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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 ScienceBuilding Science in Architecture
SupervisorProf. Dr. Soofia Tahira Elia®zkan

June 2026156 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 highenvironmental burden, steel also offers considerable potential for
impact reduction through the application of circular strategies. However, these
strategiegparticularly reusgare not yet widely or systematically implemented in the
industry.This researchims to support the broader adoption of reuse practices in the
steel sector by providingssessmemf their environmental benefitsased on a
comparativeapproach A case study approach is adoptedcreate a base for
conducing a multicycle Life Cycle Assessment (LCA)n different Enebf-Life

(EoL) scenarios The comparative researchevaluates the environmental
effectiveness of Design for Deconstruction (Di)abled component reuse in LGS
structures, in comparison with conventional recycling practiesgd on the case.
The results indicate that both scenarios achieve lower environmental impacts
through the application of circular strategiékwever, the reusbased scenario

demonstrates lower environmental impacts, particularly in terms of emissions.



Overall, the findings indicate that DfEnabled reuse in steel construction has strong

potential to reduce emissions and enhance circularity in the built enviranment

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

Vi



Oz

HAFKF ¢ELKK YAPI LARDA, S¥K,| M HEDEFLK T A S
YENKDEN KULLANI M STRATEJKSKNKN DEJERLEN
KARKI LAKTI RMALI ¢OKLU YAKAM D¥NG! S! A
Aktepe, Sueda
Yuksek LisansYapé Bil i mleri, Mi mar | ék
Tez Yoneticisi:Prof. Dr. Soofia Tahira Elia®zkan
Haziran 2026156 sayfa
Kn k a at kusesekavresel gtkilerin Gnemli bir béliminden sorumludur ve gelik
yapédindek ayda dej er DbHaf ipgay-aedal@dcergestquiéer!.ar
°neml i bir et ki Yiksehgewesatkileriret af makt adet i k
zamanda d°ng¢sel strat elgrininaezrailnt éunyég uil-a nnma’
bir potansi Belstsuaatmajkitlaedre,r .2 zel |l i kl e yeni
yaygén veya sistemat i Bu odraagalkeeltiydmdel a n ma m
yeni den kul | anéhknarwyed walka reéar lnearl én émi r yakl :

-evresel deapdakeadarmear gleni Kk -apta beni mse
ama-| am&lotkkaddern.g¢l ¢ bir yakam d°ng¢seée an

ol ukt ur mak amacnéyn av;eatidre&@kabiak yapéml anm

sonu stratejilerine deg&ylad €mas,e ntaafyiofl a+ elgie
bil ekeSPlkegrmi nHedef | i Tasarém destekl: i y e
etkilerini gel eneksel geri d°ng¢gkKeéem uygul amal a
dejerl endirmektedir. Sonu-1ar, her i ki
uygul anmaséyla daha d¢kegk -evresel et ki

vii



yeniden kull aném temell. senaryonun ©°zel |l il

-evresel et ki ort agenekloydalugrua kg ®irsgd m¢iat gkt ér
-eli k yapélarda S°k¢m Hedef || Tasareéem dest e
azaltma ve yapé sekt®°r¢gnde do°nge¢selliJi il e

sahip oldujunu g°stermektedir.

Anahtar KelimelerDongusellik,Hafif Celik, SOkim HedeflTasar ém, Yeni den

Kull aném, Yakam D°nge¢seée Anal i zi

viii



To my lovely and supportive family



ACKNOWLEDGMENTS

This research has been a meaningful journey for both my personal and academic
growth. Beyond the technical knowledge | gained during the research, | have learned
the value of patience, time management, etiodinner strength required to keep

moving forward. | am happy to have gone through this experience, even though there

were days when it was difficult to focus and continue.

| would like tofirst express my gratitude to my supervisoof. Dr. Soofia Tahira

Elias Ozkarfor herguidance and insightful feedback throughout the development of
thisresearchHer valuable knowledge greatly improved the quality of this research
and her continuous support helped me keep going. | alaat to extend my
appreciation to my professors who contributed to my learning process during my

bachel or s and masterod6s studies and enriche

| am deeply grateful to migelovedfamily for their limitless support, patienesnd
encouragement at every stage of this journey. Their sup@asra cruciabource of

strength to complete this research.

