requirements. The ESPR working plan for 2025-2030 includes regulatory 

measures that are expected to be implemented by 2026. The early targeting 

emphasizes its significant environmental impact and circular design potential. 

(Zacharia, 2025a) 

The International Energy Agency (2024) has published World Energy 

Outlook 2024 which includes Industry and intergovernmental-led initiatives and 

manufacturing targets by scenario. Table 2 outlines the specific targets from the 

outlook related to steel production based on decreasing carbon emissions. The targets 

set in annual reports, regulations and publications from various organizations 

demonstrate the sectorôs strong commitment to sustainability. 

Table 2: Steel Initiatives and Targets adapted from International Energy Agency 

(2024) 

Initiative  
Commitment 

Type 
Commitment of the Signatories 

First Mover 

Coalition 
Procurement 10% of low-carbon steel by 2030 

Net Zero Initiative  
Technology 

deployment 

Bring zero-carbon primary steel production 

technologies to market by 2030 

Glasgow 

Breakthrough 
Procurement 

Near-zero emissions steel to be preferred by 

every coalition member 

2.4.1 Structural Components and Properties 

Steel offers many advantages as a structural element besides its availability, which 

explains its high demand and wide use in construction. The advantages stem from 

both the ease of design and construction, as well as the material properties. 
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The construction process with steel is time-efficient due to its prefabricated 

components and ease of assembly. Further, advanced computerized manufacturing 

technologies can be utilized in steel components production to ensure high 

dimensional accuracy, enhancing construction precision. (Sharma, Kumar, Singh, 

Ahmad, & Pratap, 2017) Prefabrication and factory-based production also help 

minimize waste on-site and throughout the design and manufacturing processes 

thanks to the fully or semi-automated production lines. (Kanyilmaz et al., 2023) 

Steel is a durable material with corrosion resistance and high tensile strength. 

It enables the creation of lightweight structures that are also resistant to earthquakes, 

without compromising structural integrity. The structures made of steel offer 

flexibility and adaptability, allowing for easy modifications or expansions when they 

are required. Another advantage is the ability of steel to span long distances, which 

provides larger open spaces without the need for intermediate support. (Sharma et 

al., 2017)  

Steel components are also easy to maintain since they are typically treated 

with an anti-corrosion coating before being assembled on-site. Additionally, they do 

not interfere with any pre-applied corrosion protection and do not require specific 

environmental conditions during installation, making them especially suitable for 

on-site use. (Schulitz, Sobek, & Habermann, 2000) 

From a sustainability perspective, steel is fully recyclable and  steel materials 

with their reuse potential contribute significantly to circular construction practices 

which make it a valuable construction material to study on. As environmental 

concerns are key drivers of this research, steel stands out as an environmentally 

responsible material due to its benefits such as minimizing health hazards, generating 

less construction waste, decreasing energy consumption and reducing greenhouse 

gas emissions (Sharma et al., 2017). 

Given its significant potential for reducing emissions and energy intensity, 

steel is an ideal material for studying and assessing environmental impacts to reduce 

excessive energy consumption and greenhouse gas emissions. 
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2.4.2 Connection Types 

The broad topic of connection types of steel structures will be examined in this 

section only related to suitability of connections for deconstruction. Detailed joint 

designs are beyond the scope of this research. The study aims to understand the two 

general common steel connection methods: welded connections and bolted (dry) 

connections. 

 

Figure 2.17: Illustration of (a) a bolted connection and (b) a welded connection. 

(Cabaleiro et al., 2023). 

Welding is considered a standard method of joining in steel construction, widely 

accepted as an ideal technique for producing integrated construction components 

both in the factory and on-site. It is a method in which steel parts are combined by 

melting and adding filler material and a solid joint is obtained when it cools and 

solidifies. There are many examples of welded structural steel seen in daily life 

pointing to its common use. 

Steel is considered weldable when load-bearing welded connections can be 

produced economically using standard equipment. However, welded connections 

require precise alignment of parts, which can cause delays and may necessitate 

scaffolding. Therefore, whenever possible, welding should be performed at the 

fabrication facility. (Schulitz et al., 2000) 

Welding is beneficial for recycling steel since welded components made from 

a single material can be easily cut and remelted. Furthermore, identical or similar 

steel components can be joined by melting or plastically deforming the joint area. 
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(Schulitz et al., 2000) Yet welded connections are not suitable to be disassembled 

and taken apart. It is only possible to cut them with a torch and scrape which does 

not likely enable reusing.  (Cabaleiro et al., 2023)  

Dry connection, on the other hand, is a crucial technology for the steel 

structures, serving as a demountable connection. Dry connenctions enable the reuse 

of the components (Cai, Xiong, Xu, Larbi, Lu, & Yoshizawa, 2019) since bolted and 

screwed connections can be easily removed, which is crucial for ensuring the 

effective reclaim of components and materials. (Schulitz et al., 2000) Even though 

bolted connections can be disassembled, the steel profiles often require preparatory 

work, such as cleaning, drilling, or modifying connection points, before they can be 

reused. (Cabaleiro et al., 2023)  

In the context of circularity, bolted connections in dry steel systems are 

advantageous as they reduce carbon emissions during disassembly. They allow for 

quick removal (approximately 3 seconds per bolt), which minimizes fuel use. 

(Melella, Di Ruocco, & Sorvillo, 2021) In contrast, welded joints require slower and 

more labor-intensive methods like manual plasma cutting, which prolongs 

equipment operation time and increases fuel consumption and carbon emissions 

during transport and dismantling.  

2.4.3 Light Gauge Steel (LGS) Structures 

Different types of steel can be used depending on the scale of the building. These 

varieties are related to the production process and are preferred according to the 

requirements of the structure.  

There are two main types of steel based on their production methods: hot-

rolled and cold-formed. The mechanical properties and sizes of steel components 

vary significantly between these two production types. 

Hot rolling is used to produce Structural Steel at high temperatures which is usually 

thicker and heavier than cold formed steel components. In contrast, cold formed steel 
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is made by shaping thin steel sheets at room temperature into profiles. The cold-

forming process is used to produce light gauge steel. Depending on the scale and 

requirements of a project, both structural steel and light gauge steel can be utilized. 

(Shuster, 2025) However, this research focuses on LGS structures, thus cold forming 

is explored in further detail.  

Cold-formed steel members offer many benefits, including being lightweight, 

possessing high strength and stiffness, allowing for efficient prefabrication and 

large-scale production. This enables quick and easy assembly on-site and reduces 

costs for transportation and handling. (Ramachandra & Gehlot, 2013, as cited in 

Vigneshkannan, Abdul Bari, & Easwaran, 2017)  

 

 

Figure 2.18: LGS Frame Joint Types. UNBAK Machinery Co. Ltd., (n.d.) [Digital 

image]. Retrieved from https://unbakmachinery.com/celik-yapi-montaj-detaylari/   

LGS is a cold-formed steel widely used in both residential and commercial 

construction due to its reliability. It is ideal for framing applications, offering 

flexibility, structural integrity and durability in architectural design. (Shuster, 2025) 

It can be utilized for both load-bearing structures and non-load-bearing partition 

walls. The steel components can be assembled in various configurations.  

https://unbakmachinery.com/celik-yapi-montaj-detaylari/
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Figure 2.19: Components of an LGS Building Frame (Khosakitchalert, Yabuki, & 

Fukuda, 2020) 

The fabrication of LGS in a factory enables precise production with consistency and 

accuracy and a simpler and easier construction process on-site. A specific application 

for steel components is applied during fabrication to coat them with materials such 

as zinc to galvanize, which helps protect the steel from fire damage and corrosion. 

(Shuster, 2025)  

 

Figure 2.20: Example Structure with Light Gauge Steel Frame. MS Metals, (2024) 

[Digital image]. Retrieved from https://ms-metals.com/our-products/light-gauge-

steel-structures/ 

 

https://ms-metals.com/our-products/light-gauge-steel-structures/
https://ms-metals.com/our-products/light-gauge-steel-structures/
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The relatively thick zinc coating provides effective corrosion protection for 

steel across a range of atmospheric conditions, typically ensuring a service life of 50 

to 100 years. In low-pollution rural environments, where exposure to automotive and 

industrial emissions is minimal, this lifespan can extend to approximately 100 to 150 

years without maintenance. (American Galvanizers Association, n.d.)  

In buildings, a typical service life of 50 years is often considered, as stated in 

the EN 1990:2002 standard. (European Committee for Standardization, 2005) This 

means that the building is expected to remain functional and safe for that duration 

while certain reusable materials within the structure may have a longer service life. 

This allows steel components with ensured lifespan of more than 100 years to join 

more than one building life cycle creating a reuse potential.  

Overall, steel elements can be recycled or reused, making them a suitable 

option for sustainable construction. Since bolted connections are used in LGS 

structures, the structures have the potential to be deconstructed so that the 

components can be taken apart after their service life. LGS is chosen as the study 

material for this research because of its mentioned structural properties and their 

potential to support circular building practices. Also, as Nangir, Gkantou, Bras, 

Nikitas, Ferentinou, Riley, Clark, & Humphreys, (2026) found out in their study on 

an LGS housing, LGS frame alone contributes 40.60% of the total product stage 

impacts, based on the material breakdown. Thus, the environmental impacts 

associated with LGS structures require careful consideration of reduction strategies 

and material optimization.  
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2.4.4 Life Cycle of Steel Elements 

By applying life cycle thinking, improving standards and regulations and promoting 

efficient material use, the construction industry can significantly reduce carbon 

emissions through the reuse of steel components. (Kanyilmaz et al., 2023) Recycling 

metals in Stage C3, is beneficial because it allows recycled materials to replace virgin 

metals, reducing environmental impact and conserving resources. (Masson, 2025)  

Figure 2.21 highlights how steel constructions can support sustainability 

throughout their entire life cycle. The properties of steel are emphasized in the 

diagram below to provide sustainable use when life cycle impacts are carefully 

considered. By addressing key factors such as material efficiency, energy 

performance, waste reduction and reusability, the diagram shows that steel can play 

a major role as a construction material in achieving building circularity.  

 

Figure 2.21: Sustainability criteria in life cycle of steel. (Aksel & Eren, 2015) 

2.4.5 Reuse and Recycling of Steel 

This section delves into the recycling and reuse strategies mentioned in the 10-R 

model outlined in Section 2.1.2. Recycling and reuse are effective EoL strategies for 

achieving circularity in steel elements. These circular approaches play a key role in 
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reducing the environmental footprint of the construction sector. It is necessary to first 

review the current statistics and detailed data on steel production methods to provide 

an overview of the steel sectorôs status regarding recycling and reuse. Following this, 

the industryôs emission reduction targets are outlined to emphasize the challenges 

ahead and the commitment required. Finally, the advantages of steel recycling and 

reuse are explained and discussed, highlighting their critical role in achieving 

sustainability goals and evaluating their effectiveness in meeting these targets. 

According to Burgan and Sansom (2006), recycling steel supports sustainable 

development by conserving natural resources, lowering energy consumption and 

reducing waste production. As seen in Figure 2.22 (Cullen, 2017), recovering steel 

for reuse or recycling consumes much less energy than producing new steel from 

raw materials. This significant energy saving makes the use of recovered steel a 

much more efficient and environmentally friendly option. Also, the CI value of 0.14 

indicates that steel has an evident potential to be reintegrated into new life cycles at 

the end of a buildingôs service life. 

  

Figure 2.22 Estimate Energy required to recover material and for primary 

production. (Cullen, 2017) 

While steel stands out as a material with a high recycling rate, helping to keep it 

within the material loop, many materials are landfilled at the EoL stage (O'Grady, 

Minunno, Chong, & Morrison, 2021). According to report data from the World 

Economic Forum (2023), approximately 78% of steel is currently produced through 

primary methods, with the remaining portion obtained from secondary (recycled) 
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production. Thus, almost one fourth of global steel production uses recycled scrap 

as a resource and this figure is expected to double by 2050, which would play a role 

in cutting emissions by around 20-25% (Fennell, Driver, Bataille, & Davis, 2022).   

  

Figure 2.23: Emission reduction target for steel production methods. (World 

Economic Forum, 2023) 

To achieve significant emission reductions in the steel industry by 2050, both 

primary and secondary steel production must drive through major transformations to 

meet the 2050 targets shown in Figure 2.23: Emission reduction target for steel 

production methods. (World Economic Forum, 2023) 2.23 These transitions include 

shifting to cleaner energy sources, adopting advanced technologies and using 

alternative resources for energy for production to increase reliance on low-emission 

processes, such as electric arc furnaces, especially for recycled (secondary) steel 

(World Economic Forum, 2023).  

On the other hand, the use of recycled scrap as a resource is limited due to 

the loss of material quality over repeated life cycles. As a result, most current 

recycling practices focus on low-grade solutions that align more closely with a linear 

economy, leading to maintained high natural resource consumption. Transitioning to 
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high-quality recycling is essential to prevent the production of low-quality materials 

and to reduce energy consumption during the process. (Potting et al., 2017) 

Table 3: Recyclability of Hot-Dip Galvanized Steel Zinc  

(American Galvanizers Association, 2009) 

 Zinc Steel 

Recycling Rate 30% 70% 

Reclamation Rate 80% 100% 

American Galvanizers Association, (2009) states that approximately 70% of steel 

and 30% of zinc used in galvanized products originate from recycled sources, while 

EoL recovery rates reach nearly 100% for steel and around 80% for zinc. Although 

hot-dip galvanized steel is theoretically 100% recyclable at end-of-life, it does not 

mean that production is entirely based on recycled material which could be due to 

limited scrap availability, quality requirements and production routes. 

As highlighted above, besides being a convenient material for recycling, steel 

is a valuable material due to the high potential to be reused. Nevertheless, reuse 

practices are more limited than recycling since recycling does not require 

components to remain in usable condition, as materials can be melted down 

regardless of the connection type, including welded joints. In contrast, reuse 

demands assessments for structural feasibility and the use of dry connections that 

allow for easy disassembly.  

Even though steel constructions last a long time, buildings will eventually 

reach the end of their service life. While the focus is often on recovery and recycling 

at EoL, steelôs durability and high quality make it especially suitable for designs that 

enable easy disassembly and reuse of parts or entire structures, providing the greatest 

opportunity to enhance circularity. (Ness, Swift, Ranasinghe, Xing, & Soebarto, 

2015) However, to fully achieve the environmental benefits, reuse practices must 

become as common as recycling for end-of-life steel stocks, supported by 

standardized procedures. (Kanyilmaz et al., 2023) 
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Hradil et al. (2017, as cited in Kanyilmaz et al., 2023) introduces a method 

for assessing the reuse potential of steel components based on further methods. The 

assessment includes exploring how easily the structure can be disassembled without 

damaging components, difficulties of handling, potential for re-design and adapting, 

need for modification before reuse and quality check for feasibility. As their study 

suggests, if the assessment for reuse is conducted properly, reclaimed steel 

components can enter a new life cycle with performance condition equivalent to that 

of newly produced components. Figure 2.24 shows an example of reclaimed steel 

effectively integrated into residential projects by extending a house in the UK using 

reclaimed steel beams aligning with the clientôs sustainability goals.  

  

Figure 2.24: Reclaimed steel beams & their integration into a new project. (Peirson, 

2025) 

In summary, recycling plays a significant role in reducing emissions and the increase 

in steel recycling practices is encouraging. However, the energy sources used in 

production must be reconsidered and shifted toward cleaner alternatives. 

Additionally, the recycling process itself should be improved to enhance the quality 

of the outcomes and ensure emissions remain low. Compared to recycling, it is seen 

that reuse is a more effective technique to close the loops with lower environmental 

impacts. There are already efforts to achieve lower costs and increase the demand to 

overcome the limitations and barriers. With proper planning the reuse process can 

be facilitated.  
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2.4.6 Reuse Rates of Deconstructed Steel & LGS Frames 

Structural LGS materials are 100% recyclable with an unlimited number of recycling 

cycles. Morever, the structural elements can be dismantled and reassembled at a 

different location with only a 10% material loss. (Of & Öztürk, 2022). However, 

unlike structural steel, LGS studs are highly susceptible to bending during removal. 

Thus, reuse should strictly apply only to straight, unharmed sections.  

Study of Broniewicz & Dec (2022) on demountable steel systems also 

assume high recovery rates, with up to approximately 90% of structural steel being 

reusable, while around 10% may be lost due to damage during disassembly. 

Wang, Troup, Coleman, Eckelman, Hajjar, Brown, & Webster, (2016) 

investigated the environmental performance of deconstructable steel structures under 

different end-of-life recovery conditions of different number of reuse cycles. 

Recognizing the uncertainty associated with the successful recovery of components 

from DfD buildings, the authors assumed that 20%, 25%, and 33% of 

deconstructable components could be damaged during deconstruction, 

transportation, storage, or reconstruction, resulting in reuse rates of approximately 

80%, 75%, and 67%, respectively. 

Redevelopment project of 20 Giltspur Street in London demonstrated the 

feasibility of high levels of steel reuse. Approximately 80% of the original steel 

frame was reclaimed and reused within the redeveloped building. The project used 

mainly manual handling to carefully remove steel elements. Selected members were 

sent for resizing and further processing. The reclaimed steel was then blasted, 

primed, and coated to prepare it for reuse. Although the building was not originally 

designed according to DfD principles, the successful recovery of around 80% of the 

steel structure indicates that careful deconstruction and coordinated planning with 

early collaboration between designers, contractors, and material recovery specialists 

can enable high levels of structural steel recovery and reuse. (The Alliance for 

Sustainable Building Products-ASBP, (2024). 
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2.4.7 DfD for Steel Structures 

Using prefabrication methods during the design stage facilitates creating an efficient 

and precise deconstruction plan. The inherent modularity and flexibility of 

prefabricated elements significantly promote reuse. In the context of prefabrication, 

the standardized and modular nature of prefabricated components aligns inherently 

with the need for components to fit various geometries and allow for versatile 

connections (Brütting, Senatore, Fivet, 2021). Steel, especially LGS, is applicable 

for prefabrication with flexible and adaptable design opportunities. Building with 

steel largely involves the use of prefabricated elements such as columns, beams, 

connecting plates and steel castings. (Schulitz et al., 2000) The practice of 

prefabrication thus can be an approach to DfD principles and support circularity in 

steel construction. 

To achieve DfD in LGS frame systems, there are specific requirements to 

follow. When a portion of the wall is damaged, it should be easily and quickly 

replaceable. The connections should also be adjustable to accommodate any 

misalignments or errors that may arise from repeated assembly and disassembly 

processes. Additionally, to preserve the structureôs demountable characteristics, it 

must be designed to avoid excessive permanent deformation under serviceability 

limit conditions. (Liu, Chen, Mao, He, & Yuan, 2023) 

Minimizing the end-of-life impact of buildings is especially achievable with 

steel, as it allows for reduced waste and effective recovery of materials through 

recycling or reuse. The potential for reuse and deconstruction of steel structures can 

be enhanced with the proper standardizations and considerations at the design stage.  

To achieve efficient deconstruction of steel structures in relation to the 

connections between elements, it is essential to minimize the use of wet trades, adopt 

standardized components and connection systems and prioritize bolted connections. 

Additionally, for effective deconstruction, it is critical that the properties of materials 

intended for reuse are clearly identifiable and that the structure allows easy access 
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for inspection and dismantling without causing damage. As a design strategy, using 

longer structural elements offers greater opportunities for reuse, as they can be used 

as is, cut to new dimensions and even modified with new connection details. (Burgan 

& Sansom, 2006)  

Bolted connections are the most cost-effective option for on-site assembly of 

steel constructions, requiring minimal preparation due to accurately predrilled holes. 

On the basis of bolted steel connections, it is ideal to use a single size and type of 

bolt per connection to simplify the assembly and disassembly process. The exact 

number of bolts needed can be determined in advance through calculations. Access 

holes can be positioned strategically to help with inserting bolts in areas that are 

difficult to reach. (Schulitz et al., 2000) 

Applying the DfD approach highlights the importance of the connection 

types used. For instance, compared to structures built with I-shaped profiles, clamp-

based systems have proven particularly effective, as they are fully dismountable, 

allowing for easy disassembly and reassembly. They support a wide variety of 

connection configurations and enable fully reconfigurable structures that only 

require profile cutting for size adjustments to enable multiple reuses. (Cabaleiro et 

al., 2023) Therefore, material selection and the choice of construction and 

deconstruction methods during the design stage with the involvement of stakeholders 

who share similar goals on sustainability are crucial for achieving efficient 

deconstruction.  

2.4.8 Expected EOL Scenario for LGS Structures in Türkiye  

Increasing attention has been directed toward sustainable development, resource 

efficiency and circular economy practices in Türkiye. Within this context, recycling 

has emerged as a key strategy in T¿rkiye for reducing resource consumption. (Fērat 

& Akbaĸ, 2015)  
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As expected, recycling strategies have been widely adopted in the construction 

industry which is responsible for generating a significant amount of waste. 

Accordingly, steel is one of the most recyclable materials used in the 

construction industry and plays a significant role in T¿rkiyeôs economy. The Turkish 

steel sector relies heavily on recycled scrap, which accounts for approximately 72% 

of its raw material demand. (Fērat &Akbaĸ, 2015) Also, Türkiye imports a lot of 

these steel scrap, thus it is no longer seen as waste but as a valuable economic input. 

(Eryüzlü & Boran, 2026) 

As of the end of 2022, steel producers in Türkiye planned to expand 

production capacity. However, investment in low-carbon steel production 

technologies remains limited. This includes technologies that could improve energy 

efficiency, reduce emissions and enhance scrap processing; as a result, progress 

toward low-emission steel production is still insufficient. (Baĸ, 2023)  

Besides reinforcements and other applications of steel, Melih ķimĸek (Vice 

Chair of the Board of the Turkish Structural Steel Association) reports that steel 

construction accounts for approximately 5% of industrial buildings in Türkiye and  

around 1.5% in residential buildings (Anadolu Ajansē, 2025) Regarding the figures, 

circular strategies applied to steel constructions in Türkiye may play an effective role 

in reducing carbon emissions. 

Although recycling strategies appear to be increasingly adopted and 

improved within T¿rkiyeôs construction sector, regarding the reuse strategy, the 

literature review indicates that existing studies are limited.  

Most studies are seen to assume that scrap steel used in recycling is derived 

from demolished buildings. Even though there are limited studies or articles on the 

disassembly of steel structures, they tend to emphasize the recycling of reclaimed 

components rather than their direct reuse. 

Thus, it can be assumed that the EoL management of LGS structures in 

Türkiye is expected to be mostly based on demolition rather than selective 
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dismantling. When buildings are not designed for disassembly and typically use 

permanent connections or mechanically connected components are not aimed to be 

reclaimed, structural components cannot be recovered for reuse. Consequently, steel 

recovery occurs primarily through recycling, while component reuse remains 

limited.  

A survey conducted by Eren (2024) to evaluate the state of disassembly 

practices in light gauge steel structures in Türkiye found out that demountability is 

largely considered feasible among the stakeholders, with only a small minority 

regarding it as unrealistic. Although it is recognized that dismantling would reclaim 

a significant number of identical elements suitable for reuse, these are not 

sufficiently considered during the planning phase through modular design 

approaches. This issue highlights the need to develop strategies that facilitate 

modular planning without constraining architectural flexibility. 

Overall, the survey highlights that designing for deconstruction approach is 

not yet well established in Türkiye and advancing its implementation requires 

improved pre-design strategies, including the development of effective 

demountability maps. Thus, minimizing EoL waste and enhancing resource 

efficiency depend on the active responsibility of designers and construction sector 

stakeholders, supported by broader systemic measures to achieve long-term 

environmental sustainability. (Eren, 2024) 
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CHAPTER 3  

3 MATERIALS AND METHODOLOGY  

This chapter presents the research materials and methodology of the research 

comprehensively.  

3.1 Research Material 

The main research materials consist of a case study of a Light Gauge Steel (LGS) 

building, information on the production line of the cold formed steel profiles of an 

LGS system, Life Cycle Assessment (LCA) of two-cycle scenarios based on the case 

study and One Click LCA as a tool to conduct LCAs. The LCA results are then used 

in the allocation methods for multi-cycle assessment.  

3.1.1 Case Study 

The structure studied in this research is an LGS residential building constructed in 

Gºlbaĸē, Ankara, T¿rkiye by REM ¢elik Yapē. The two-storey building is designed 

using a light gauge steel structural system and has a structural height of 6.0 meters. 

The structure has been designed with seismic considerations in accordance with both 

national and international standards, including TS 648 (Turkish Standards for Design 

and Construction of Steel Structures), TS 498 (Design Load Values for Structural 

Elements), TBDY 2018 (Turkish Building Earthquake Code), AISC (American 

Institute of Steel Construction Manual), and IBC 2009 (International Building 

Code).  
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Figure 3.1: Photograph of the LGS Structure on site 

The ground floor of the structure has a net area of 72.29 m² and an open area of 29.33 

m². Its gross enclosed area is 90.93 m², resulting in a total area of 120.26 m², which 

also corresponds to the building footprint. The first floor has a net area of 59.30 m² 

and an open area of 5.93 m², with a gross enclosed area of 72.66 m², leading to a 

total area of 78.59 m².  

          In total, the building has a net area of 131.59 m² and an open area of 35.26 m². 

The combined gross enclosed area amounts to 163.59 m², while the total construction 

area, defined as the sum of all floor areas, is 198.85 m². 

Table 4: Area Calculations of the Structure 

Floor / Total Net Area 

(m²) 

Open Area 

(m²) 

Gross Enclosed 

Area (m²) 

Total Area 

(m²) 

Ground Floor 72.29 29.33 90.93 120.26 

First Floor 59.30 5.93 72.66 78.59 

Total 131.59 35.26 163.59 198.85 
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Table 5: Main Parameters of the Building 

Parameters LGS Building Case Study 

Location Ankara, Türkiye 

Climate Cold Semi-arid 

Usage Residential, One-dwelling 

Total Area 198.85 m² 

Net Area 131.59 m² 

Number of floors 2 

 

  

Figure 3.2: The frame structure of the building 

   

 

Figure 3.3: Elevation Drawings (Adapted by the author from the original drawing) 

The LGS house is constructed over the ground with a reinforced concrete raft 

foundation. The light gauge steel frame panels are anchored to the slab using 

embedded anchor bolts, ensuring uniform load distribution and structural stability. 

The manufacturing company shared the information about the building 

envelope by also sharing photos during the construction stages. The building 

envelope had been designed based on light gauge steel frame assembly techniques.  

(a) Southeast Elevation (b) Southwest Elevation 
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The exterior wall with an LGS core includes OSB and gypsum board finish with dual 

stone wool insulation layers, a fiber cement sheathing, finishing with a water shield 

and a cement-bonded particle board. 

Interior partition walls are less complicated, consisting of steel stud frames 

with stone wool insulation infill and gypsum board and OSB panels on both sides.  

    
                            (a)                                                (b)                       

Figure 3.4: Partition wall of the case study (a), exterior wall of the case study (b) 

(Provided by the manufacturing company) 

The building envelope is excluded from the LCA calculations, as the primary 

objective is to compare LGS structural systems. Therefore, all parameters other than 

steel elements are assumed to be identical in both scenarios.  

The structural drawings obtained from the manufacturing company include a 

3D model, the ground floor wall plan, ground floor beam plan, first floor wall plan, 

truss plan and roof plan. The drawings provide detailed information on the layout, 

dimensions, material specifications and connections of all structural elements. The 

ground and first floors plans have different layouts and footprints.  
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Figure 3.5: 3D Model of the LGS Frame of the Case Study (Adapted by the author 

from the original drawing) 

 

Figure 3.6: Ground Floor Plan of the Case Study Structure (Adapted by the author 

from the original drawing) 
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Figure 3.7: Ground Floor Structural Plan of the Case Study Structure (Adapted by 

the author from the original drawing) 

    

Figure 3.8: First Floor Plan of the Case Study Structure (Adapted by the author 

from the original drawing) 
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Figure 3.9: Roof Truss Plan of the Case Study Structure (Adapted by the author 

from the original drawing) 

 

Figure 3.10: Roof Plan of the Case Study Structure (Adapted by the author from 

the original drawing) 
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3.1.2 LGS Production Line 

The production process of the LGS structure consists of several stages, starting from 

design and raw material supply to manufacturing, shipment and assembly. The 

production process can start either by purchasing pre-formed profiles or by acquiring 

steel coils and forming them according to the designerôs specifications or the 

construction companyôs requirements. In this case, the manufacturing company 

purchases the steel coils, cold forms them into profiles in the factory and delivers the 

finished profiles and frames to nearby construction sites. 

 
Figure 3.11: The production flow of the LGS structure  

(information provided by manufacturing company, adapted by author) 

P
ro

d
u

c
ti
o

n
 F

lo
w

1 - Product Design

A three-dimensional technical design of the product is prepared for 
defining the production details.

2 - Customer Approval

The prepared technical design is submitted to the customer 
confirmation.

3 - Procurement of Raw Materials 

The raw materials (steel rolls) and intermediate goods required for 
production are purchased.

4 - Profile Manufacturing

Steel sheets are processed through the RollForm rolling machine to 
form C-profiles. During this stage, the profiles are numbered.

5 - Frame Panel Manufacturing

The C-profiles produced in the RollForm machine are 
assembled on the workbench to form steel frames for wall, 

truss and roof construction.

6 - Shipment and Installation

The final steel panels are packaged and prepared for delivery
to the site. After the structural frame is assembled on-site, the 
remaining building components are installed to complete the 

construction. 
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In terms of production capacity, C-profiles required for a single structure can be 

produced by four workers within one working day. Following production, the 

assembly of the entire steel frame on-site is completed within two days, during which 

a crane is utilized for lifting and mounting operations. A total of 6 employees take 

part in the production process stated by the company. Their roles and responsibilities 

are distributed as follows (manufacturing company, translated by author): 

¶ 1 Production Engineer: Responsible for overseeing the entire production 

process, ensuring technical accuracy and efficiency. 

¶ 1 Technical Supervisor: Ensures compliance with technical standards and 

monitors quality control. 

¶ 1 Machine Operator: Operates the workbench and roll forming machine 

during the manufacturing stages. 

¶ 3 Packaging Staff: Responsible for packaging the final steel panels and 

preparing them for shipment. 

The production of C-profiles is carried out at the companyôs factory, which utilizes 

Arkitech software and machinery to basically produce steel profiles from steel coils. 

The system integrates both hardware and software for production, enabling precise 

control of steel profile production and connection details. It includes Design and 

Detailing Software and the Panel Production Software, together with the AF1600P 

rolling machine and the Decoiler DC2500 along with operator training. 

The machines provide flexibility in LGS structure designs since they are 

capable of producing U and C profiles with widths ranging from 63 mm to 150 mm, 

flange heights between 41 mm and 51 mm and lip lengths up to 16 mm.  
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Figure 3.12: AF1600P RollForm rolling machine. Arkitech, (2025) [Digital image]. 

Retrieved from https://arkitech.com.tr/framer/single-profile-framers/af1600p/  

The AF1600P RollForm rolling machine was used to produce the LGS structure case 

in this study. The machine is equipped with eight standard processing stations, with 

the option of two additional stations. The stations perform a variety of processes, 

including cutting, notching, dimpled screw riveting, chamfering, creating service 

holes, lip cutting and swaging. 

 

 

Figure 3.13: Operations performed in the stations of RollForm rolling machine 

Arkitech, (2025) [Digital image]. Retrieved from 

https://arkitech.com.tr/framer/single-profile-framers/af1600p/   

The machine process galvanized steel coils supporting steel grades between S220 

and S550 MPa and galvanization levels from Z180 to Z450, ensuring both structural 

performance and corrosion resistance. It is capable of manufacturing profiles with 

thicknesses ranging from 0.75 mm to 1.6 mm.  

https://arkitech.com.tr/framer/single-profile-framers/af1600p/
https://arkitech.com.tr/framer/single-profile-framers/af1600p/
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3.1.3 LCA  Scenarios 

This study focuses on the reuse and recycling potential of Light Gauge Steel (LGS) 

frame housing systems. Accordingly, the scope of the assessment is limited to the 

steel frame structural system, with particular emphasis on the reuse of cold-formed 

steel C-profiles and their mechanical attachments.  

Two life cycle scenarios were modeled for LCA: a conventional end-of-life 

scenario based on recycling as an intermediate process and an alternative scenario 

featuring direct component reuse enabled through DfD principles. For component 

reuse, two alternative steel reuse rates are assumed in the calculations of Scenario B 

to reflect different recovery efficiency assumptions. The life cycles in both scenarios 

are modeled depending on the scenario input and outputs.  

 

 

Figure 3.14: Defined Scenarios for Multi-cycle LCA 
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The data obtained from the case study are used to apply and calculate the life cycle 

impacts of the defined scenarios. The building envelope components of the housing 

are excluded from the assessment assuming they are same for both scenarios and will 

not affect the comparison.  

The upstream production data for coiled flat steel sheets (Stages A1-A2) were 

not available within the scope of manufacturing company. Therefore, generic steel 

sheet datasets from the One Click LCA database were used for these stages. Flat steel 

sheet coils are treated as system inputs, while the manufacturing stage of cold-

formed steel C-profiles is considered under A3 Manufacturing Stage. Accordingly, 

the impacts associated with upstream Hot-dip galvanized steel sheets production are 

included in the overall results through the environmental profile of generic material 

data sets embedded in the One Click LCA software.  

The use phases of the structures are excluded from the assessment of the 

cases, as the study does not aim to compare different usage patterns. Usage 

conditions are therefore accepted to be identical across cases and any potential 

variations in use are neglected. In addition, it is assumed that no material replacement 

occurs within the steel frame system during service life. Based on these assumptions, 

all use stages (Module B) are excluded from the system boundary. 

    

Figure 3.15: Scenario-Dependent LCA Stages with Controllable Parameters 
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A4 and A5 Construction stages, covering transport to site and installation, are 

included in the analysis. The C1-C4 EoL stages and Module D are treated as the 

main variables of the study, as different reuse and recycling scenarios are defined for 

each case.  

For both initial cycles, steel materials are chosen as virgin (0% recycled 

content) hot-dip galvanized steel sheets. According to the statement from the 

American Galvanizers Association (2009), a recycled content value of 70% was 

adopted for the recycled steel input to represent typical scrap or reclaimed inputs in 

steel production. This value allows available material options to closely match the 

recycled products.  

For the reference range of steel reclamation and loss, a literature review was 

conducted focusing on LGS and steel structures. Studies indicate that, under well-

controlled dismantling conditions, structural elements of an LGS frame system can 

be disassembled and reassembled with only about 10% material loss, as reported by 

an LGS company (Of & Öztürk, 2022). Similarly, Broniewicz and Dec (2022) 

assume up to 90% reuse of structural steel in demountable systems, corresponding 

to approximately 10% loss due to damage during disassembly. 

Other studies account for uncertainties in deconstruction, transportation, and 

storage. One study estimated damage rates of 20%, 25%, and 33%, depending on 

different deconstruction scenarios.  

In a redevelopment project, approximately 80% of the original steel frame 

was reclaimed and reused. Although the building was not originally designed 

according to DfD principles, a high level of material recovery was still achieved. 

It is expected that, through the implementation of a carefully planned 

deconstruction process and the early integration of DfD principles at the project 

stage, a significantly higher rate of steel recovery can be achieved. This outcome is 

further supported by the involvement of a specialized and well-coordinated 

dismantling team, whose expertise ensures that structural components are removed 
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with minimal damage. In addition, the provision of appropriate handling, sorting, 

and controlled storage conditions for reclaimed elements plays a critical role in 

preserving material quality. 

Overall, the assumed DfD-enabled reuse rate for the LGS building in this 

research at EoL is therefore based on literature reporting steel loss values of 10% 

and 20%., resulting in reuse rates of 90% and 80%. The respective quantities of steel 

recovered for direct reuse and secondary recycling are summarized in the table 

below. The values will be used in the LCA of Scenario B in two different reuse rate 

calculations. 

Table 6: EoL Stage Quantities of Steel Recovered for Direct Reuse and Secondary 

Recycling  

Building 

Part 

Component 

Quantity  

(kg) 

10% Loss  

(Recycling) 

90% 

Reclaimed 

(Reuse) 

20% Loss  

(Recycling) 

80% 

Reclaimed 

(Reuse) 

Truss 3,221.1 322.11 2,898.99 644.22 2,576.88 

Roof 1,037.2 103.72 933.48 207.44 829.76 

Stairs 357.2 35.72 321.48 71.44 285.76 

Walls 3,428.7 342.87 3,085.83 685.74 2,742.96 

Ceiling/Slab 687.3 68.73 618.57 137.46 549.84 

Total 8,731.50 873.15 7,858.35 1,746.30 6,985.20 

3.1.4 One Click LCA  

One Click LCA is an LCA tool with access to the worldôs largest construction-

specific LCA database, which enables rapid and accurate automated assessments. 

The software supports compliance with major international green building 

certification schemes such as BREEAM, LEED and additional global and local 

standards, including the European norm EN 15978 and the sustainability framework 

Level(s). Its comprehensive coverage includes addressing life cycle greenhouse gas 

emissions, resource-efficient material use, water efficiency, healthy indoor 
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environments, resilience, optimized life-cycle costs and values and cradle-to-cradle 

circularity. (One Click LCA, n.d.) 

One Click LCA allows architects and designers to make data-driven 

decisions that minimize embodied carbon and enhance overall project sustainability 

even in the early phases of designs. The software also offers assessments for 

calculating the cost of building and infrastructure projects. These capabilities make 

it a suitable and effective choice for conducting detailed environmental impact 

evaluations within the architectural design process. 

    

Figure 3.16: EoL Strategy Inputs into One Click LCA 

One Click LCA software also allows selecting EoL strategies during the input of 

building material resources which helps to make decisions during design stage.   

The software displays results as graphs alongside detailed tables for each life 

cycle stage or component. It is possible to modify the various graphs according to 

the study scope to reach specific results and comparative outputs to be observed.  

The results can be categorized according to the structural role of the materials, or the 

life cycle stages in which the impacts occur. 
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Figure 3.17: A Graph Example from the Results in One Click LCA Software  

 

Figure 3.18: One Click LCA User Interface to Review Results 

To sum up, One Click LCA was selected as the LCA tool for this study due to its 

access to the worldôs largest construction-specific LCA database, which enables 

rapid and accurate automated assessments. With its user-friendly interface, One 

Click LCA software made it easy to enter data and receive results. The results 

obtained from One Click LCA for the emissions of scenarios are then utilized for 

multi-cycle calculations.  
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3.2 Research Method 

This section details the data collection and LCA methodology, followed by an 

explanation of the multi-cycle LCA framework and an analysis of the findings. 

Sensitivity analysis has been conducted for different rates of reclaimed steel and 

weighting factor selection for CE LD allocation methodology. 

3.2.1 Data Collection 

To obtain comprehensive information on the selected building, multiple site and 

factory visits were conducted in collaboration with the manufacturing company. 

These visits included in-person meetings with the manufacturing company owner 

and the project architect, during which the overall design approach, structural system 

and construction methodology of the housing unit were discussed in detail. In 

addition, factory visits were carried out to observe the production process, where C-

shaped steel profiles are produced from steel sheets rolled up as coils using rolling 

machines.  

The manufacturing company provided extensive project documentation, 

including architectural and structural drawings, connection details prepared in 

AutoCAD and a three-dimensional building model developed in SketchUp. Detailed 

information regarding the materials used in the project, the structural design 

standards and regulations from the static report, task allocation during production 

and assembly and the overall production flow were presented and explained during 

the site visits. Quantitative data on the dimensions, weights and quantities of the steel 

components used in the building were obtained through material reports generated 

by the software of the rolling machine.  

The control screen of the rolling machine production line was photographed 

during the site visits. The translations and clarity edits of the image were carried out 

by the author using AI-assisted image editing. Original photographs are included in 

Appendix A. 
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The architectural and 3D drawings taken from the manufacturing company 

are detailed by the author to understand the deconstruction potential of the structure. 

The plan drawings in Section 3.1.1 demonstrate the C-profiles are laid out, spaced 

and connected across the building's floor and wall systems. The detailed drawings 

include also the connection details of the structure presented in Connection Details 

Photographic documentation of the construction stages of the building was 

supplied by the company, while additional photographs were taken during the factory 

visit to record the steel profile production and frame assembly processes. All 

collected data were systematically reviewed and used aligned with the defined scope 

of the study. The architectural and structural drawings were reproduced to emphasize 

structural connections and disassembly-relevant details; and all technical 

information and documents originally provided in Turkish were translated into 

English. 

To further enhance the understanding of the production and assembly 

processes, animation videos produced by the rolling machine production company 

were studied. Screenshots were saved from these videos and matched with the 

photographs taken during the site and factory visits, allowing for better explanation 

of the production stages and assembly sequences. The information about the 

machinery was obtained from the rolling machine production companyôs website for 

technical data needed in the LCA calculations. 