My sincere thankare to myfriends anctolleagues for thegsupport ananotivation
during my studiesl would like to give special thanks to my friends Elif, Su and

Beyza, who | started this journey with, for always being there for me.

| gratefully acknowledge One Click LCA for providing a student license, which

made it possible to carry out the life cycle assessment in this study.

| wouldalsol i ke to express my sincere appreciati
collaboratioron data sourceandtheir time andsupporthroughout this studyther
provision of detailed data on tlmase studyhas significantly contributed to this

research.

Finally, I wantto acknowledge all the individuals and resources that contributed to

the completion of this research, directly or indirectly.



TABLE OF CONTENTS

(@ )4TSR vii
ACKNOWLEDGMENTS. ...ttt e e e eeanas X.
TABLE OF CONTENTS. ... Xi
LIST OF TABLES. ... e eeee e e e XV
LIST OF FIGURES . ...t XVili
LIST OF ABBREVIATIONS.......o e eeme e XXii
LIST OF SYMBOLS ...t ereme e XXiii
1  INTRODUCTION ... rm e e e s 1.
0 A = 7= T o o 11 ] o PRSPPI 1
1.2  Problem Statement..........ccuuiiiiiiiiiiieeeiiiiii e 2
1.3 Research ODJECHIVES.........ccooiiiiiiiie e 2
1.4 Research QUESHIONS..........ooiiiiiiiiiiiir e 3
1.5 Research MethodolOgy.........uuueeeiiiiiiiiiiiieeeeieeeeeeeeeee e 3
1.6 DiSPOSITION.....uuiiiiiiiiiiiiiiiii ittt e e e e e e e e e e e e e 4
1.7  Delimitations of the Research...........ccccoooiiiiiiiccc e 6

2 LITERATURE REVIEW ..o eeeee e een
2.1  Circular Economy for Sustainability...............ccccceeiiiiceeeeiiiiiiiiinennn
2.1.1  Circularity INdiCatOrS...........ouuuuiiiiieiee s eeeee 8
2.1.2  The 18R Model in Circular Economy (CE).........ccccvvviiiiiviirieeee. 9
2.1.3 Building Circularity (BC).......covuviiiiiiieieiis e, 11

2.2  Life Cycle Assessment (LCA)......coiiei it 12
2.2.1 LCA Stages for Buildings..........ccooviviiiiiiiiicceie e, 13

Xi



2.2.2 LCA CalculationPrinCIples..........uueiiiiiiiieeeeseeeeicieee e, 18
2.2.3 Multi-Cycle LCA Methodologies............oovvvvvvivvvviimmeeeeeeeeeinnns 23
2.2.4  Material Identification DOCUMENIS............ccooviiiirriieeneeennnene 31
2.2.5 Endof-Life (EOL) SCeNarios..........ccccoevvvvvvvvviimmmreeeeeeeiriiins 36
2.3 Design for Deconstruction (DfD).........ccooviiiiiiiiiiiimmnne e 39
2.3.1 Deconstruction Planning with DfD..............ccoooiiiiimenn 40
2.3.2 Deconstructability ASSESSMENL.........ccoeeiiiiiiiiiiccceeeeeees 41
2.3.3 Long Term Benefits of Design for Deconstruction.................. 41
2.3.4  Drawbacks and BarfierS..........cueeiiiiiiiiiiiieeniiieieeeeee e 43
2.4 Steel SIIUCTUIES.....oiiiiiiiiieee e 45
2.4.1  Structural Components and Properties.........cccccccvvvvivieeeenenenn. 46
2.4.2  CONNECLON TYPES....ctuuiuiiiiiieeeeeeeeceeeiiiae s e e e e e e e e e e e e e e e earenneaeaaes 48
2.4.3 Light Gauge Steel (LGS) Structures............covvvvvvvvieeneeeeeeeeen, 49
2.4.4  Life Cycle of Steel Elements.............cccoviiiiiiiieee e 53
2.4.5 Reuse and Recycling of Steel...........oooeeiiiiiieeeiii 53
2.4.6  ReuseRates of Deconstructed Steel & LGS Frames.............. 58
2.4.7  DID for Steel StruCtUres..........ccooviiiiiiiiiiieeeee e 59
2.4.8 Expected EOL Scenario for LGS Structures in Turkiye.......... 60
MATERIALS AND METHODOLOGY ....ccotiiiiiiiiiiiiiieeeeeieeee et 63
3.1  Research Material........cccccoooiiiiiiiic e 63
311 CASE STUAY...uueeiiiiiiiiiiiieeie ettt 63
3.1.2 LGS ProducCtion LiNE.........oooiiiiiiiiiiieeee s eeeeees 70
3.1.3 LCA SCENANOS. ..cciiiiiiiieeee e re e 73
314 ONECHCKLCA ..o 76