From the technical data gathered from both companies, it was possible to 

analyze the LGS structure. Structural drawings were used to understand the overall 

building system and the connections between the individual components in order to 

identify the possibilities of reusing them within the scope of Design for 

Deconstruction (DfD). 
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3.2.2 Life Cycle Assessment 

The research applied a cradle-to-cradle LCA approach, considering two consecutive 

life cycles. However, One Click LCA allows modeling the life cycles separately. 

Thus, two distinct life cycles rather than connected two-cycle systems for each 

scenario were modeled with scenario-specific input and outputs.   

Material data and information related to the production line were used as 

inputs for the LCA to define the system boundaries of the analysis. The defined 

system boundaries, material quantities, EoL scenarios and production-related data 

were entered into the software to assess the environmental impacts of the building. 

Data obtained from the technical reports was utilized to input detailed product 

information for each material within the LCA software. As neither the housing unit 

nor the steel rolls used in production are supported by EPDs, the specific 

characteristics of the materials guided the selection of the most appropriate data sets 

from the software to ensure realistic and reliable comparisons. The parameters and 

resources used for the LCA scenario calculations, are presented based on life cycle 

stages in Section 4.2.2. 

Level(s) life-cycle assessment (EN 15804 +A2) and Building Circularity 

tools are used for calculations in One Click LCA. Benefits of the product stage (A1-

A2-A3) are obtained according to the EoL scenarios.  

3.2.3 Multi -cycle LCA Calculation Methods 

Since the software does not support calculations for two-cycle as a continuous 

process as in defined scenarios, specific multi-cycle LCA methods were reviewed to 

allocate the impacts within cycles. Selected methods were utilized with the LCA data 

obtained from One Click LCA for comparative evaluation.  
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Multi -cycle allocation approaches have been reviewed for transparency of 

selection and approaches aligning with the study scope are selected to use data 

received from One Click LCA for the calculations. 

In the present research, the multi-cycle allocation methodology proposed by 

Eberhardt et al. (2020a), which was developed for three consecutive life cycles, 

serves as the methodological reference. Based on this framework, a two-cycle system 

boundary was established, and the selected allocation approaches were adapted to 

align with the scope and assumptions of the present study. In order to strengthen the 

sensitivity of the comparative assessment two approaches are utilized for the 

calculations. The CE LD approach has been calculated as the first allocation method. 

Equal Share 50:50 approach is employed for the second calculation which also favors 

employing DfD.  

CE LD method was selected since it allocates benefits to the first life cycle 

to avoid underestimating future reuse and recycling potential and distributes a share 

of production impacts across subsequent cycles. This balanced allocation provides a 

strong motivation for applying DfD by favoring reuse, which is a key focus of the 

study. The Equal Share 50:50 approach was selected as a secondary allocation 

approach, to favor an equal distribution of impacts across the first and subsequent 

cycles of components.  

Eberhardt, van Stijn, Nygaard Rasmussen, Birkved and Birgisdottir (2020a) 

conducted a comparison of multi-cycle allocation approaches by applying cut-off, 

50:50, CFF (Circular Footprint Formula) and LD methods across three consecutive 

life cycles. A similar strategy is applied in this research adapted to two-cycle 

scenarios. The results of the scenarios calculated using the allocation methods were 

then systematically compared and discussed in relation to the raw LCA results. This 

comparison was carried out to clearly identify and evaluate the environmental 

benefits of reuse, as well as to understand how different methodological approaches 

influence the distribution of impacts across life cycles. 
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The materials and components have specific predicted use times assigned to them, 

so it is expected that they do not share the same lifetime. Consequently, the lifetimes 

of buildings and their components can differ and may involve multiple varied use 

and life cycles. In this regard, van Stijn et al. (2021) suggest using the óshearing 

layersô concept, first developed by architect Frank Duffy and further elaborated by 

Stewart Brand, which states that to maximize utility and value, building components 

should be conceived as layered composites of parts and materials with distinct, 

optimized lifespans that can be independently modified. Carrigan et al. (2024) also 

suggest that these allocation methods are more suited to material- and component-

level circularity rather than building-level circularity, where smaller quantities of 

materials and processes are involved.  

Therefore, it can be stated that the calculation of a multi-cycle LCA for a 

whole building would be too complex and would not be very precise. Due to the 

smaller scope and reduced complexity of flows, applying circular approaches at the 

material and component scale rather than the whole-building level operates more 

effectively. By adopting the component-scale approach, the study scope aligns with 

the use of multi-cycle methodologies and limits the assessment with the life cycle of 

the LGS frame with load-bearing components.  

The determined number of life cycles in this study will help prevent the stated 

risk of greenwashing or misuse of methods that assume an unlimited number of use 

loops. All cycles of a building component system are difficult to determine in 

practice. Thus, assumptions are based on a generic lifetime intended for an LGS 

building and typical product lifetimes and realistic reuse potential.  

The lifetime of an LGS structure is assumed to be 50 years of use with 

reference to the Level(s) framework calculation period, while galvanized steel 

components can offer a service life exceeding 100 years, approximately twice the 

building use period. Even though recycling may occur over a greater number of 

cycles for steel, reuse is constrained with limited cycles due to progressive quality 

loss over time. Consequently, the number of cycles in a recycling scenario is also 
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constrained by the assumed number of life cycles for which steel components are 

available for reuse. For this reason, a qualitative assumption of two cycles is used in 

the calculations. 

Key material flow assumptions included 100% virgin LGS input in Life 

Cycle I for both scenarios. Reused or recycled LGS materials are assigned as inputs 

in Life Cycle II. The EoL solutions at the end of the second use cycle in both 

scenarios are assumed to be recycling, since steel recovery occurs primarily through 

recycling and has the potential to retain value even in open-loop recycling systems 

where they can be utilized in a different functional cycle. 

3.2.4 Analysis of Data 

The data of the LGS housing case study were analysed to assess the 

deconstructability potential of the structure for the reuse-oriented scenario. First, the 

drawings and connection details were reviewed to confirm their suitability for DfD-

based assessment.  

The production line of the LGS structural frame C-profiles, manufactured in 

the factory through cold-forming, was explored. Further information regarding the 

manufacturing stage were obtained regarding the the production process including 

required machinery, work share and electricity consumption. Detailed information 

about the rolling machine was obtained from the company responsible of the 

production of the rolling machines. Machine properties were analyzed through 

animation videos and brochures published by the rolling machine producer to 

employ the data for the LCA. The analysis on the production line guided the LCA 

modelling. 

Data availability within the One Click LCA software was assessed for the 

LCA inputs and the datasets were analyzed to select from existing libraries to ensure 

consistency with the case study conditions.  
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The LCA was then conducted based on the collected and selected data and 

the outputs were used to compare the defined scenarios across multiple life cycles. 

The comparison was performed using results generated in One Click LCA together 

with CE LD and Equal Share 50:50 multi-cycle allocation methods. Finally, the 

results obtained from different allocation methods were analyzed, compared and 

discussed alongside the raw LCA outputs.  

 

 

 



 

 

86 

 

 



 

 

87 

CHAPTER 4  

4 RESULTS AND DISCUSSION 

This chapter presents the findings of the research, including the environmental 

performance of the LGS structure. Besides the fabrication of C-profiles, the 

assembly and configuration of the steel frame, the results cover Life Cycle 

Assessment (LCA) calculations and the application of multi-cycle LCA 

methodologies. Comparative analyses and discussions are provided to demonstrate 

the impact of design and production strategies on sustainability, resource efficiency 

and structural performance. 

4.1 Technical Data from the LGS Structure 

The general information of the case study was presented in Chapter 3. In this section, 

detailed data and specific visualizations are provided to support the research and 

prepare the input for the assessment. 

4.1.1 C-Profile Section Details 

The studied structure employs five different steel sheet coils, with distinct widths 

and thicknesses, used for the cold-forming of C-shaped profiles. Accordingly, five 

different types of C-profiles are produced.  

Figure 4.1 presents the detailed dimensions and material thicknesses of the 

cold-formed steel C-profile sections used in the structure, showing the varying 

thicknesses and height from the ground floor to the first floor according to the 

structural requirements. 
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Figure 4.1: Detailed C-Section Profiles for Walls, Beams and Trusses (Table 

provided by the author to the original drawings and data) 

Table 5 presents a detailed overview of the C-section steel profiles utilized in the 

project. Each profile is characterized by its dimensions- height, width, flange lip and  

thickness. In total, the steel profiles used in the project amount to 5,062 m in length 

and 85,658 kg in weight.  

Table 7: Total Use of Steel Based on C-Section Profiles 

 C- SECTION  
(Height x Flange x 
Flange Lip in mm) 

THICKNESS 
(in mm) 

RADIUS 
(in mm) 

ROLL 
WIDTH 
(in mm) 

STEEL 
(material grade) 

TOTAL 
LENGTH 

(m) 

TOTAL 
WEIGHT 

(kg) 
140 x 45 x 10  0.8 1.6 240 S280GD+Z100 156 2291 

140 x 45 x 10  1.2 1.6 240 S280GD+Z100 1327 29174 

90 x 45 x 10  0.8 1.6 188 S280GD+Z100 1264 14628 

90 x 45 x 10  1.0 1.6 188 S280GD+Z100 219 3173 

90 x 45 x 10  1.2 1.6 188 S280GD+Z100 2096 36392  
   

 
5062 85658 
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Figure 4.2: C-section parameters (Redrawn by Author) 

The geometry of the C-sections is defined by the following parameters: 

x: web height/depth 

y: flange length 

z: lip length 

t: steel sheet/web thickness 

r: radius 

Based on these geometric parameters, the unfolded width of the steel sheet required 

to form each C-profile should be equal to the web height plus twice the flange length 

and twice the lip length. However, in galvanized C-profiles, the sheet is bent with a 

certain inside and outside radius, which causes the outer surface of each bend to 

become longer than the inner surface, while the actual material length follows a 

neutral axis. When profile dimensions are added, they are taken from the outer edges, 

which include these longer curved sections. The original coil width corresponds to 

the flat sheet before bending, which is shorter. This value of length following a 

neutral axis represents the required steel coil width used in the roll forming process. 

The steel sheet rolls used in the study have the following dimensions: 

[1].  240 mm width × 0.8 mm thickness 

[2].  240 mm width × 1.2 mm thickness 

[3].  188 mm width × 0.8 mm thickness 

[4].  188 mm width × 1.0 mm thickness 

[5].  188 mm width × 1.2 mm thickness 
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Figure 4.3: Example product labels for Hot Dip Galvanized Steel  

(S280GD + Z100) Rolls with 0.8 mm and 1.2 mm thicknesses 1 

4.1.2 Component Breakdown 

Construction elements of a framed house are typically grouped into three main 

assemblies: floors, walls and roofs. For the LGS house examined in this study, the 

structure is organized into five assemblies: walls, stairs, roof, ceiling/slab and 

trusses. Each assembly includes structural components whose weights, number of 

connections and panel quantities are key for understanding the buildingôs material 

distribution. This systematic breakdown forms the basis for analyzing the overall 

composition of the structure and enables precise calculations in the life-cycle 

assessment. 

 

 

 

 

 

1 The manufacturing company provided the material from Atakaĸ ¢elik San. Ve Tic. A.ķ. through 

the intermediary company Aydemsan Demir ¢elik Sanayi ve Tic. Ltd. ķti. 
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Table 8: Number of Panels Used in Construction 

 
WEIGHT(N) WEIGHT (kg) CONNECTIONS PANELS 

WALLS 33636 3428,7 4048 60 

STAIRS 3505 357,2 708 23 

ROOF 10175 1037,2 1680 49 

CEILING/SLAB 6743 687,3 1226 35 

TRUSS 31599 3221,10 8894 101 

TOTAL 85658 8731,50 16556 268 

Table 6 lists the total weight, the number of mechanical connections and the number 

of panels required for the LGS structure. The total structural weight of the building 

is provided in Newtons (N) by the rolling machine software for design and detailing 

and the panel production. The data obtained was converted to mass in kilograms by 

applying the following formula: 

Mass = Weight (N) / 9.81. 

Applying this method to the total force of 85,658 N results in an estimated structural 

mass of approximately 8,731.5 kg, representing the combined weight of all steel 

elements included in the assessment. Corresponding to the connections, a total of 

16,556 pieces of screws are used for the connections. 

The steel used in the structure is S280GD+Z100 which is designed primarily 

for cold-formed steel applications. S280GD+Z100 is a structural-grade hot-dip 

galvanized steel specified under the EN 10346 standard2. The designation S280GD 

indicates that the steel has a minimum yield strength of 280 MPa and is suitable for 

continuous galvanizing processes. Z100 refers to a zinc coating mass of 100 g/m² 

(total, both sides), providing corrosion protection.  

 

 

2 EN 10346 (Continuously hot-dip coated steel flat products for cold forming technical delivery 

conditions) is a European standard that specifies the technical delivery conditions for continuously 

hot-dip coated flat steel products.  
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This combination offers a balance between mechanical strength and moderate 

corrosion resistance, making it well suited for use in light gauge steel framing where 

durability, formability and protection against environmental exposure are required. 

4.1.3 Connection Details 

This chapter provides a detailed understanding of the connection strategies used in 

the LGS residential building. It presents drawings that illustrate key structural 

details, including roof truss connections, wall cladding details and exterior wall-

interior wall intersections. These drawings serve as a practical reference for 

construction, while also demonstrating how the connections are designed to allow 

disassembly showing the potential for future adaptability and reuse of the building 

elements. 

 
Figure 4.4: Roof Truss Connection Detail in perspective (Details added by the 

author to the original drawing) 

Figure 4.4 illustrates a perspective view of the roof truss connection and Figure 4.5 

illustrates roof truss detail plan and elevation, highlighting how the trusses are fixed 

and the use of a C-profile and the screws used for the connection.  
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Figure 4.5: Roof Truss Detail Plan and Elevation (Adapted by the author from the 

original drawing) 

 

Figure 4.6: Wall and Wall Cladding Details (Adapted by the author from the 

original drawing) 

As illustrated in Figure 4.6, wall panel building begins with fastening the top and 

bottom header profiles, followed by the placement of vertical studs and horizontal 

bracing to form the steel frame. Wall panels are then attached to enclose the frame 

and finally, exterior cladding is fixed to provide its finished appearance. 
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Figure 4.7: Exterior Wall - Interior Wall T Connection Detail (Details added by the 

author to the original drawing) 

Figure 4.7 shows the T-shaped intersection between an exterior and interior wall in 

the LGS structure. It highlights how interior wall studs connect to the exterior wall 

tracks, with horizontal bracing added for stiffness, ensuring proper load transfer, 

alignment and overall structural stability.  
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4.1.4 C-Profile and Steel Panels Production 

Once the material specifications are defined for a project, the modeling and structural 

calculations of the LGS structure and required C-profiles are completed using 

specialized software. After completing the design process and calculations with the 

software, the structural elements are ready to be produced.   

The software automatically numbers each component to be produced and 

generates a cut list for the rolling machine to ensure that production aligns accurately 

with the 3D design and streamlining the manufacturing process. The numbering of 

components can be visualized from the softwareôs exported files before production. 

 

Figure 4.8: Numbered components for production order exported from the panel 

production software, right (Redrawn by the author from the original drawings, left) 

The system is supported by a control screen, which provides an interface for user 

operation and real-time monitoring. The monitor also displays the numbered steel 

panels and profiles, indicating the profile currently being formed and the production 

sequence. (Figure 4.9) The active operation on each profile is visually represented 

through illustrations and lists. 
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Figure 4.9: Control Screen -Production Sequence (Photograph taken and edited by 

the author) 

It also allows monitoring of key machine parameters such as production speed, 

temperature and pressure. In addition, the interface provides data on material 

consumption, instantaneous production speed and operation time, enabling efficient 

process tracking and control. (Figure 4.10 & Figure 4.11)  

 

Figure 4.10: Control Screen - Machine Parameters  (Photograph taken by the author 

on site, In English: Instantaneous RPM (revolutions per minute): 8 rpm, 

Instantaneous Speed: 5 m/h, Profile Speed: 217 m/h, Planing Speed: 28 m/h, Elapsed 

Time: 00:23:38, Steel Consumed: 83.7/89.8 m.) 
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Thus, the entire production process can be monitored and controlled by the machine 

operator while the system operates continuously and automatically. 

  

Figure 4.11: Control Screen - Machine Parameters (Photograph taken and edited by 

the author) 

The RollForm rolling machine is also equipped with a decoiler supplied by rolling 

machine production company. The associated decoiler DC2500 has a capacity of 2.5 

tons, accommodates coils up to 400 mm in width and 1,800 mm in diameter. (Figure 

4.12 & Figure 4.13)  

 

Figure 4.12: Galvanized Steel Sheet Rolls Connected to the RollForm Rolling 

Machine with a Decoiler (Screenshot from An Animation Video by the Rolling 

Machine Producers- Arkitech (2021)) 
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Figure 4.13: Galvanized Steel Sheet Rolls Connected to the RollForm Rolling 

Machine with a Decoiler (Photograph taken on the factory site) 

First, in accordance with the dimensional requirements of the C-profiles, steel coils 

with unfolded widths equal to the calculated developed profile width are selected 

and installed on the decoiler. While the steel coils are fed continuously through the 

machine, the steel sheet is progressively cold-formed by a series of rollers in stations 

to achieve the C-profile geometry, while service holes are punched simultaneously 

along the same production line. After production, the steel panels undergo quality 

assurance and control. 

   

Figure 4.14: Rolling Machine (Screenshot from An Animation Video by the 

Rolling Machine Producers- Arkitech (2021)) 
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Each steel component is assigned a unique identification code indicating its position 

within the structure and its designated panel, facilitating proper assembly and future 

removal. (Figure 4.15) 

    
Figure 4.15:  Steel Frames with Unique Codes (Screenshot from an animation 

video by the Rolling Machine Producers- Arkitech (2021)) 

 

Figure 4.16: Steel trusses (Photograph taken on the factory site) 

   

Figure 4.17: Panels and frames built for shipment (Screenshot from an animation 

video by the Rolling Machine Producers- Arkitech (2023)) 
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After each set of profiles for a steel panel is produced, the panels are assembled and 

prepared for shipment. The panels can either be transported as larger frames or 

assembled on-site from individual panels. (Figure 4.17 & Figure 4.18)  

 

Figure 4.18: Panels Ready to be Shipped (Photograph taken on the factory site) 

The remaining building components which are not in the scope of the study are 

constructed on-site over the assembled structural frame. The wall panels are installed 

following the completion of the structural frame. 

  

Figure 4.19: Steel Frame On-Site, The assembly of envelope and finishes 

(Screenshot from an animation video by the Rolling Machine Producers- Arkitech 

(2021)) 
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Figure 4.20: Steel Frame Built On-Site, ready for building envelope and finishes 

(Case study structured photographed during the onsite construction, provided by 

the  manufacturing company) 

Additionally, this production line generates scrap steel through the performed 

operations. Scrap steel primarily results from service holes, screw holes, flange cuts, 

end cuts and calibration. Calibration alone may cause up to 2 meters of material loss 

per structure. Overall, the total steel loss in a single structure production can reach 

up to 50 kg. These waste materials are collected and sent by the manufacturing 

company for recycling. (Figure 4.21 & Figure 4.22) 

   

Figure 4.21: Waste steel collected to be recycled (Photograph taken on the factory 

site) 
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Figure 4.22: Scraps collected to be recycled 

 (Photograph taken on the factory site) 

 

4.2 Life Cycle Assessment (LCA ) 

This section presents the data input selection for the LCA based on the defined 

scenarios. Then, the details are given on how the gathered data on the case study 

guided decision-making regarding resource and material selection, as well as 

parameter inputs. Finally, LCA results including graphs and tables are presented in 

this section.  

4.2.1 Data Input for Scenarios 

Data obtained from the technical reports was utilized to input detailed product 

information for each material within the LCA software. As neither the housing unit 

nor the steel rolls used in production are supported by EPDs, the specific 

characteristics of the materials guided the selection of the most appropriate data sets 

from the software to ensure realistic and reliable comparisons. Since the product-

specific EPDs are not available, generic data sets from the One Click LCA database 

for hot-dip galvanized steel sheets in Türkiye are adopted.  For both initial cycles, 

steel materials are chosen as virgin (0% recycled content) hot-dip galvanized steel 
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sheets. According to the statement Table 3 from the American Galvanizers 

Association (2009), a recycled content value of 70% was adopted for the recycled 

steel input to represent typical scrap or reclaimed inputs in steel production. This 

value allows available material options to closely match the recycled products. 

LCI data were primarily sourced from generic databases within the LCA tool. 

For the material stage, building materials and energy profiles were based on Türkiye-

specific data sets where available, while global or European data sets were used as 

in the absence of regional data. Manufacturing electricity and construction activities, 

such as crane operations, relied on Türkiye-based generic data, whereas construction, 

demolition and site-related impacts were represented using global data sets. Overall, 

the data quality is considered moderate, combining regional and generic sources, but 

introduces some uncertainty due to the lack of site-specific data. 

Table 9: Data Input for LCA Stages Derived from Different Sources 

LCA STAGES INPUT TYPE  DATA TYPE  

Raw Material Building Materials Generic Database, Türkiye 

Raw Material Energy Profile Generic Database, Türkiye 

Raw Material Transport  Transportation Generic Database 

Manufacturing  Electricity Generic Database, Türkiye 

Product Transport Transportation Generic Database 

Construction/Installation Site Impacts Generic Database, Universal 

Construction/Installation Crane Operation Generic Database, Türkiye 

Demolition Demolition Generic Database, Universal 

Waste Transport Transported Mass Generic Database 

Construction Waste Metal waste Generic Database, Europe 

Waste Processing & Disposal - Generic Database 

Benefits and Loads  - Generic Database 

Electricity consumption of the rolling machine, along with fuel use for crane and 

truck operations, is defined as stage-based input data and will be presented in the 

following chapter on LCA stage inputs. 
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4.2.2 LCA Stages 

The LCA inputs in One Click LCA corresponding to the Product, Construction and 

End-of-Life (EoL) stages are presented in this section. Stage-based information 

provides details on production, transportation and construction processes, including 

machinery use, operation time and energy consumption. Finally, Benefits of both 

scenarios beyond the system boundary are discussed. The table below presents the 

LCA stages for buildings.  

Table 10: LCA Modules and Stages in the Life Cycle of Buildings 

Life Cycle Modules Life Cycle Stages 

Module A - Product Stages 

(Cradle-to-Gate) 

A1 Raw Material Supply/ Extraction 

A2 Transport  

A3 Manufacturing 

Module A - Construction 

Stages 

A4 Transport to Construction Site 

A5 Installation / Construction Process 

Module B - Use Stages 

(Operational Lifetime) 

B1 Use 

B2 Maintenance 

B3 Repair 

B4 Replacement 

B5 Refurbishment/ Maintenance  

B6 Operational Energy Use 

B7 Operational Water Use 

Module C - End-of-Life Stage 

C1 Deconstruction / Demolition 

C2 Transport to Waste Processing 

C3 Waste Processing  

C4 Disposal 

Module D - Benefits & Loads 

(Beyond System Boundary) 
D 

Reuse, Recovery, and Recycling 

Potential 
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4.2.2.1 Module A - Product and Construction Stages  

In this section, LCA stages for manufacturing, transportation to site and construction 

(A4, A4 and A5) are explained including datasets used in the LCA.  

a) Manufacturing Stage (A3) 

For the manufacturing of the C profiles, the steel sheet material input differs 

depending on the scenarios. In LCA Scenario A the EoL strategy is steel recycling 

for both the first and second life cycles. The material input for the first cycle is virgin 

LGS, while the second cycle uses recycled LGS. 

In LCA Scenario B, the EoL strategy assumes that 90% or 80% of the 

structural steel is Reuse as material in a subsequent life cycle, while the remaining 

10% and 20% is recycled. The second life cycle applies Steel recycling as the EoL 

strategy. Additionally, the material input for the first cycle is virgin LGS and for the 

second life cycle it is defined as reused and recycled LGS. 

The data on upstream production of flat steel sheets (A1-A2 stages) are 

provided by the material data sets in the One Click LCA software. Technical and 

EPD characteristics of hot-dip galvanized steel sheet data sets used in the study are 

given in Table 11 and Table 12 for the scenarios. The steel resource input was 

selected based on Turkish data. The total steel input across all scenarios and life 

cycles is 8,731.5 kg of steel sheets with service life of 100 years for virgin input and 

As building for recycled input. 

The C-profile manufacturing company in the case study operates with a four-

person operational crew (machine operator and three packaging staff) and has a daily 

production capacity to complete a single structural system within one working day. 

Accordingly, the manufacturing of the C-profiles for the case study is assumed to 

require 8 hours (=one working day) of operation to complete production.  

 



 

 

106 

Table 11: Steel Resource Input According to LCA Scenarios  

 Resource Name EOL Process 
CO2e 

(tons) 

Scenario A 

Life Cycle I 

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm, zinc 

coating: 20 ɛm(0.28kg/m2 / 0.057 

lbs/ft2 sheet steel), 0% recycled content 

(One Click LCA) 

Steel recycling 27.4 

Scenario A 

Life Cycle II  

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm, zinc 

coating: 20 ɛm(0.28kg/m2 / 0.057 

lbs/ft2 sheet steel), 70% recycled 

content (One Click LCA) 

Steel recycling 17.83 

Scenario B  

(90% Reuse) 

Life Cycle I 

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm, zinc 

coating: 20 ɛm(0.28kg/m2 / 0.057 

lbs/ft2 sheet steel), 0% recycled content 

(One Click LCA) 

Reuse as 

material 

& 

Steel recycling 

 

26.72 

Scenario B  

(90% Reuse) 

Life Cycle II  

Reuse of Cold Formed Hot-dip 

galvanized steel sheets, 0% recycled 

content & Hot-dip galvanized steel 

sheets, 70% recycled content (One 

Click LCA) 

Steel recycling 2.19 

Scenario B  

(80% Reuse) 

Life Cycle I 

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm, zinc 

coating: 20 ɛm(0.28kg/m2 / 0.057 

lbs/ft2 sheet steel), 0% recycled content 

(One Click LCA) 

Reuse as 

material 

& 

Steel recycling 

 

26.66 

Scenario B  

(80% Reuse) 

Life Cycle II  

Reuse of Cold Formed Hot-dip 

galvanized steel sheets, 0% recycled 

content & Hot-dip galvanized steel 

sheets, 70% recycled content (One 

Click LCA) 

Steel recycling 3.91 

For machine use, operational data for the roll-forming machine were collected as 

input in the manufacturing process model. The Architect machines generally operate 

with a production speed ranging from 200 to 700 m/h, with a maximum capacity of 

up to 3000 m/h, depending on configuration and operation conditions. In terms of 

mechanical and power systems, the currently provided machines are equipped with 

a 15-kW servo motor and an 11-kW hydraulic motor, supported by an 80-liter 

hydraulic oil tank. The system requires a three-phase electrical supply (3 × 400 V, 

50 Hz) with a maximum installed power of 30 kW. 
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The specific rolling machine the manufacturing company uses was produced in 2025 

and the model is AF1600E-90mm. The machine operates on a 380 V power supply 

with a total installed power of 30 kW and supports both 50/60 Hz frequency. 

Table 12: Technical and EPD Characteristics of Hot-Dip Galvanized Steel Sheets 

Used in the Study 

Parameter Primary  (Virgin)  Product Recycled Product 

Product description 
Hot-dip galvanized steel 

sheets 

Hot-dip galvanized steel 

sheets 

Steel thickness 

range 

0.4-3.0 mm  

(0.8 & 1.2 mm in project) 

0.4-3.0 mm  

(0.8 & 1.2 mm in project) 

Zinc coating 

thickness 
20 ɛm  20 ɛm  

Zinc coating mass 0.28 kg/m² 0.28 kg/m²  

Recycled content 0% 70% 

Density 7850 kg/m³ 7850 kg/m³ 

Available units kg, ton, m³, m² kg, ton, m³, m² 

Global warming 

potential (A1-A3): 
3.05 kg CO2e / kg 1.87 kg CO2e / kg 

EPD type Generic Generic 

Year of EPD 2022 2022 

Standard 
EN 15804+A1,  

EN 15804+A2 

EN 15804+A1,  

EN 15804+A2 

Data source One Click LCA database One Click LCA database 

Applicable product 

standards 

BS EN ISO 1461,  

BS EN 10346 

BS EN ISO 1461,  

BS EN 10346 

Since the RollForm rolling machine data is not available in the software, electricity 

consumption is defined as an input based on the KWh values corresponding to the 

operating time. According to the estimated production duration provided by 

manufacturing company, 8 hours of RollForm rolling machine use for the forming 

of C-profiles for a single structural system was assumed to calculate electricity 

consumption as input for the LCA.  
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For Scenario B, the RollForm machine input was proportionally adjusted to include 

assumed material losses of 10% and 20% as seen in Table 13.  

Accordingly, the machineôs daily electricity consumption is 240 kWh, 

supplied by the Turkish electricity grid. For Scenario B, the data is applied for only 

production of steel according to loss rates. For the rest, the materials are directly used 

as profiles, and the rolling machine is not required. 

Energy (kWh) = Power (kW) × Operating hours (h) 

E = 30 kW × 8 h = 240 kWh/day 

Table 13: LCA Electricity input for Rolling Machine  

 Resource 

Name 
Category Location Quantity  Unit  

CO2e 

(tons) 

Scenario A 

Electricity, 

Turkey, 2023 

(One Click 

LCA) 

Site 

electricity 

consumption 

TR 240 kWh 0.16 

Scenario B  

(80% 

Reuse) 

Electricity, 

Turkey, 2023 

(One Click 

LCA) 

Site 

electricity 

consumption 

TR 48 kWh 0.033 

Scenario B  

(90% 

Reuse) 

Electricity, 

Turkey, 2023 

(One Click 

LCA) 

Site 

electricity 

consumption 

TR 24 kWh 0.016 

The electricity consumed during the manufacturing process is supplied by the 

Turkish national electricity grid.  

The most recent data set for national electricity mix available for Türkiye in 

the One Click LCA software belongs to 2023. Thus, The IEA 2023 - Electricity, 

Türkiye dataset was also selected for the LCA during the resource selection.  

T¿rkiyeôs installed electricity generation capacity in October 2023 was 

dominated by thermal power plants (44.8%). Renewable energy sources were led by 

hydropower (29.8%), followed by wind (11.0%) and solar (10.5%). Biomass (2.3%) 
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and geothermal energy (1.6%) contributed smaller portions, reflecting a diversified 

but still thermally reliant energy mix. (Data from TEĶAķ, TSKB Economic 

Research) This grid composition is used as the basis for electricity data used in LCA. 

b) Transport to Site (A4) 

As the manufacturing company informed, transport to site is assumed to be carried 

out by road using a 20-ton diesel lorry. For local deliveries, a transport distance of 

10 km is considered. At the national scale, distribution distances may reach up to 

1500 km; however, based on company-specific data, the maximum transport 

distance they provided is 850 km (delivery to Adēyaman). 

The transportation input for the LCA is modeled using the dataset 

ñTransportation of light construction materials, semi-trailer truck (40 t), 20% load 

factor, urban driving (+A1) from InfraCO ò This dataset is selected for light 

construction material logistics characterized by partial load utilization and 

urban/highway delivery.  

The supply distance for the steel roll is assumed to be approximately 25 km, 

while the construction site is located within a 10 km radius. Based on real project 

data, these values are defined as assumed average transport distances for the 

calculations. In practice, construction materials are typically sourced locally, and 

construction projects are typically carried out within the same regional area. The first 

transport boundary for the second life cycle scenario is again assumed to be 25 km 

to storage facility for reuse or recycling facility. The second transport boundary for 

the second life cycle scenario is defined based on the maximum distance within 

Ankara from Gºlbaĸē, adopting a radius of 250 km.  

c) Construction / Installation Stage (A5) 

The on-site assembly of the steel structural frame is completed within two workdays. 

The installation process requires lifting operations, for which a crane is utilized. For 

the energy input of crane operations, generic data for Türkiye is used, represented by 

the dataset ñCrane, diesel-driven, operation per hour (+A1 & A2), average power: 
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99 kW, load factor: 26%ò. Based on the estimated construction duration, a total of 

16 hours of crane operation is assumed.  

Table 14: Crane Operation and Construction Site Impacts LCA Input 

Resource Name Details Quantity  Unit  CO2e 

  (tons) 

Crane, diesel-driven, operation per hour 

(+A1&A2), average power: 99kW, 

loading factor: 26% 

TR 16 h 0.39 

Average site impacts - world average 

climate (per GFA), world electricity mix, 

2024 

Universal 

Data 
198.85 m² 7.3 

4.2.2.2 Module C - End-of-Life Stages  

This section presents the EoL stages for the LCA. Deconstruction, waste processing 

and disposal stages are discussed for the data input in accordance with the LCA. 

a) Deconstruction / Demolition Stage (C1) 

The deconstruction of the structure is carried out using a diesel-powered mobile 

crane. For the demolition phase in the scenarios, generic data from the software for 

the demolition of a steel frame building is applied. The total structural area of 198.85 

m² is used as an input parameter. 

Table 15: Demolition of Steel Frame Building LCA Input 

Resource 

Name 

Description Details Quantity  Unit  CO2e 

(tons) 

Demolition 

of steel 

frame 

building 

Demolition data accounts for 

machine operations, oil 

consumption, and diesel fuel 

usage in construction 

machinery. The boundary is 

restricted to building 

dismantling, with the input 

quantity scaled to the total 

building area. 

Universal 

Data 
198.85 m2 1.1  
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b) Waste Processing and Disposal Stages 

This step includes the transport of materials after they reach their end-of-life. The 

average impacts from demolition sites to waste or recycling areas are provided by 

software according to the EoL selections and Demolition dataset.  

i. LCA Scenario A - Recycling 

For the recycling scenario, it is assumed that no additional waste processing is 

required after the product reaches its EoL beyond standard material preparation for 

recycling for both life cycles. All the waste is sent to recycling facilities without any 

disposal. The recycling process is accounted in calculations by using the EU-based 

dataset of ñOther metals recycling, sheet metal shredding and handlingò with 25 km 

of transport distance with given transport method in Table 16. 

Table 16: Construction Waste Input for Recycling EoL Cases 

 Quantity  

(kg) 

Transport Method CO2e 

(kg) 

Scenario A 8,731.5 
Transportation of light construction materials, 

semi-trailer truck (40 t), 20% load factor, 

urban driving (+A1) from InfraCO ò 

18 

Scenario B  

(80% Reuse) 
1,746.3 

Transportation of light construction materials, 

semi-trailer truck (40 t), 20% load factor, 

urban driving (+A1) from InfraCO ò 

3.7 

Scenario B  

(90% Reuse) 
873.15 

Transportation of light construction materials, 

semi-trailer truck (40 t), 20% load factor, 

urban driving (+A1) from InfraCO ò 

1.8 

ii.  LCA Scenario B ï Reuse & Recycling 

The system boundary for the reuse scenario assumes 90% and 80% of steel profiles 

are reused through careful dismantling and the rest sent for recycling. For the second 

life cycle recycling strategy applies to waste processing.  

The waste sent to recycling facilities is also accounted in calculations by 

using the dataset of ñOther metals recycling, sheet metal shredding and handlingò. 

The value inputs are done according to loss rates. (Table 16) 
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Due to the lack of specific data for waste processing and handling in the reuse 

scenario, certain assumptions were introduced to maintain methodological 

consistency and avoid bias. The impacts associated with deconstruction activities are 

accounted for within stage C1; therefore, no additional handling processes were 

assigned to the reuse. 

To ensure comparability with Scenario A, where handling is implicitly 

included in the shredding process (C3 stage) transport of reclaimed components 

(%90 and %80 of reclaimed steel) was considered in Scenario B with Transported 

mass input. The same transport distance was assumed for both reuse and recycling 

pathways to maintain consistency and avoid introducing variability unrelated to the 

core comparison.    

Since C4 stage addresses the disposal of materials that cannot be recycled or 

repurposed and sent for landfill, the studied scenarios do not include C4 Stage.  

4.2.2.3 Module D - Benefits 

Module D, which accounts for benefits and loads beyond the system boundary, 

captures the environmental credits or burdens associated with reuse, recycling, and 

energy recovery that occur beyond the EoL (Module C).  

The benefits of recycling at the EoL stage are evaluated based on material-

specific recycling and reclamation rates. Steel is fully recyclable, with a recycling 

rate of  70% and a reclamation rate of 100%, allowing for full recovery of the 

recycled fraction. In contrast, the zinc coating has a lower recycling rate of 30% and 

a reclamation rate of 80%, indicating partial recovery and reduced recycling 

efficiency.  
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i. LCA Scenario A - Recycling 

The first life cycle is based on virgin material input, with EoL recovery applied 

according to the defined recycling and reclamation rates. The second life cycle 

incorporates 100% of recycled LGS. The recycled LGS input has 70% recycled steel 

content share, while the remaining 30% share is assumed to be virgin content. At the 

end of the second cycle, materials are again subjected to recycling processes 

following the same recycling and reclamation rates for steel and zinc. 

ii.  LCA Scenario B - Reuse & Recycling 

In the reuse scenario, the first life cycle is based on virgin LGS input, and at the EoL 

stage, components are recovered and directly reused as construction material or sent 

for recycling. In the second life cycle, the input consists of these reused materials, 

and at the EoL stage, the materials are no longer reused but are instead directed to 

recycling processes in accordance with the defined material-specific recycling and 

reclamation rates for steel and zinc.  

Table 17: LCA Production Stage Benefits Based on Scenarios  

 SCENARIO A  SCENARIO B  

 
LIFE 

CYCLE I 
LIFE 

CYCLE II 
LIFE 

CYCLE I 

LIFE 

CYCLE II 
LIFE 

CYCLE I 
LIFE 

CYCLE II 

Input 
Virgin 

Materials 
Recycled 

Materials 
Virgin 

Materials 

90% 

Reused 

Material 

Virgin 

Materials 

80% 

Reused 

Material 

EoL Strategy Recycling Recycling 

DfD-

enabled 

Reuse & 

Recycling 

Recycling 

DfD-

enabled 

Reuse & 

Recycling 

Recycling 

Production Stages 

(A1-A3) 

(kgCO2e) 
26,657.40 16,311.65 26,657.40 1,718.65 26,657.40 3,339.51 

Reduction A1-A3 

(kgCO2e) - 10,345.75 - 24,938.75 - 23,317.89 

Reduction A1-A3 

(%) - 38.81%* - 93.55%* - 87.47%* 

Total Whole-Life 

Carbon (kgCO2e) 
42,969.05 28,376.05  29,996.91 

Total Whole-Life 

Carbon Reduction (%) - 33.96%**  30.19%** 

*  Compared to first life cycle, **  Compared to Scenario A 
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The table compares the results of LCA calculations of two scenarios for LGS 

structures across two life cycles, focusing on the benefits associated with the 

production (A1-A2-A3) stages. In LCA Scenario A, the first life cycle uses virgin 

materials with recycling as the EoL strategy, resulting in 26,657.40 kgCO e for 

production stage. In the second life cycle, recycled materials are used, reducing  

A1-A3 emissions to 16,311.65 kgCO e. This corresponds to a reduction of 10,345.75 

kgCO e, or 38.81%, compared to the first cycle.  

In LCA Scenario B, the first life cycle again starts with virgin materials, but 

the EoL strategy is both reuse and recycling. In the second life cycle, reused materials 

are applied, reducing A1-A3 emissions dramatically to 1,718.65 kgCO e with 90% 

reuse. This achieves a reduction of 24,938.75 kgCO e, corresponding to a 93.55% 

decrease compared to the initial cycle. With 80% reuse of components, A1-A3 

emissions are reduced to 23,317.89 kgCO e corresponding to 87.47%. 

When total whole-life carbon emissions are considered, Scenario A results in 

42,969.05 kgCO e. Scenario B reduces the total emissions to 28,376.05 kgCO e 

when 90% of the reclaimed steel components are reused, representing an overall 

whole-life carbon reduction of 33.96%. Under the assumption of 80% component 

reuse, total emissions are 29,996.91 kgCO e, corresponding to a reduction of 30.19% 

compared with Scenario A. 

4.2.3 Building Circularity  Calculations 

Circularity calculations are also conducted using the One Click LCA software. The 

data inputs for this assessment include Building Materials, Project Description, 

Circularity Score Weighting Factors and the Defined Calculation Period. Based on 

the LCA data input, material resources were more precisely characterized in terms 

of their composition and EoL scenarios, enabling resource-based calculations.  

The six individual life cycle stages were again calculated for two scenarios. 

Scenario B was assessed using two alternative steel reuse rates (90% and 80%) to 
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evaluate the influence of component recovery efficiency on whole-life carbon 

emissions. The defined scenarios, including both virgin and recycled material inputs, 

are directly reflected in the circularity assessment by the default values but the 

parameters were editable.  

Türkiye-based data were used by assigning a 100-year service life to the 

8,731.5 kg of steel input in each life cycle. The software parameters for all steel 

profiles are defined as structural load-bearing layers using screw connections, 

assuming a 100% material recovery rate for each life cycle. Other parameters applied 

within the software are given in Table 18.  

Table 18: Data Input for Building Circularity Calculations for Each LCA Scenario 

 Resource Name 

Recycled 

/Reused 

/Wastage 

(%)  

EOL Process  

(C3-C4) 

Scenario A  

Life Cycle I 

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm (0.015-0.12 

in), zinc coating: 20 ɛm (787.4 Õin) 

(0.28kg/m2 / 0.057 lbs/ft2 sheet steel), 

0% recycled content (One Click LCA) 

0/ 0 / 0 Steel recycling 

Scenario A  

Life Cycle II  

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm (0.015-0.12 

in), zinc coating: 20 ɛm (787.4 Õin) 

(0.28kg/m2 / 0.057 lbs/ft2 sheet steel), 

70% recycled content (One Click LCA) 

70/ 0/ 7.5 Steel recycling 

Scenario B 

Life Cycle I 

Hot-dip galvanized steel sheets, Steel 

thickness range: 0.4-3.0 mm (0.015-0.12 

in), zinc coating: 20 ɛm (787.4 Õin) 

(0.28kg/m2 / 0.057 lbs/ft2 sheet steel), 

0% recycled content (One Click LCA) 

0/ 0 / 0 

Reuse as 

material  

& Steel 

recycling 

Scenario B 

Life Cycle II  

(90% Reuse) 

90% Reuse of Cold Formed Hot-dip 

galvanized steel sheets with 0% recycled 

content & Hot-dip galvanized steel 

sheets, 70% recycled content (One Click 

LCA) 

0/ 100 / 0 

& 

70/ 0/ 7.5 

Steel recycling 

Scenario B 

Life Cycle II  

(80% Reuse) 

80% Reuse of Cold Formed Hot-dip 

galvanized steel sheets with 0% recycled 

content & Hot-dip galvanized steel 

sheets, 70% recycled content (One Click 

LCA) 

0/ 100 / 0 

& 

70/ 0/ 7.5 

Steel recycling 
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4.2.4 LCA Results 

The LCA calculations were conducted under the same predefined conditions for each 

scenario and cycle. Only the controlled variables which are material input and EoL 

strategy were modified. Both scenarios use virgin materials as the primary material 

input in the first life cycle. In the second life cycle, Scenario A applies recycled 

materials through a recycling strategy, while in Scenario B, deconstructed 

components from the first life cycle are directly reused as input, while assumed 

material losses of 10% and 20% are directed to recycling and then reintroduced as 

recycled LGS material in the second life cycle. 

 

Figure 4.23: Building Circularity - All impact categories 

The LCA results of the LGS structural frame are presented with Level(s) and 

Building Circularity tools for both scenarios and life cycles. The results show that 

Scenario A exhibits higher carbon emissions across both life cycles and Scenario B 

comparatively lower emissions. The results demonstrate that significant carbon 

reductions are achieved in the second life cycle. 
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Table 19: Calculations Tools and Results (One Click LCA) 

Tool 
Level(s) LCA  

(EN15804 +A2) 

Reduction in 

Life Cycle II  

Building 

Circularity     

Unit  kg CO2e % % 

Scenario A Life Cycle I 35,958 - 50 

Scenario A Life Cycle II 26,853 25.32 85 

Scenario B Life Cycle I 

90% Reuse 
35,623 - 50 

Scenario B Life Cycle II 

90% Reuse 
10,995 69.13 98.4 

Scenario B Life Cycle I 

80% Reuse 
35,660 - 50 

Scenario B Life Cycle II 

80% Reuse 
12,757 64.22 96.82 

Based on the results given in Table 19, Scenario A - Life Cycle I accepted as the 

baseline as 100%, Scenario B - Life Cycle I has a close value of 99.06%. 

Reductions based on circular strategies become more evident in Life Cycle II of 

scenarios. Scenario A achieves a reduction of 25.32% and Scenario B achieves a 

reduction of 69.13% with 90% reuse success and 64.22% with 80% reuse success. 

 
Scenario A - Life cycle II  

  
Scenario B - Life cycle II (90% Reuse) Scenario B - Life cycle II (80% Reuse) 

Figure 4.24: Embodied carbon results by life-cycle stages (One Click LCA) 

 

https://help.oneclicklca.com/en/articles/275737
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Across both scenarios, material production dominates the embodied carbon footprint 

in the first life cycle. In the second life cycle, Scenario B reduces material impacts 

by shifting its carbon burden entirely to transportation and waste logistics. 

As seen in Table 20 and Figure 4.25, across nearly all categories, both 

scenarios show a high and similar environmental impact during their first life cycle. 

The major differentiation occurs in the second life cycle, where Scenario A achieves 

moderate improvements while Scenario B drives dramatic reductions.  

Table 20: Level(s) life-cycle assessment (EN15804 +A2) - All impact categories 
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GWP-

fossil 
100 % 74.53 % 99.06 % 30.40% 99.17% 35.30% 

GWP-

biogenic 
77.24 % 100 % 77.12 % 79.51% 77.14% 81.79% 

GWP-

LULUC  
100 % 72.66 % 99.74 % 8.79% 99.77% 15.88% 

GWP-

total 
100 % 74.67 % 99.06% 30.57% 99.17% 35.47% 

ODP-A2 100 % 82.38 % 96.81% 26.66% 97.17% 32.85% 

AP-A2 99.35 % 100 % 99.26% 27.97% 99.27% 35.97% 

EP-P 97.92 % 100 % 96.29% 67.22% 96.47% 70.86% 

EP-M 100 % 94.43 % 99.92% 65.20% 99.93% 68.45% 

EP-T 97.22 % 100 % 97.19% 29.72% 97.19% 37.53% 

POCP-

A2 
100 % 86.16 % 99.88% 63.69% 99.89% 66.18% 

ADPE 

(+A2) 
92.99 % 100 % 90.83% 12.16% 91.07% 21.91% 

ADPF 

(+A2) 
100 % 78.26 % 97.92% 30.74% 98.15% 36.01% 

Water 

use 
100 % 22.71 % 99.98% 4.89% 99.98% 6.87% 
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Figure 4.25: Level(s) life-cycle assessment (EN15804 +A2) - All impact categories  

(10P: 10% loss, 20P: 20% loss) 
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Table 21: LCA Results Obtained from One Click LCA (App.B) 

 

S
c
e
n

a
ri
o

 A
 - 

L
if
e

 C
y
c
le

 I
 

S
c
e
n

a
ri
o

 A
 - 

L
if
e

 C
y
c
le

 I
I 

S
c
e
n

a
ri
o

 B
 - 

L
if
e

 C
y
c
le

 I
 

9
0

%
 R

e
u

s
e 

S
c
e
n

a
ri
o

 B
 - 

L
if
e

 C
y
c
le

 I
I 

9
0

%
 R

e
u

s
e 

S
c
e
n

a
ri
o

 B
 - 

L
if
e

 C
y
c
le

 I
 

8
0

%
 R

e
u

s
e 

S
c
e
n

a
ri
o

 B
 - 

L
if
e

 C
y
c
le

 I
I 

8
0

%
 R

e
u

s
e 

Level(s) LCA 

(kg CO2e) 

(EN15804+A2)    

35,958 26,853 35,623 10,995 35,660 12,757 

Production  

(A1-A3) (kg CO2e) 
26,657.4 16,311.65 26,657.4 1,718.66 26,657.4 3,339.52 

Construction  

(A5) (kg CO2e) 
7,860.54 9,100.93 7,844.07 7,836.91 7,977.32 7,845.90 

EoL (kg CO2e) 

(Module C) 
1,439.84 1,439.95 1,121.62 1,439.84 1,156.98 1,439.84 

Benefits (Module D) 

(kg CO2e)* 
-19,263.48 -6,214.47 -25,926.77 -17,958.38 -25,186.41 -16,653.28 

*The negative values obtained from Module D indicate that instead of being added to the 

"environmental burdens" they will be subtracted as potential environmental "benefits" in subsequent 

reuse and recycling scenarios (refer to Section 2.2.2.2) 

 

 

Figure 4.26: Level(s) life-cycle assessment (EN15804 +A2) - Global Warming 

Potential total, kg CO2e - Elements and life-cycle stages 

The product stages (A1-A3) account for the largest share of emissions, driven by the 

light-gauge steel frame. Thus, reusing the components leads to a significant 

reduction in CO  emissions, as seen in the graphs (Figure 4.26 & Figure 4.27) for 

Scenario B - Life Cycle II  with both reuse rates. 
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Figure 4.27: Level(s) life-cycle assessment (EN15804 +A2) - Global Warming 

Potential total, kg CO2e - Elements 

 

 

Figure 4.28: Scenario A Life cycle I- Building Circularity Score 

Building Circularity assessment results were already given in Table 19 and the 

results were visualized as in the chart above by the software. (Figure 4.28) The 

calculation is based on the weighting factors of the total shares of Material 

Recovered and Material Returned.  
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Table 22: Building Circularity Assessment Results 

Scenario / Metric 
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Material 

Recovered (Input) 
0% 70% 0% 96.8% 0% 93,6% 

Virgin  100% 30% 100% 3.2% 100% 6.4% 

Virgin renewable 0% 0% 0% 0% 0% 0% 

Recycled 0% 70% 0% 7.5% 0% 14.8% 

Reused 0% 0% 0% 89.3% 0% 78.8% 

Material Returned 

(EoL) 
100% 100% 100% 100% 100% 100% 

Reuse as material 0% 0% 90% 0% 80% 0% 

Recycling 100% 100% 10% 100% 20% 100% 

Downcycling 0% 0% 0% 0% 0% 0% 

Use as energy 0% 0% 0% 0% 0% 0% 

Disposal 0% 0% 0% 0% 0% 0% 

Building 

Circularity Score 
50% 85% 50% 98.4% 50% 96.8% 

Building Circularity Score is then derived as the average of these values. Table 22 

shows the percentages of material recovery and material return in detail for each life 

cycle. 

While both scenarios assume full material recovery at EoL, in Scenario B 

materials are assumed to have 90% and 80% reclaim rates to be directly reintegrated 

into the next cycle, and rest is provided by recycled input in Life Cycle II. Thus, 

according to the results, Life cycle II of Scenario B achieves 98.4% and 96.8% 

circularity score thanks to reused materials and recycling as an EoL strategy.  

However, the results can still be discussed, as the cycles were calculated 

separately and produced individual scores. Treating each life cycle as an independent 

system boundary rather than as a continuous material loop can weaken the 

representation of circularity, requiring careful interpretation of results across cycles. 
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4.3 Multi Cycle LCA  

A multi-cycle LCA study is conducted since LCA software is limited to single-cycle 

calculations and the defined scenarios with two cycles in the research require multi-

cycle calculations. The CE strategies are applied in the software within one-cycle 

calculations by allowing óreuse/reusedô and órecycling/recycledô options assigned to 

the materials and EoL strategies. Furthermore, multi-cycle approaches are utilized 

since DfD-enabled reuse is considered a circular economy strategy in this study. As 

each reuse generates additional benefits in subsequent cycles, the assessment aims 

to appropriately account for the contribution of the first cycle in capturing the 

potential of DfD by allocations the environmental impacts and benefits. 

In this section, the CE LD approach and Equal Share 50:50 approach 

calculations and results are presented. 

4.3.1 CE LD Approach 

The CE LD approach has been applied in many studies with different numbers of 

use cycles. There are two parameters affecting the share of impacts based on the 

scope. The formulas (developed by Eberhardt et al. (2020b) retrieved from van Stijn 

et al. (2021)) use these parameters as follows: 

 

First use cycle allocation formula (Equation 1):  

ὠ
ς ẗὊ

ὔ ẗὊ  ρ
ẗρππϷ 

Last use cycle allocation formula (Equation 2): 

ὠ  
ς

ὔ ẗὊ  ρ
ẗρππϷ 
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Linear drop formula (Equation 3): 

ɝ
ὠ  ὠ

ὔ   ρ 
ὠ  ὠ 

Ncycles: The total number of use cycles in the material's entire lifetime. 

F: A weighting factor (Eberhardt et al.(2020b) suggests setting F = 50) that dictates 

how much more impact is given to the first cycle (V1) versus the last cycle (Vn).  

As also seen in Table 1, using F = 50 with only N = 2 cycles creates an imbalance 

in the allocation results with a sudden drop. In this linearly degressive methodology, 

the cycles are seen to be better allocated when the number of cycles increases. 

In this study, the formulas were first applied to a two-cycle case (Ncycles = 2) using a 

weighting factor of F = 50.   

First life cycle share calculation using Equation 1: 

ὠ
ς ẗυπ

ς ẗυπ  ρ
ẗρππϷ  

ρππ

ρπς
ẗρππϷ  ωψȢπτϷ 

Last life cycle share calculation using Equation 2: 

ὠ  
ς

ς ẗυπ  ρ
ẗρππϷ  

ς

ρπς
ẗρππϷ  ρȢωφϷ 

Linear drop calculation using Equation 3: 

ɝ
ὠ  ὠ

ς  ρ 
ὠ  ὠ 

V1= 98.04 % 

V2= 1.96 % 

ȹ1= 98.04 % - 1.96 % = 96.08 % drop 
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Using  F = 50 for only two cycles created a sharp mathematical distortion. The results 

showed that as most of the impact is assigned to the first cycle, the second cycle 

receives a very small share. Therefore, it was necessary to consider different F values 

that have also been tested within this allocation methodology to obtain a fair 

allocation. 

The formulas were then applied to a two-cycle case (Ncycles = 2) using a weighting 

factor of F = 2 and F = 1. 

Using the equal share strategy (F = 1) for calculations: 

ὠ
ς ẗρ

ς ẗρ  ρ
ẗρππϷ  

ς

τ
ẗρππϷ  υπȢππ Ϸ 

ὠ  
ς

ς ẗρ  ρ
ẗρππϷ  

ς

τ
ẗρππϷ  υπȢππ Ϸ 

Linear drop: V1= 50.00 % 

V2= 50.00 % 

ȹ2= 50.00 % - 50.00 % = 0 % drop 

When F = 1, no linear digression occurs because both cycles are treated as 

functionally equal and receive the same allocation. 

Using the balanced linear strategy (F = 2) for calculations: 

ὠ
ς ẗς

ς ẗς  ρ
ẗρππϷ  

τ

φ
ẗρππϷ  φφȢφχ Ϸ 

ὠ  
ς

ς ẗς  ρ
ẗρππϷ  

ς

φ
ẗρππϷ  σσȢσσ Ϸ 

Linear drop: V1= 66.67 % 

 V2= 33.33 % 

 ȹ3= 66.67 % - 33.33 % = 33.33 % drop 
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F = 2 is taken to establish a perfect step-drop for 2 life cycles. The calculations were 

conducted using the balanced linear degressive methodology with the LCA results. 

When the methodology is reduced to only two cycles, no intermediate cycles exist. 

In this case, Cycle 1 represented the initial cycle and Cycle 2 represented the final 

cycle. Therefore, the parameters directly distribute the allocation between the two 

cycles through the 0.67 and 0.33 coefficients using the calculated impacts given to 

the cycles based a two-cycle case using a weighting factor of F = 2. 

Accordingly, the study calculates the CE LD across the two cycles using the 

following formulas: 

 Cycle 1: 0.67V+0.33R3+0.33D+0.5R1 

 Cycle 2: 0.33V+0.67R3+0.67D+0.5R1 

For the reuse case, the formulation is adjusted to reflect the absence of intermediate 

recycling between cycles. The equations are therefore simplified as follows: 

Cycle 1: 0.67V+0.33R3+0.33D 

 Cycle 2: 0.33V+0.67R3+0.67D 

Final physical disposal only happens at the very end of the second use cycle. No 

recycling loop occurs between Cycle 1 and Cycle 2; therefore, the recycling 

parameter is assumed to be zero (R1= 0). 

For each scenario, Life Cycle II receives only 33% of the initial production 

burden while benefiting from 67% of the end-of-life Module D recycling credit while 

applying the formula. The results of the scenario-based calculations and the 

subsequent comparison of these scenarios are presented below. 
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a. Scenario A:  

Life Cycle 1: 0.67V + 0.33R3 + 0.33D + 0.5R1 

V= 26,657.40, D = 1,439.84, R3 = -19,263.48 and R1 = 16,311.65 

ὒὅ πȢφχςφȟφυχȢτπ πȢσσρωȟςφσȢτψ πȢσσρȟτσωȢψτ πȢυρφȟσρρȢφυ 

ὒὅ ρχȟψφπȢτφ  ψȟρυυȢψσ  τχυȢρυ  φȟσυφȢωυ  ςπȟρστȢτω ËÇ #/ςÅ 

Life Cycle 2: 0.33V + 0.67R3 + 0.67D + 0.5R1 

V= 26,657.40, D = 1,439.96, R3 = -6,214.47 and R1 = 16,311.65  

ὒὅ πȢσσςφȟφυχȢτπ πȢφχφȟςρτȢτχ πȢφχρȟτσωȢωυ πȢυρφȟσρρȢφυ 

ὒὅ ψȟχωφȢωτ  τȟρφσȢφω  ωφτȢχχ  ψȟρυυȢψσ  ρσȟχυσȢψυ ËÇ #/ςÅ 

 

b. Scenario B % 90 Reuse: 

Life Cycle 1: 0.67V + 0.33R3 + 0.33D +  0.5R1 

V= 26,657.40, D = 1,121.62, R3 = -25,926.77 and R1 = 1,718.66 

ὒὅ πȢφχςφȟφυχȢτπ πȢσσρȟρςρȢφς πȢσσςυȟωςφȢχχ πȢυρȟχρψȢφφ  

ὒὅ  ρχȟψφπȢτφσχπȢρσψȟυυυȢψσ ψυωȢσσ  ρπȟυστȢπω ËÇ #/ςÅ 

Life Cycle 2: 0.33V + 0.67R3 + 0.67D +  0.5R1 

V= 26,657.40, D = 1,439.84 , R3 = -17,958.38  and R1 = 1,718.66 

ὒὅ πȢσσςφȟφυχȢτπ πȢφχρȟτσωȢψτ πȢφχρχȟωυψȢσψ

πȢυρȟχρψȢφφ  

ὒὅ ψȟχωφȢωτ ωφτȢφωρςȟπσςȢρρψυωȢσσ ρȟτρρȢρυ ËÇ #/ςÅ 
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c. Scenario B % 80 Reuse: 

Life Cycle 1: 0.67V + 0.33R3 + 0.33D +  0.5R1 

V= 26,657.40, D = 1,156.99, R3 = -25,186.41 and R1 = 3,339.52 

ὒὅ πȢφχςφȟφυχȢτπ  πȢσσρȟρυφȢωω πȢσσςυȟρψφȢτρ πȢυσȟσσωȢυς 

ὒὅ  ρχȟψφπȢτφσψρȢψρψȟσρρȢυς ρȟφφωȢχφ  ρρȟφππȢυρ ËÇ #/ςÅ 

Life Cycle 2: 0.33V + 0.67R3 + 0.67D +  0.5R1 

V= 26,657.40, D = 1,439.84, R3 = -16,653.28 and R1 = 3,339.52 

ὒὅ πȢσσςφȟφυχȢτπ πȢφχρȟτσωȢψτ πȢφχρφȟφυσȢςψ πȢυσȟσσωȢυς 

ὒὅ ψȟχωφȢωτ ωφτȢφωρρȟρυχȢφωρȟφφωȢχφ ρȟρςφȢσρ ËÇ #/ςÅ 

Table 23: CE LD Methodology Allocation Input and Results 
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Level(s) LCA 

(kg CO2e) 

(EN15804+A2)    

35,958 26,853 35,623 10,995 35,660 12,757 

Production  

(A1-A3) (kg CO2e) 
26,657.4 16,311.65 26,657.4 1,718.66 26,657.4 3,339.52 

EoL (kg CO2e) 

(Module C) 
1,439.84 1,439.95 1,121.62 1,439.84 1,156.98 1,439.84 

Benefits (Module D) 

(kg CO2e) 
-19,263.48 -6,214.47 -25,926.77 -17,958.38 -25,186.41 -16,653.28 

CE LD  

Allocated Result 
20,134.49 13,753.85 10,534.09 -1,411.15* 11,600.51 -1,126.31* 

Total  33,888.34 9,122.94 10,474.2 

*Module D values represent avoided environmental burdens associated with future reuse and 

recycling. These values are incorporated into the multi-cycle calculations together with the impacts 

from the other life cycle modules using the defined allocation factors. Consequently, if the allocated 

Module D credits exceed the allocated environmental burdens from the other life cycle modules, the 

overall result may become negative. 

R3= Module D (cycle-based), V=first cycle production (A1-A3),  

R1 = second cycle production/ reprocessing (A1-A3), D = EoL, Module C (cycle-based)  
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When integrating the LCA results into the CE LD calculation, the parameters 

are filled as follows: V denotes the upfront environmental impacts associated with 

the production of virgin steel profiles within stages A1-A3. R1 represents the impacts 

arising from the recovery, melting and reprocessing of steel during recycling 

between successive life cycles. D corresponds to the environmental burdens 

associated with the end of the buildingôs service life (Module C). Lastly, R3 

represents the environmental credit assigned under Module D, reflecting the avoided 

impacts. 

As presented in Table 23, the application of the two-cycle CE LD allocation 

framework demonstrates the environmental benefits of circular design strategies 

more clearly than the unallocated LCA results.  

In Scenario A, both cycles present lower allocated impacts than raw LCA 

results. Scenario B reduces reprocessing impacts by preserving the structural 

integrity of the steel components and directly reusing a high percentage of them in 

the subsequent life cycle. As a result, the impacts related to intermediate material 

processing are reduced. Since the environmental benefit credit exceeds the allocated 

production-related impacts, the final allocated result becomes negative for Scenario 

B, reaching -1,411.15 kg CO2e and -1,126.31 kg CO2e. These findings indicate that 

preserving and reusing structural steel components across multiple life cycles can 

significantly reduce embodied carbon impacts and enhance the environmental 

benefits achieved through circular construction practices. 

4.3.2 50:50 Equal Share Approach 

This method distributes the environmental impacts and benefits equally between use 

cycles, regardless of which building initially utilized the material. Accordingly, the 

upfront environmental burden of virgin material production (V) and the end-of-life 

impacts and benefits (D + R3) are divided equally between the two life cycles.  
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Equal Share Formulas based on 3 cycles with reuse as an EoL strategy applied by 

Eberhardt et al. (2020a) are as follows:  

ὅώὧὰὩ  ὠ  πȢυ ẗὙ 

ὅώὧὰὩ  πȢυ ẗὙ  πȢυ ẗὙ 

ὅώὧὰὩ  πȢυ ẗὙ  πȢυ ẗὙ  Ὀ 

Equal Share Formulas based on three cycles with recycling as an EoL strategy 

applied by Eberhardt et al. (2020a) are as follows: 

ὅώὧὰὩ  ὠ  πȢυ ẗὙ  Ὀ 

ὅώὧὰὩ ὠ  πȢυ ẗὙ  πȢυ ẗὙ  Ὀ 

ὅώὧὰὩ ὠ πȢυ ẗὙ  πȢυ ẗὙ  Ὀ  

The adaptation of the original three-cycle allocation framework into a two-cycle 

model was carried out by simplifying the system boundary while preserving the 

fundamental logic of the 50:50 allocation principle.  

When reducing the system from three cycles to two, the active intermediate 

reprocessing phase (R2) is eliminated because the system contains only one material 

transfer between cycles. The final disposal /demolition and recycling processes, 

originally assigned to the end of the third cycle, are shifted forward to the end of the 

second cycle (D2).  

The associated Module D recycling credit (Ὑ) are generated at the 

conclusion of Cycle 2. If the reuse scenario achieved 100% reuse, the R  term would 

be eliminated. Since recycling losses are assumed in this study, R  is kept in the 

calculations for both reuse scenarios. The missing πȢυ Ὑ recycling credit in the 

formulas is allocated beyond the two-cycle system boundary, representing 

environmental benefits for a future third building that may use recycled steel.  
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The formulas adapted to two cycles with recycling as an EoL strategy for the study:  

ὅώὧὰὩ ὠ  πȢυ Ὑ  Ὀ 

ὅώὧὰὩ ὠ  πȢυ Ὑ πȢυ Ὑ  Ὀ 

a. Scenario A : 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ  Ὀ 

ὒὅ ςφȟφυχȢτππȢυρφȟσρρȢφυ ρȟτσωȢψτ 

ὒὅ ςφȟφυχȢτπψȟρυυȢψσρȟτσωȢψτ  σφȟςυσȢπχ ËÇ #/ςÅ 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ πȢυ Ὑ  Ὀ 

ὒὅ ρφȟσρρȢφυπȢυρφȟσρρȢφυ πȢυ φȟςρτȢτχ ρȟτσωȢωυ 

ὒὅ ρφȟσρρȢφυψȟρυυȢψσ σȟρπχȢςτ ρȟτσωȢωυ ςςȟψππȢρω  ËÇ #/ςÅ 

(ὠ = 26,657.40 kg CO2e, ὠ = 16,311.65 kg CO2e, Ὑ = 16,311.65 kg CO2e,  

Ὀ = 1,439.84 kg CO2e, Ὀ  = 1,439.95 kg CO2e, Ὑ = -6,214.47 kg CO2e) 

b. Scenario B % 90 Reuse: 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ  Ὀ 

ὒὅ ςφȟφυχȢτππȢυρȟχρψȢφφ ρȟρςρȢφς 

ὒὅ ςφȟφυχȢτπψυωȢσσρȟρςρȢφς ςψȟφσψȢσυ ËÇ #/ςÅ 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ πȢυ Ὑ  Ὀ 

ὒὅ ρȟχρψȢφφ πȢυρȟχρψȢφφ πȢυ ρχȟωυψȢσψ ρȟτσωȢψτ 

ὒὅ ρȟχρψȢφφ ψυωȢσσ ψȟωχωȢρω  ρȟτσωȢψτ τȟωτρȢσφ ËÇ #/ςÅ 

(ὠ = 26,657.40 kg CO2e, ὠ = 1,718.66 kg CO2e, Ὑ = 1,718.66 kg CO2e,  

Ὀ = 1,121.62 kg CO2e, Ὀ  = 1,439.84 kg CO2e, Ὑ = -17,958.38 kg CO2e) 
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Scenario B % 80 Reuse: 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ  Ὀ 

ὒὅ ςφȟφυχȢτππȢυσȟσσωȢυς ρȟρυφȢωω 

ὒὅ ςφȟφυχȢτπρφφωȢχφ ρȟρυφȢωω ςωȟτψτȢρυ ËÇ #/ςÅ 

ὒὭὪὩ ὅώὧὰὩ ὠ  πȢυ Ὑ πȢυ Ὑ  Ὀ 

ὒὅ σȟσσωȢυς πȢυσȟσσωȢυς πȢυ ρφȟφυσȢςψ ρȟτσωȢψτ 

ὒὅ σȟσσωȢυς ρȟφφωȢχφ ψȟσςφȢφτ  ρȟτσωȢψτ ρȟψχχȢυς ËÇ #/ςÅ 

(ὠ = 26,657.40 kg CO2e, ὠ = 3,339.52 kg CO2e, Ὑ = 3,339.52 kg CO2e,  

Ὀ = 1,156.99 kg CO2e, Ὀ  = 1,439.84 kg CO2e, Ὑ = -16,653.28 kg CO2e) 

Table 24: Equal Share 50:50 Methodology Allocation Input and Results 
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Level(s) LCA 

(kg CO2e) 

(EN15804+A2)    

35,958 26,853 35,623 10,995 35,660 12,757 

Production  

(A1-A3) (kg CO2e) 
26,657.4 16,311.65 26,657.4 1,718.66 26,657.4 3,339.52 

EoL (kg CO2e) 

(Module C) 
1,439.84 1,439.95 1,121.62 1,439.84 1,156.98 1,439.84 

Benefits (Module D) 

(kg CO2e) 
-19,263.48 -6,214.47 -25,926.77 -17,958.38 -25,186.41 -16,653.28 

Allocated Result 36,253.07 22,800.20 28,638.35 -4,941.36* 29,484.15 -1,877.52* 

Total Allocated 

Result 
59,053.27 23,696.99 27,606.63 

*  Module D values represent avoided environmental burdens associated with future reuse and 

recycling. These values are incorporated into the multi-cycle calculations together with the impacts 

from the other life cycle modules using the defined allocation factors. Consequently, if the allocated 

Module D credits exceed the allocated environmental burdens from the other life cycle modules, the 

overall result may become negative. 
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Table 20 presents the environmental results obtained using the adapted two-cycle 

50:50 allocation method. The parameters show how the environmental impacts are 

distributed across production (Stages A1-A3), end-of-life processes (Module C) and 

recycling benefits (Module D).  

The final allocated results demonstrate that direct reuse provides substantially 

lower environmental impacts than recycling. In Scenario A, both life cycles retain 

relatively high carbon footprints due to the energy-intensive recycling process. 

However, in Scenario B, Life Cycle II achieves a net-negative result because the 

reused steel avoids virgin material production while also benefiting from a share of 

the final recycling credit. 

4.4 Discussion 

Level(s) LCA results obtained from One Click LCA create the basis for the 

calculations for multi-cycle study. Allocation methods are used to evaluate 

components within two cycles. The calculation results are also obtained using CE 

LD and 50:50 methods.  

Table 25: Total Life Cycle Emissions of the Scenarios Based on Level(s) LCA, 

CE-LD and 50:50 Methods 
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Level(s) LCA 

(EN15804+A2) 

(kg CO2e) 

35,958 26,853 35,623 10,995 35,660 12,757 

 62,811 46,618 48,417 

CE LD Method 

(kg CO2e) 
20,134.49 13,753.85 10,534.09 -1,411.15 11,600.51 -1,126.31 

 33,888.34 9,122.94 10,474.2 

50:50 Method 

(kg CO2e) 
36,253.07 22,800.20 28,638.35 -4,941.36 29,484.15 -1,877.52 

 59,053.27 23,696.99 27,606.63 
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The baseline is set by Level(s) LCA results obtained from One Click LCA. It 

evaluates each life cycle independently. The total impacts of the scenarios are 

calculated by summing the individual results. 

Scenario A Total Impact: 35,958 + 26,853 = 62,811 kg CO2e 

Scenario B (90% Reuse) Total Impact: 35,623 + 10,995 = 46,618 kg CO2e  

Scenario B (80% Reuse) Total Impact: 35,660 + 12,757 = 48,417 kg CO2e 

As shown in Table 25, Scenario B results in lower carbon emissions compared to 

Scenario A according to raw LCA results. The primary cycles in both scenarios have 

similar impact values, while the second cycles create a difference. Specifically, 

Scenario B Life Cycle II shows a 69.1% (90% Reuse) and 64.2% (80% Reuse) 

reduction, resulting in substantially lower emissions than Scenario A Life Cycle II , 

which achieves a 25.3% reduction compared to the primary cycle values. Overall, 

Scenario B Life Cycle II achieves additional savings compared to Scenario A Life 

Cycle II, primarily due to the reuse strategy, which avoids a portion of the upstream 

environmental burdens associated with new material production and processing. 

Overall, Scenario B achieves total savings of 25.8% (90% Reuse) and 22.9% (80% 

Reuse) of life cycle emissions. As a degressive allocation method CE LD provides a 

more balanced distribution of impacts across multiple life cycles. By accounting for 

benefit values within the calculations, the CE-LD approach favors both recycling 

and reuse strategies by presenting lower overall impact values.  

In Scenario A, the impacts are reduced compared to the baseline results, 

reaching 20,134.49 kg CO2e for Life Cycle I and 13,753.85 kg CO2e for Life Cycle 

II .  The reuse benefits become more visible, with Scenario B Life Cycle II results 

achieving a net-negative result due to the combination of avoided virgin production 

with allocated recycling credits. As a result, the CE-LD method reduces the impacts 

of first cycle of Scenario B by 70.4% and 67.5%, offering a stronger incentive for 

DfD, encouraging circular design strategies in LGS structural systems. 
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The 50:50 allocation method distributes impacts and benefits equally. While 

this method also successfully proves that reuse is more effective than recycling in 

terms of reducing emissions, it also increases the primary cycle impacts in Scenario 

A compared to the raw baseline. Similarly, the primary developer of Scenario B 

achieves only a 19.6% reduction with this method, while the first cycle still carries a 

large burden of 28,638.35 kg CO2e. These limitations are due to the equal 

partitioning approach assigning 50% of the burdens from the EoL processes back to 

the first building cycle.  

In conclusion, both allocation methods reduce the secondary buildingôs 

impact compared to the unallocated baseline, achieving net-negative results for the 

second cycle of DfD-enabled reuse scenario. However, the CE-LD method achieves 

a greater reduction as it enables a more optimized distribution of shared recycling 

impacts rather than applying an equal share approach.  
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CHAPTER 5  

5 CONCLUSION 

This chapter presents the findings and outcomes of the study.  Life Cycle Assessment 

(LCA) results of the defined Light Gauge Steel (LGS) structure scenarios are 

discussed. The scenarios are evaluated based on the chosen End-of-Life (EoL) 

strategy. Multi-cycle LCA results are also used to compare these scenarios. The 

differences observed between findings of the multi-cycle approaches also enable a 

discussion of the allocation methods themselves. Finally, it discusses the limitations 

encountered throughout the research and provides recommendations for future 

research.   

5.1 Findings of the Research 

In this research, LCA is conducted for two different scenarios with two life cycles 

based on distinct EoL strategies for an LGS building. The aim was to assess the DfD-

enabled reuse in LGS buildings in terms of environmental impacts.  

Scenario A was designed using virgin materials as the initial input, with 

components being recycled at the end of their life cycle. In the second cycle, recycled 

steel is introduced into the process, which also concludes with recycling. The amount 

of steel input remains the same throughout both cycles. In Scenario B, the impact of 

reusing steel components was assessed based on an expected lifespan that allows for 

two cycles of use. The initial cycle was defined to utilize DfD-enabled reuse as a 

circular strategy. After the first life cycle, components are reclaimed and assumed to 

achieve 90% or 80% reclaim of steel components to be reused in a second building 

without differences in design or layout. At the end of the second life cycle, since the 

potential for a second future reuse cannot be guaranteed, conventional steel recycling 

is applied. 
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The LCA was conducted using One Click LCA. All life cycles were assessed 

separately according to their specific material inputs and EoL strategies. Then, the 

results were compared in terms of carbon emissions across the cycles and between 

both scenarios.  

The sum of the results gave overall two-cycle emissions, and the reuse 

scenario evidently created lower impacts for both reclaim ratios for reuse. The 

findings show that even if both scenarios present similar results in their first life 

cycles, differences of impacts emerge in the second cycles. The similar results in the 

first cycles prove that, even when reuse is defined as the EoL strategy for LCA input, 

using DfD to enable reuse does not provide any benefit at the first cycle production 

stage in the assessment.  

To fairly allocate the impacts and benefits, a multi-cycle LCA was conducted 

using two selected methods within the research scope to evaluate the results of both 

approaches to provide sensitivity to the research results. The results of CE LD and 

50:50 allocation calculations again demonstrated that Scenario B exhibits lower total 

impacts, with the second cycles in both scenarios also showing reduced emissions 

than initial cycles. The findings through multi-cycle allocation methods revealed that 

the first cycle carries a smaller share of the burden in the reuse scenario in contrast 

to raw LCA results. In addition, the allocation methods generated a net negative 

value in the second cycle of Scenario B due to the reuse benefits accounted in the 

calculations.  

Overall, the total life cycle results indicate a 25.78% reduction in Scenario B 

with 90% reuse compared to Scenario A based on the raw LCA results. When 

applying allocation methods, the reduction reaches 73.08% according to the CE-LD 

method and 59.87% under the 50:50 method. The total life cycle results indicate a 

22.92% reduction in Scenario B with 80% reuse compared to Scenario A based on 

the raw LCA results. The reduction reaches 69.09% according to the CE-LD method 

and to 53.25% under the 50:50 method.  
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The results indicate that an EoL strategy from the design stage and preparing 

the building and project team for reuse-oriented deconstruction for LGS structures 

can significantly reduce overall environmental impacts and improve circular 

performance by minimizing disposal-related burdens.  

However,  even though the reuse of LGS components appears to significantly 

reduce environmental impacts, achieving high reuse rates introduces several 

economic and technical challenges. In this study, DfD-enabled reuse is considered 

as a strategy to achieve high reclamation rates for reuse.However, this approach can 

increase upfront costs associated with deconstruction planning and engaging a 

professional team for careful disassembly. Such planning requires additional effort, 

comprehensive material documentation, and close coordination among 

multidisciplinary teams. In addition, after the disassembly, transport and storage of 

reclaimed components demand careful logistics to maintain material quality and 

efficiency. Thus, these requirements can increase both the complexity and cost of 

implementation, which may constrain the applicability of reuse strategies despite 

their environmental benefits. 

5.2 Limitations of the Study 

Besides the delimitations, the research also faces several limitations. To begin with, 

the building materials considered in this study do not have available EPDs that can 

be used for the LCA. Because of the absence of product-specific EPDs, the 

assessment is based on generic data sets based in Türkiye provided by One Click 

LCA. Only when generic data sets for Türkiye are unavailable, generic Europe or 

the Universal Data sets are employed. 

Due to uncertainty of the reclaimed steel ratio of the LGS frame system for 

reuse in the second cycle, the assumptions of loss and reuse ratios are made based 

on literature findings. A further limitation relates to steel screws, which are excluded 

from the assessment as it is difficult to estimate the proportion of screws that can be 
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recovered during deconstruction. Therefore, it is considered that all scenarios would 

include the same quantity of screws resulting in identical impacts in every cycle. 

In addition, while the LCA software includes data for the demolition of steel 

structures, it does not provide specific data sets for the deconstruction of steel 

structures. As a result, the study relies on informed assumptions to model 

deconstruction scenarios with the knowledge of machine operation. The time and 

energy input are also limited to the gathered data on the case study and generic 

environmental impacts data. 

Another limitation arises from the fact that multi-cycle allocation methods 

are not formally standardized and remain methodological approaches rather than 

established regulations. As a result, the selection of a specific method is partly 

subjective and depends on the goals and assumptions of the study. In literature, only 

a limited number of studies apply these approaches and most typically assume an 

uncertain number of life cycles without assured future use, often defaulting to three 

cycles. However, since existing formulations are not explicitly developed for two-

cycle scenarios, the allocation equations in this research have been adapted 

accordingly. This modification introduces additional interpretative uncertainty, 

particularly regarding the distribution of allocation coefficients. 

Due to these limitations, the study does not aim to produce absolute 

outcomes. Instead, the results are intended to support comparative evaluation 

between scenarios and allocation methods. 

5.3 Recommendations 

This research explores the effects of the DfD-enabled reuse in LGS structures in 

terms of environmental impacts based on identical layouts. However, design 

strategies for achieving DfD should be developed and limitations related to the lack 

of suitable reclaimed components for different layouts should be addressed to enable 

more applicable and flexible circular design strategies for LGS structures. 
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Another recommendation can be made in relation to the studyôs boundary 

limitations. Future research could include previously excluded elements in the LCA, 

such as the use stage (Module B) and all building components, to provide a more 

complete assessment of the system. A real case study of deconstruction and reuse 

could also be conducted to obtain real-life data on two cycles. Furthermore, the full 

calculation could be repeated using verified EPD data, either through a virtual case 

study or in collaboration with a contractor that applies EPD-based components in 

practice. A real-life case can also guide on the reclaimed components for reuse. 

In future studies, the limitation associated with the absence of deconstruction-

specific datasets in the LCA software can be overcome by manually integrating 

inventory data into the model. Rather than relying solely on generic demolition 

datasets, future studies may represent deconstruction activities as separate energy 

and resource inputs based on empirical measurements or literature-based 

information. The inputs may include selective dismantling, further equipment and 

crane operation, component handling, inspection, repair, and preparation for reuse. 

This approach would improve the accuracy and transparency of deconstruction 

modelling, reduce uncertainty associated with assumptions, and provide a more 

realistic environmental assessment of reuse-oriented EoL scenarios. 

For the multi-cycle assessment, the previously mentioned LCA data 

including excluded system components and stages can be incorporated to develop a 

more comprehensive overall evaluation. Additional assessment methods may also be 

applied to further explore the results by utilizing differently balanced calculations.  

In this context, future developments and potential standardization of multi-

cycle approaches are expected to provide a more universally accepted framework. 

Moreover, extending the analysis beyond two cycles for different case studies would 

allow the consistent application of the calculation methods. Since steel elements can 

undergo multiple recycling loops, multi-cycle assessment is particularly suitable for 

this material system and can be further explored in future research.  

 



 

 

142 

 



 

 

143 

6 REFERENCES 

AF1600P. Arkitech. (2025). Retrieved June 07, 2026, from 

https://arkitech.com.tr/framer/single-profile-framers/af1600p/  

Afshari, A., & Górecki, J. (2019). Circular economy in construction sector. Paper 

presented at the CEPPIS 2019 Conference, Bydgoszcz, Poland. 

Akbarieh, A., Jayasinghe, B., Waldmann, D., & Teferle, F. (2020). BIM-based end-

of-lifecycle decision making and digital deconstruction: Literature review. 

Sustainability, 12(7), 2670. https://doi.org/10.3390/su12072670   

Akbarnezhad, A., Ong, K. C. G., & Chandra, L. R. (2014). Economic and 

environmental assessment of deconstruction strategies using building 

information modeling. Automation in Construction, 37, 131-144. 

https://doi.org/10.1016/j.autcon.2013.10.017   

Akinade, O. O., Oyedele, L. O., Ajayi, S. O., Bilal, M., Alaka, H. A., Owolabi, H. 

A., Bello, S. A., Jaiyeoba, B. E., & Kadiri, K. O. (2017). Design for 

Deconstruction (DfD): Critical success factors for diverting end-of-life waste 

from landfills. Waste Management, 60, 3-13. 

https://doi.org/10.1016/J.WASMAN.2016.08.017  

Akinade, O. O., Oyedele, L. O., Bilal, M., Ajayi, S. O., Owolabi, H. A., Alaka, H. 

A., & Bello, S. A. (2015). Waste minimisation through deconstruction: A 

BIM based deconstructability assessment score (BIM-DAS). Resources, 

Conservation and Recycling, 105 (Part A), 167-176. 

https://doi.org/10.1016/j.resconrec.2015.10.018  

Aksel, H., & Eren, O. (2015). A Discussion on the Advantages of Steel Structures in 

the Context of Sustainable Construction. New Arch-International Journal of 

Contemporary Architecture, 2(3).  

Allacker, K., Mathieux, F., Pennington, D., & Pant, R. (2017). The search for an 

appropriate end-of-life formula for the purpose of the European Commission 

Environmental Footprint initiative. International Journal of Life Cycle 

Assessment, 22, 1441-1458. https://doi.org/10.1007/s11367-016-1244-0 

The Alliance for Sustainable Building Products (ASBP). (2024). Recovering steel 

and reuse at 20 Giltspur Street. Retrieved June 23, 2026, from ASBP Case 

Study: Recovering Steel and Reuse at 20 Giltspur Street 

American Galvanizers Association. (2009). Hot-dip galvanizing (zinc and steel) 

takes LEED® with recycled content [Talking Points series]. 

https://galvanizeit.org/education-and-resources/publications/hot-dip-

galvanizing-zincsteel-takes-leed-with-recycled-content  

https://arkitech.com.tr/framer/single-profile-framers/af1600p/
https://doi.org/10.3390/su12072670
https://doi.org/10.1016/j.autcon.2013.10.017
https://doi.org/10.1016/J.WASMAN.2016.08.017
https://doi.org/10.1016/j.resconrec.2015.10.018
https://doi.org/10.1007/s11367-016-1244-0
https://asbp.org.uk/case-studies/recovering-steel-and-reuse-at-20-giltspur-street?utm_source=chatgpt.com
https://asbp.org.uk/case-studies/recovering-steel-and-reuse-at-20-giltspur-street?utm_source=chatgpt.com
https://galvanizeit.org/education-and-resources/publications/hot-dip-galvanizing-zincsteel-takes-leed-with-recycled-content
https://galvanizeit.org/education-and-resources/publications/hot-dip-galvanizing-zincsteel-takes-leed-with-recycled-content


 

 

144 

American Galvanizers Association. (n.d.). Galvanized steel FAQs. Retrieved April 

27, 2026, from https://galvanizeit.org/hot-dip-galvanizing/what-is-

galvanizing/faq#galvanizingprotectsteel 

Anadolu Ajansē. (2025). ¢elik binalar depreme dayanēklēlēĵē ve hēzlē inĸa 

edilebilmesiyle ºne ­ēkēyor. Retrieved June 11, 2026, from 

https://www.aa.com.tr/tr/ekonomi/celik-binalar-depreme-dayanikliligi-ve-

hizli-insa-edilebilmesiyle-one-cikiyor/3551553 

Aquatechnik Obtains the EPD (Environmental Product Declaration). (n.d.). 

Retrieved from https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-

environmental-product-declaration/  

Arkitech. (2023). LGS/CFS modular building framing system [Video]. YouTube. 

https://www.youtube.com/watch?v=ZRVOIn9HBH4 

Arkitech. (2021). TOTAL SOLUTION FOR LIGHT GAUGE STEEL FRAMING / 

COLD FORMED STEEL SYSTEM WITH ARKITECH [Video]. YouTube. 

https://www.youtube.com/watch?v=iemfYb-p4Wg  

Basta, A., Serror, M. H., & Marzouk, M. (2020). A BIM-based framework for 

quantitative assessment of steel structure deconstructability. Automation in 

Construction, 111. https://doi.org/10.1016/j.autcon.2019.103064    

Baĸ, D. (2023). T¿rkiye ­elik sektºr¿n¿n karbonsuzlaĸmasē: Mevcut durum. Ķstanbul 

Politikalar Merkezi, Sabancē ¦niversitesi. 

https://ipc.sabanciuniv.edu/Content/Images/CKeditorImages/20230707-

13074828.pdf ISBN: 978-625-6956-16-2 

Bhavsar, V., Sridharan, S. R., & Sudarsan, J. S. (2023). Barriers to circular economy 

practices during construction and demolition waste management in an 

emerging economy. Resources, Conservation & Recycling Advances, 20, 

200198. https://doi.org/10.1016/j.rcradv.2023.200198  

Bim LCA. (2024). Excel LCA - LCA. https://bimlca.eu/excel-lca/  

Broniewicz, E., & Dec, K. (2022). Environmental impact of demolishing a steel 

structure designed for disassembly. Energies, 15(19), 7358. 

https://doi.org/10.3390/en15197358  

Brütting, J., Senatore, G., & Fivet, C. (2021). Design and fabrication of a reusable 

kit of parts for diverse structures. Automation in Construction, 125, Article 

103614. https://doi.org/10.1016/j.autcon.2021.103614.  

Building circularity. (2026). One Click LCA. Retrieved June 22, 2026, from 

https://help.One Clicklca.com/en/articles/275737-building-circularity  

Burgan, B. A., & Sansom, M. R. (2006). Sustainable steel construction. Journal of 

Constructional Steel Research, 62(11), 1178-1183. 

https://doi.org/10.1016/j.jcsr.2006.06.029  

https://galvanizeit.org/hot-dip-galvanizing/what-is-galvanizing/faq#galvanizingprotectsteel
https://galvanizeit.org/hot-dip-galvanizing/what-is-galvanizing/faq#galvanizingprotectsteel
https://www.aa.com.tr/tr/ekonomi/celik-binalar-depreme-dayanikliligi-ve-hizli-insa-edilebilmesiyle-one-cikiyor/3551553
https://www.aa.com.tr/tr/ekonomi/celik-binalar-depreme-dayanikliligi-ve-hizli-insa-edilebilmesiyle-one-cikiyor/3551553
https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/
https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/
https://www.youtube.com/watch?v=ZRVOIn9HBH4
https://www.youtube.com/watch?v=iemfYb-p4Wg
https://doi.org/10.1016/j.autcon.2019.103064
https://ipc.sabanciuniv.edu/Content/Images/CKeditorImages/20230707-13074828.pdf
https://ipc.sabanciuniv.edu/Content/Images/CKeditorImages/20230707-13074828.pdf
https://doi.org/10.1016/j.rcradv.2023.200198
https://bimlca.eu/excel-lca/
https://doi.org/10.3390/en15197358
https://doi.org/10.1016/j.autcon.2021.103614
https://help.oneclicklca.com/
https://doi.org/10.1016/j.jcsr.2006.06.029


 

 

145 

Cabaleiro, M., Conde, B., González-Gaya, C., & Barros, B. (2023). Removable, 

reconfigurable, and sustainable steel structures: A state-of-the-art review of 

clamp-based steel connections. Sustainability, 15(10), 7808. 

https://doi.org/10.3390/su15107808  

Cai, G., Xiong, F., Xu, Y., Larbi, A. S., Lu, Y., & Yoshizawa, M. (2019). A 

demountable connection for low-rise precast concrete structures with DfD for 

construction sustainability - A preliminary test under cyclic loads. 

Sustainability, 11(13), 3696. https://doi.org/10.3390/su11133696  

Carrigan, S., Daly, P., & Congeduti, A. (2024). A multi-life cycle assessment of 

external wall insulation strategies in an Irish domestic retrofit. Journal of 

Building Survey, Appraisal & Valuation, 13(2). 

https://doi.org/10.69554/EGLU5674 

Cilleruelo Palomero, J., Freboeuf, L., Ciroth, A., & Sonnemann, G. (2024). 

Integrating circularity into Life Cycle Assessment: Circularity with a life 

cycle perspective. Cleaner Environmental Systems, 12, 100175. 

https://doi.org/10.1016/j.cesys.2024.100175  

Coelho, A. M. G., Pimentel, R., Ungureanu, V., Hradil, P., & Kesti, J. (2020). 

European recommendations for reuse of steel products in single-storey 

buildings (1st ed.). European Convention for Constructional Steelwork 

(ECCS). https://www.steelconstruct.com 

Coelho, A. M. G., & Sansom, M. (2021). UK average embodied carbon of structural 

steel. New Steel Construction, 29(4), 25. 

https://www.newsteelconstruction.com/wp/wp-content/uploads/digi/ 

NSCApr2021digi.pdf  

Cullen, J. M. (2017). Circular economy: Theoretical benchmark or perpetual motion 

machine? Journal of Industrial Ecology, 21(3), 483-486. 

https://doi.org/10.1111/jiec.12599  

Çetin, S., Raghu, D., Honic, M., Straub, A., & Gruis, V. (2023). Data requirements 

and availabilities for material passports: A digitally enabled framework for 

improving the circularity of existing buildings. Sustainable Production and 

Consumption, 40. https://doi.org/10.1016/j.spc.2023.07.011     

Densley Tingley, D. (2013). Design for deconstruction: An appraisal [Masterôs 

thesis, University of Cambridge]. Apollo- University of Cambridge 

Repository.  

dos Santos Gonçalves, J., Claes, S., & Ritzen, M. (2025). Measuring circularity of 

buildings: A systematic literature review. Buildings, 15(4), 548. 

https://doi.org/10.3390/buildings15040548   

 

https://doi.org/10.3390/su15107808
https://doi.org/10.3390/su11133696
https://doi.org/10.69554/EGLU5674
https://doi.org/10.1016/j.cesys.2024.100175
https://www.steelconstruct.com/
https://doi.org/10.1111/jiec.12599
https://doi.org/10.1016/j.spc.2023.07.011
https://doi.org/10.3390/buildings15040548


 

 

146 

Eberhardt, L. C. M., van Stijn, A., Nygaard Rasmussen, F., Birkved, M., & 

Birgisdottir, H. (2020a). Towards circular life cycle assessment for the built 

environment: A comparison of allocation approaches. IOP Conference 

Series: Earth and Environmental Science, 588, 032026. 

https://doi.org/10.1088/1755-1315/588/3/032026  

Eberhardt, L. C. M., van Stijn, A., Nygaard Rasmussen, F., Birkved, M., & 

Birgisdottir, H. (2020b). Development of a life cycle assessment allocation 

approach for circular economy in the built environment. Sustainability, 

12(22), 9579. https://doi.org/10.3390/su12229579 

Eco Costs Value. (2026). LCA Tools in excel - Sustainability Impact Metrics. 

Sustainability Impact Metrics. https://www.ecocostsvalue.com/data-tools-

books/tool-in-excel/  

Ellen MacArthur Foundation, McKinsey & Company, & World Economic Forum. 

(2014). Towards the circular economy: Accelerating the scale-up across 

global supply chains. 

https://www3.weforum.org/docs/WEF_ENV_TowardsCircularEconomy_R

eport_2014.pdf  

Eren, Ö. (2024). Disassembly of light steel structures and evaluation of the situation 

in Turkey. Social Science Development Journal, 9(42), 105-126. 

https://doi.org/10.31567/ssd.1128 

ERKE. (n.d.). EN 15804 standardē nedir? Retrieved June 11, 2025, from 

https://erketasarim.com/blog/en-15804-standardi-nedir  

Eryüzlü, H., & Boran, C. (2026). T¿rkiyeôde hurda ­elik geri dºn¿ĸ¿m¿ ve ­evresel 

etkileri. UF¦ Sosyal ve Beĸeri Bilimler Dergisi, 2(3), 103ï125. 

https://doi.org/10.29329/ufusobed.2026.1410.4  

European Circular Economy Stakeholder Platform. (2024). Building circularity 

software for a circular economy: One Click LCA. 

https://circulareconomy.europa.eu/platform/en/toolkits-guidelines/building-

circularity-software-circular-economy-one-click-lca 

European Committee for Standardization. (2005). EN 1990:2002+A1: Eurocode - 

Basis of structural design (Incorporating corrigenda December 2008 and 

April 2010). Brussels: CEN. Retrieved from https://www.phd.eng.br/wp-

content/uploads/2015/12/en.1990.2002.pdf  

European Parliament and Council. (2024). Regulation (EU) 2024/1781 of the 

European Parliament and of the Council establishing a framework for the 

setting of ecodesign requirements for sustainable products, amending 

Directive (EU) 2020/1828 and Regulation (EU) 2023/1542 and repealing 

Directive 2009/125/EC (Text with EEA relevance). Official Journal of the 

European Union, L 2024/1781, 28.6.2024. 

http://data.europa.eu/eli/reg/2024/1781/oj   

https://doi.org/10.1088/1755-1315/588/3/032026
https://doi.org/10.3390/su12229579
https://www.ecocostsvalue.com/data-tools-books/tool-in-excel/
https://www.ecocostsvalue.com/data-tools-books/tool-in-excel/
https://www3.weforum.org/docs/WEF_ENV_TowardsCircularEconomy_Report_2014.pdf
https://www3.weforum.org/docs/WEF_ENV_TowardsCircularEconomy_Report_2014.pdf
https://doi.org/10.31567/ssd.1128
https://erketasarim.com/blog/en-15804-standardi-nedir
https://doi.org/10.29329/ufusobed.2026.1410.4
https://circulareconomy.europa.eu/platform/en/toolkits-guidelines/building-circularity-software-circular-economy-one-click-lca
https://circulareconomy.europa.eu/platform/en/toolkits-guidelines/building-circularity-software-circular-economy-one-click-lca
https://www.phd.eng.br/wp-content/uploads/2015/12/en.1990.2002.pdf
https://www.phd.eng.br/wp-content/uploads/2015/12/en.1990.2002.pdf
http://data.europa.eu/eli/reg/2024/1781/oj


 

 

147 

European Union. (2024). EUôs Digital Product Passport: Advancing transparency 

and sustainability. data.europa.eu. Retrieved June 12, 2025, from 

https://data.europa.eu/en/news-events/news/eus-digital-product-passport-

advancing-transparency-and-sustainability 

Fennell, P., Driver, J., Bataille, C., & Davis, S. J. (2022). Going net zero for cement 

and steel. Nature, 603(7900), 574-577. https://doi.org/10.1038/d41586-022-

00758-4  

Fērat, F. K., & Akbaĸ, F. (2015). Ķnĸaat end¿strisinde geri dºn¿ĸ¿m ­alēĸmalarēnēn 

geliĸtirilmesi ve ekonomi ¿zerine etkileri. In Proceedings of the International 

Conference on Eurasian Economies 2015 (pp. 637ï644). Kazan, Russia. 

https://doi.org/10.36880/C06.01415  

Global Energy Monitor, & LeadIT. (2023). A matter of ambition: Examining the 

steel industry's commitment to net zero by 2050. Retrieved May 27, 2025, 

from https://globalenergymonitor.org/report/a-matter-of-ambition-

examining-the-steel-industrys-commitment-to-net-zero-by-

2050/(globalenergymonitor.org)  

Guy, B. (2006). The optimization of building deconstruction for department of 

defense facilities: FT. Mcclellan deconstruction project. Journal of Green 

Building, 1(1). https://doi.org/10.3992/jgb.1.1.102  

Hamed, A., & Ciroth, A. (2025, May). Module D in Environmental Product 

Declarations (EPDs): Sorting the weed of misinterpretation [Conference 

presentation slide]. SETAC Europe 35th Annual Meeting, Seville, Spain. 

GreenDelta GmbH. 

Heijungs, R., & Suh, S. (2002). The computational structure of life cycle assessment. 

Kluwer Academic Publishers.  

Heijungs, R., & Tan, R. R. (2010). Rigorous proof of fuzzy error propagation with 

matrix-based LCI. International Journal of Life Cycle Assessment, 15(8), 

1014ï1019. https://doi.org/10.1007/s11367-010-0229-7  

Honic, M., Kovacic, I., Aschenbrenner, P., & Ragossnig, A. (2021). Material 

Passports for the end-of-life stage of buildings: Challenges and potentials. 

Journal of Cleaner Production, 319, 128702. 

https://doi.org/10.1016/J.JCLEPRO.2021.128702    

Hradil, P., Vainio-Kaila, T., Ungureanu, D.-V., Del Castillo, C., Gervasio, H., 

Lüdecke, M., Ilomäki, A., Sansom, M., Girao-Coelho, A., De Paula, J. H. M., 

& Yang, J. (2024, February). Environmental assessment of constructional 

steel reuse: Methodology report. ADVANCE Project. Research Fund for 

Coal and Steel, Grant Agreement No. 101112269. 

 

https://data.europa.eu/en/news-events/news/eus-digital-product-passport-advancing-transparency-and-sustainability
https://data.europa.eu/en/news-events/news/eus-digital-product-passport-advancing-transparency-and-sustainability
https://doi.org/10.1038/d41586-022-00758-4
https://doi.org/10.1038/d41586-022-00758-4
https://doi.org/10.36880/C06.01415
https://globalenergymonitor.org/report/a-matter-of-ambition-examining-the-steel-industrys-commitment-to-net-zero-by-2050/(globalenergymonitor.org)
https://globalenergymonitor.org/report/a-matter-of-ambition-examining-the-steel-industrys-commitment-to-net-zero-by-2050/(globalenergymonitor.org)
https://globalenergymonitor.org/report/a-matter-of-ambition-examining-the-steel-industrys-commitment-to-net-zero-by-2050/(globalenergymonitor.org)
https://doi.org/10.3992/jgb.1.1.102
https://doi.org/10.1007/s11367-010-0229-7
https://doi.org/10.1016/J.JCLEPRO.2021.128702


 

 

148 

Husain, N. N. (2025). Material circularity indicator (MCI): A key metric for 

circularity. Institute of Sustainability Studies. 

https://instituteofsustainabilitystudies.com/insights/lexicon/material-

circularity-indicator-mci-a-key-metric-for-measuring-circularity/   

Illankoon, C., & Vithanage, S. C. (2023). Closing the loop in the construction 

industry: A systematic literature review on the development of circular 

economy. Journal of Building Engineering, 76, 107362. 

https://doi.org/10.1016/j.jobe.2023.107362 

International Energy Agency. (2024). World Energy Outlook 2024. IEA. 

https://www.iea.org/reports/world-energy-outlook-2024   

Jensen, S. F., Kristensen, J. H., Adamsen, S., Christensen, A., & Waehrens, B. V. 

(2023). Digital product passports for a circular economy: Data needs for 

product life cycle decision-making. Sustainable Production and 

Consumption, 37, 242-255. https://doi.org/10.1016/J.SPC.2023.02.021  

Kamrath, P. (2023). Limits of reuse of steel. In F. Biondini & D. M. Frangopol 

(Eds.), Life-Cycle of Structures and Infrastructure Systems. Taylor & Francis. 

https://doi.org/10.1201/9781003323020-156 

Kanyilmaz, A., Birhane, M., Fishwick, R., & del Castillo, C. (2023). Reuse of steel 

in the construction industry: Challenges and opportunities. International 

Journal of Steel Structures, 23(5), 1399-1416. 

https://doi.org/10.1007/s13296-023-00778-4 

Khosakitchalert, C., Yabuki, N., & Fukuda, T. (2020). Development of BIM-based 

quantity takeoff for light-gauge steel wall framing systems. Journal of 

Information Technology in Construction, 25, 522ï544. 

https://doi.org/10.36680/j.itcon.2020.030  

Kirchherr, J., Reike, D., & Hekkert, M. (2017). Conceptualizing the circular 

economy: An analysis of 114 definitions. Resources, Conservation and 

Recycling, 127, 221-232. https://doi.org/10.1016/j.resconrec.2017.09.005 

Kjellberg, S. (2022, June 20). Prepare now for the EU Digital Product Passport. 

Kezzler. https://kezzler.com/blog/prepare-now-for-the-eu-digital-product-

passport/ 

Le Bourhis, F., Kerbrat, O., Hascoët, J., & Mognol, P. (2013). Sustainable 

manufacturing: Evaluation and modeling of environmental impacts in 

additive manufacturing. The International Journal of Advanced 

Manufacturing Technology, 67, Article 5151. 

https://doi.org/10.1007/s00170-013-5151-2 

 

 

https://instituteofsustainabilitystudies.com/insights/lexicon/material-circularity-indicator-mci-a-key-metric-for-measuring-circularity/
https://instituteofsustainabilitystudies.com/insights/lexicon/material-circularity-indicator-mci-a-key-metric-for-measuring-circularity/
https://doi.org/10.1016/j.jobe.2023.107362
https://www.iea.org/reports/world-energy-outlook-2024
https://doi.org/10.1016/J.SPC.2023.02.021
https://doi.org/10.1201/9781003323020-156
https://doi.org/10.1007/s13296-023-00778-4
https://doi.org/10.36680/j.itcon.2020.030
https://doi.org/10.1016/j.resconrec.2017.09.005
https://kezzler.com/blog/prepare-now-for-the-eu-digital-product-passport/
https://kezzler.com/blog/prepare-now-for-the-eu-digital-product-passport/
https://doi.org/10.1007/s00170-013-5151-2


 

 

149 

Liu, C., Chen, X., Mao, X., He, L., & Yuan, J. (2023). 

Study on flexural and demountable behavior of a modular light-gauge steel 

framed wall. Journal of Civil Engineering and Management, 29(2), 143-156. 

https://doi.org/10.3846/jcem.2023.18351 

Lu, W., Peng, Z., Webster, C., & Wu, L. (2023). Developing a construction waste 

material ópassportô for cross-jurisdictional trading. Journal of Cleaner 

Production, 414. https://doi.org/10.1016/j.jclepro.2023.137509  

Masson, S. (2025). Life cycle stages - One Click LCA Help Centre. Retrieved June 

12, 2025, from https://One Clicklca.zendesk.com/hc/en-

us/articles/360015064999-Life-Cycle-Stages  

Masson, S. (2025). End-of-life scenarios for construction products - One Click LCA 

Help Centre. Retrieved June 12, 2025, from https://One 

Clicklca.zendesk.com/hc/en-us/articles/360015064959-End-of-Life-

Scenarios-for-Construction-Products 

Material circularity indicator. Material Circularity Indicator | Ellen Macarthur 

Foundation. (n.d.). https://www.ellenmacarthurfoundation.org/material-

circularity-indicator  

Mc Cann, S., Corona, B., Han, Q., & Havinga, L. (2025). Circularity - Not so 

straightforward: A review of methodological choices in LCA for circular 

renovations of buildings. Journal of Building Engineering, 114, 114089. 

https://doi.org/10.1016/j.jobe.2025.114089  

Melella, R., Di Ruocco, G., & Sorvillo, A. (2021). Circular construction process: 

Method for developing a selective, low CO eq disassembly and demolition 

plan. Sustainability, 13(16), 8815. https://doi.org/10.3390/su13168815   

Minunno, R., O'Grady, T., Morrison, G. M., & Gruner, R. L. (2020). Exploring 

environmental benefits of reuse and recycle practices: A circular economy 

case study of a modular building. Resources, Conservation and Recycling, 

160, 104855. https://doi.org/10.1016/j.resconrec.2020.104855  

Moberg, S., & Görman, F. (2025). Life cycle assessment of a Swedish multifamily 

building designed for disassembly and flexibility: Impact of allocation 

methods on future scenarios. Buildings, 15(17), 3058. 

https://doi.org/10.3390/buildings15173058  

MS Metals. (2024). Light gauge steel KSA: Cold formed steel structures KSA: LGS. 

Retrieved June 9, 2025, from https://ms-metals.com/our-products/light-

gauge-steel-structures/  

Nangir, D., Gkantou, M., Bras, A., Nikitas, G., Ferentinou, M., Riley, M., Clark, P., 

& Humphreys, S. (2026). Life Cycle Assessment of Modular Steel 

Construction for Sustainable Social Housing in the UK. CivilEng, 7(1), 18. 

https://doi.org/10.3390/civileng7010018  

https://doi.org/10.3846/jcem.2023.18351
https://doi.org/10.1016/j.jclepro.2023.137509
https://oneclicklca.zendesk.com/hc/en-us/articles/360015064999-Life-Cycle-Stages
https://oneclicklca.zendesk.com/hc/en-us/articles/360015064999-Life-Cycle-Stages
https://oneclicklca.zendesk.com/hc/en-us/articles/360015064959-End-of-Life-Scenarios-for-Construction-Products
https://oneclicklca.zendesk.com/hc/en-us/articles/360015064959-End-of-Life-Scenarios-for-Construction-Products
https://oneclicklca.zendesk.com/hc/en-us/articles/360015064959-End-of-Life-Scenarios-for-Construction-Products
https://www.ellenmacarthurfoundation.org/material-circularity-indicator
https://www.ellenmacarthurfoundation.org/material-circularity-indicator
https://doi.org/10.1016/j.jobe.2025.114089
https://doi.org/10.3390/su13168815
https://doi.org/10.1016/j.resconrec.2020.104855
https://doi.org/10.3390/buildings15173058
https://ms-metals.com/our-products/light-gauge-steel-structures/
https://ms-metals.com/our-products/light-gauge-steel-structures/
https://doi.org/10.3390/civileng7010018


 

 

150 

Ness, D., Swift, J., Ranasinghe, D. C., Xing, K., & Soebarto, V. (2015). Smart steel: 

New paradigms for the reuse of steel enabled by digital tracking and 

modelling. Journal of Cleaner Production, 98, 292-303. 

https://doi.org/10.1016/j.jclepro.2014.08.055  

Norouzi, M., Chàfer, M., Cabeza, L. F., Jiménez, L., & Boer, D. (2021). Circular 

economy in the building and construction sector: A scientific evolution 

analysis. Journal of Building Engineering, 44, 102704. 

https://doi.org/10.1016/j.jobe.2021.102704  

Of, N., & ¥zt¿rk, S. (2022). Depremlerden sonraki yeniden yapēlanma s¿reci ¿zerine 

k¿resel bir araĸtērma: ¢elik prefabrik malzeme kullanēmēnēn gerekliliĵi. Afet 

ve Risk Dergisi, 5(1), 346ï360. https://doi.org/10.35341/afet.1011403  

O'Grady, T., Minunno, R., Chong, H.-Y., & Morrison, G. M. (2021). Design for 

disassembly, deconstruction and resilience: A circular economy index for the 

built environment. Resources, Conservation and Recycling, 175, 105847. 

https://doi.org/10.1016/j.resconrec.2021.105847   

One Click LCA. (2025a). 2025 Carbon Experts Report. One Click LCA. Retrieved 

February 26, 2025, from https://One Clicklca.com/resources/ebooks/carbon-

experts-report-2025 

One Click LCA. (2025b). Modeling Recycled Material in Module D. Retrieved June 

22, 2026, from https://help.One Clicklca.com/en/articles/275818-modeling- 

recycled-material-in-module-d   

One Click LCA. (n.d.). An LCA solution for architects: One Click LCA. Retrieved 

July, 2025, from https://One Clicklca.com/industries/buildings/architects   

One Click LCA. (n.d.). LCA for construction. One Click LCA. Retrieved July, 2025, 

from https://One Clicklca.com/software/design-construction/lca-for-

construction  

Peirson, E. (2025). In practice: Working with reclaimed steel. Architects' Journal. 

https://www.architectsjournal.co.uk/specification/in-practice-working-with-

reclaimed-steel  

Perey, R., Benn, S., Agarwal, R., & Edwards, M. (2018). The place of waste: 

Changing business value for the circular economy. Business Strategy and the 

Environment, 27(5), 631-642. https://doi.org/10.1002/bse.2068   

Potting, J., Hekkert, M., Worrell, E., & Hanemaaijer, A. (2017). Circular economy: 

Measuring innovation in the product chain (Policy Report). PBL Netherlands 

Environmental Assessment Agency. Retrieved June 1, 2025, from 

https://www.pbl.nl/en/publications/circular-economy-measuring-

innovation-in-product-chains  

https://doi.org/10.1016/j.jclepro.2014.08.055
https://doi.org/10.1016/j.jobe.2021.102704
https://doi.org/10.35341/afet.1011403
https://doi.org/10.1016/j.resconrec.2021.105847
https://oneclicklca.com/resources/ebooks/carbon-experts-report-2025
https://oneclicklca.com/resources/ebooks/carbon-experts-report-2025
https://oneclicklca.com/industries/buildings/architects
https://oneclicklca.com/software/design-construction/lca-for-construction
https://oneclicklca.com/software/design-construction/lca-for-construction
https://www.architectsjournal.co.uk/specification/in-practice-working-with-reclaimed-steel
https://www.architectsjournal.co.uk/specification/in-practice-working-with-reclaimed-steel
https://doi.org/10.1002/bse.2068
https://www.pbl.nl/en/publications/circular-economy-measuring-innovation-in-product-chains
https://www.pbl.nl/en/publications/circular-economy-measuring-innovation-in-product-chains


 

 

151 

Psarommatis, F., & May, G. (2024). Digital product passport: A pathway to 

circularity and sustainability in modern manufacturing. Sustainability, 16(1), 

396. https://doi.org/10.3390/su16010396    

Ramachandran, A. (2024). How to select lower-carbon materials for more 

sustainable construction projects. One Click LCA. Retrieved May 21, 2025, 

from https://One Clicklca.com/en/resources/articles/how-to-select-

sustainable-construction-materials-with-materials-compass  

Ramachandran, A. (2025). What is an LCA? 3 life-cycle assessment examples. One 

Click LCA Ltd. Retrieved June 12, 2025, from https://One 

Clicklca.com/en/resources/articles/life-cycle-assessment-examples-and-lca-

defined/  

Sassi, P. (2004). Designing buildings to close the material resource loop. 

Proceedings of the Institution of Civil Engineers - Engineering 

Sustainability, 157(3), 163-170. 

https://doi.org/10.1680/ensu.2004.157.3.163   

Sassanelli, C., Rosa, P., Rocca, R., & Terzi, S. (2019). Circular economy 

performance assessment methods: A systematic literature review. Journal of 

Cleaner Production, 229, 440-453. 

https://doi.org/10.1016/j.jclepro.2019.05.019  

Santos, A., & De Brito, J. (2005). Building Deconstruction: A Contribution to 

Sustainable Building. Conference for Postgraduate Researchers of the Built 

and Natural Environment (PRoBE), 1(June). 

Schulitz, H. C., Sobek, W., & Habermann, K. J. (2000). Steel construction manual 

(G. Söffker & P. Thrift, Trans.; English ed.). Birkhäuser - Publishers for 

Architecture / Edition Detail. 

Sharma, V., Kumar, R., Singh, H., Ahmad, W., & Pratap, Y. (2017). A review study 

on uses of steel in construction. International Research Journal of 

Engineering and Technology (IRJET), 4(4), 1140-1142. 

https://www.irjet.net/archives/V4/i4/IRJET-V4I4235.pdf   

Shuster, E. (2025, April 24). Understanding construction: What is light gauge steel 

framing?. Strucsoft. Retrieved June 8, 2025, from 

https://strucsoftsolutions.com/blog/understanding-construction-what-is-

light-gauge-steel-framing/    

Smeets, A., Wang, K., & Drewniok, M. P. (2019). Can material passports lower 

financial barriers for structural steel re-use? In IOP Conference Series: 

Earth and Environmental Science, 225(1), 012006. IOP Publishing. 

https://doi.org/10.1088/1755-1315/225/1/012006 

https://doi.org/10.3390/su16010396
https://oneclicklca.com/en/resources/articles/how-to-select-sustainable-construction-materials-with-materials-compass
https://oneclicklca.com/en/resources/articles/how-to-select-sustainable-construction-materials-with-materials-compass
https://oneclicklca.com/en/resources/articles/life-cycle-assessment-examples-and-lca-defined/
https://oneclicklca.com/en/resources/articles/life-cycle-assessment-examples-and-lca-defined/
https://oneclicklca.com/en/resources/articles/life-cycle-assessment-examples-and-lca-defined/
https://doi.org/10.1680/ensu.2004.157.3.163
https://doi.org/10.1016/j.jclepro.2019.05.019
https://www.irjet.net/archives/V4/i4/IRJET-V4I4235.pdf
https://strucsoftsolutions.com/blog/understanding-construction-what-is-light-gauge-steel-framing/
https://strucsoftsolutions.com/blog/understanding-construction-what-is-light-gauge-steel-framing/
https://doi.org/10.1088/1755-1315/225/1/012006


 

 

152 

Többen, J., & Opdenakker, R. (2022). Developing a framework to integrate 

circularity into construction projects. Sustainability, 14(9), 5136. 

https://doi.org/10.3390/su14095136  

UNBAK Machinery Co. Ltd. (n.d.). ¢elik yapē montaj detaylarē. Retrieved June 21, 

2026, from https://unbakmachinery.com/celik-yapi-montaj/  

United Nations Economic Commission for Europe. (2022). COP27: UN report 

shows pathways to carbon-neutrality in ñenergy intensiveò steel, chemicals 

and cement industries. Retrieved May 27, 2025, from 

https://unece.org/climate-change/press/cop27-un-report-shows-pathways-

carbon-neutrality-energy-intensive-steel  

Van Gulck, L., Wastiels, L., & Steeman, M. (2022). How to evaluate circularity 

through an LCA study based on the standards EN꜡15804 and EN꜡15978. 

International Journal of Life Cycle Assessment, 27, 1249-1266. 

https://doi.org/10.1007/s11367-022-02099-w 

van Stijn, A., Malabi Eberhardt, L. C., Wouterszoon Jansen, B., & Meijer, A. (2021). 

A circular economy life cycle assessment (CE-LCA) model for building 

components. Resources, Conservation & Recycling, 174, 105683. 

https://doi.org/10.1016/j.resconrec.2021.105683 

Vigneshkannan, S., Abdul Bari, J., & Easwaran, P. (2017, December). A general 

study of light gauge steel structures - A review. International Journal of 

Advanced Research Methodology in Engineering & Technology, 1(4). 

https://www.researchgate.net/publication/322384064_A_General_Study_of

_Light_Gauge_Steel_Structures_-_A_Review  

von Pfingsten, S. (2022). Uncertainty analysis in matrix-based life cycle assessment 

[Doctoral dissertation, RWTH Aachen University]. Wissenschaftsverlag 

Mainz. 

Wambersie, L. (2024). Applying circularity in the life cycle assessment of buildings. 

Arup; Groupe AG£CO; Studio Carbone; Centre dô®tudes et de recherches 

intersectorielles en économie circulaire (CERIEC); ÉTS. 

Wang, L., Troup, L. N., Coleman, K., Eckelman, M. J., Hajjar, J. F., Brown, C., & 

Webster, M. D. (2016). Deconstructable systems for sustainable design of 

steel and composite structures: Final report to the American Institute of Steel 

Construction. Department of Civil and Environmental Engineering, 

Northeastern University; Simpson Gumpertz & Heger Inc. 

https://www.aisc.org/globalassets/aisc/research-innovation/research-

projects/ai-2016/deconstructable-systems-for-sustainable-design-of-steel-

and-composite-structures.pdf  

 

https://doi.org/10.3390/su14095136
https://unbakmachinery.com/celik-yapi-montaj/
https://unece.org/climate-change/press/cop27-un-report-shows-pathways-carbon-neutrality-energy-intensive-steel
https://unece.org/climate-change/press/cop27-un-report-shows-pathways-carbon-neutrality-energy-intensive-steel
https://doi.org/10.1007/s11367-022-02099-w
https://doi.org/10.1016/j.resconrec.2021.105683
https://www.researchgate.net/publication/322384064_A_General_Study_of_Light_Gauge_Steel_Structures_-_A_Review
https://www.researchgate.net/publication/322384064_A_General_Study_of_Light_Gauge_Steel_Structures_-_A_Review
https://www.aisc.org/globalassets/aisc/research-innovation/research-projects/ai-2016/deconstructable-systems-for-sustainable-design-of-steel-and-composite-structures.pdf
https://www.aisc.org/globalassets/aisc/research-innovation/research-projects/ai-2016/deconstructable-systems-for-sustainable-design-of-steel-and-composite-structures.pdf
https://www.aisc.org/globalassets/aisc/research-innovation/research-projects/ai-2016/deconstructable-systems-for-sustainable-design-of-steel-and-composite-structures.pdf


 

 

153 

World Steel Association. (2024). World steel in figures 2024. 

https://worldsteel.org/wp-content/uploads/World-Steel-in-Figures-2024.pdf  

World Economic Forum. (2023). Net-Zero Industry Tracker 2023. 

https://www3.weforum.org/docs/WEF_Net_Zero_Tracker_2023_REPORT.

pdf  

Young, E. (2023). Lessons on reusing steel-on a refurbished building. RIBAJ. 

Retrieved June 11, 2025, from https://www.ribaj.com/intelligence/reusing-

steel-fabrix-hawkins-brown-sheppard-robson-riba-exhibition     

Zaman, A. U., Arnott, J., Mclntyre, K., & Hannon, J. (2018). Resource Harvesting 

through a Systematic Deconstruction of the Residential House: A Case Study 

of the óWhole House Reuseô Project in Christchurch, New 

Zealand. Sustainability, 10(10), 3430. https://doi.org/10.3390/su10103430   

Zacharia, M. (2025a). ESPR working plan: Key products, timelines, and what 

manufacturers must know. One Click LCA. Retrieved May 21, 2025, from 

https://One Clicklca.com/en/resources/articles/first-espr-working-plan  

Zacharia, M. (2025b). Guide to Construction Products Regulation (CPR). One Click 

LCA. Retrieved May 21, 2025, from https://One 

Clicklca.com/en/resources/articles/revised-construction-products-

regulation-to-include-epd-data  

Zhang, N., Han, Q., & de Vries, B. (2021). Building circularity assessment in the 

architecture, engineering, and construction industry: A new framework. 

Sustainability, 13(22), 12466. https://doi.org/10.3390/su132212466 

 

 

https://worldsteel.org/wp-content/uploads/World-Steel-in-Figures-2024.pdf
https://www3.weforum.org/docs/WEF_Net_Zero_Tracker_2023_REPORT.pdf
https://www3.weforum.org/docs/WEF_Net_Zero_Tracker_2023_REPORT.pdf
https://www.ribaj.com/intelligence/reusing-steel-fabrix-hawkins-brown-sheppard-robson-riba-exhibition
https://www.ribaj.com/intelligence/reusing-steel-fabrix-hawkins-brown-sheppard-robson-riba-exhibition
https://doi.org/10.3390/su10103430
https://oneclicklca.com/en/resources/articles/first-espr-working-plan
https://oneclicklca.com/en/resources/articles/revised-construction-products-regulation-to-include-epd-data
https://oneclicklca.com/en/resources/articles/revised-construction-products-regulation-to-include-epd-data
https://oneclicklca.com/en/resources/articles/revised-construction-products-regulation-to-include-epd-data
https://doi.org/10.3390/su132212466


 

 

154 

 



 

 

155 

7 APPENDICES 

A. Photographs Taken on Production Site 

 

Figure 7.1: Control Screen -Production Sequence (Original photograph taken by 

the author on site) 

 

Figure 7.2: Control Screen - Machine Parameters (original photograph taken by the 

author on site) 
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B. One Click LCA Results 

 

Figure 7.3: LCA Stage Based Results (Screenshot taken from One Click LCA) 
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