Xii



3.2 Research Method. .......cooieee e e 79

3.2.1  Data ColleCtioN........ccccuvviiiieeiiiiiieeeiieeeee e seeesineeee e D
3.2.2 Life Cycle ASSESSMENL.........cccovviiiiiiiiiiieeee e e 81
3.2.3 Multi-cycle LCA Calculation Methods..............ccccevvvvvivieemnnnee. 81
3.24  ANAlYSIS Of DAtA......ccooeiiieiiiiiieeieiee e 84

4 RESULTS AND DISCUSSION......ciiiiiiiiiiie et eeee 87
4.1  Technical Data from the LGS Structure............ccccuvvvvirvieenceninnnnnnne. 87
4.1.1  C-Profile Section Details............coooeiiiiiiiiiimmen e 87
4.1.2  Component BreakdOWN............oovviiiiiiiiiiieeniiieeeeeeeeee e 90
4.1.3  Connection DetallS...........cooeriiiiiiiiiiicce e 92
4.1.4  C-Profile and Steel Panels Production..................cceevieeevvnnnen. 95
4.2  Life Cycle AssesSsment (LCA).......ooovveeiiiiiiimmme e 102
4.2.1 Data Input for SCenarias.............uvvvviiiiiiieeceiiciiee e 102
4.2.2 O NS r= T PP 104
4.2.3 Building Circularity Calculations...........ccccoeveeiiiiiecceeiicieeeenn. 114
424  LCA RESUILS....coiiiiiiiiiiie et 116
4.3  MuUltiCyCle LCA ..ot 123
4.3.1  CE LD APProach.......ccccooiiiiiiiiiiiiiieeesiiiiiiiiieeee e eeeeeeee 123
4.3.2  50:50 Equal Share Approach.............ccccuviiiiimemniiiiiiiiieeee 129
A4 DISCUSSION....uuuuuiiiiiiiieiiiiiitteeeeeseeseteeeaeaaaaeaaaeaaessammme e e e e e e e e e e e s s s aaaaanes 133
5  CONCLUSION. ...ttt eeree e ereee e e e e enaaans 137
5.1 Findings of the Research..........cccccooiiiiiiiiccc e 137
5.2  Limitations Of the StUdY..........c.uuuuiiiiiiiiiiieeeiiiiieeeeeeee e 139
5.3  ReCOMMENAALIONS. .....uuiiiiiiiiiiiieie et eeee e 140

Xiii



6 REFERENCES.......co e 143

7 APPENDICES.......co oot ceeeiie et me e e 155
A. Photographs Taken on Production Site................vvvvvvicccreeeeeennnnnnnns 155
B. One Click LCA RESUIS......ccooiiiiiiieii e 156

Xiv



LIST OF TABL ES

TABLES

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

from van Stijnet al.,2021...........cooorriiiiiieemr e 28
Table 2: Steel Initiatives and Targets adapted from International Energy Agency
(2024t e e ann— e e e nnnrraaaad 46
Table 3: Recyclability of HeDip Galvanized Steel Zinc (American Galvanizers
ASSOCIALION, 2009)..... . eueeeiiiiee e e e e e e e eeee e e e e e e e e e e e et aee e e e e e e e e e e e aereraaa—————- 56
Table 4 Area Calculations of the Structure..............cooooiiiiieen e, 64
Table 5: Main Parameters of the Building...............uuueeiiiieemiiiiiiiiiiiiiiiceeeee. 65
Table 6: EoL Stag®uantities of Steel Recovered for Direct Reuse and Secondary
T Y/ o 1 T PSRRI 76
Table 7: Total Use of Steel Based otS€ction Profiles.........ccccceeeeeiiiiiiiieen.. 88
Table 8 Number of Panels Used in Constructian...............ccccuvvvimmeniiininnnnns 91

Table 9: Data Input for LCA Stages Derived from Different Sources......... 103

Table 10: LCA Modules and Stages in the Life Cycle of Buildings............ 104
Table 11: Steel Resource Input According to LCA Scenarios.................... 106
Table 12:Technical and EPD Characteristics of Hop Galvanized Steel Sheets
USed iN the STUAY.......cooviiiiiiieei e 107
Table 13: LCA Electricity input for Rolling Machine................ccccoiiieeennnns 108
Table 14: Crane Operation and Construction Site Impacts LCA Input......110
Table 15: Demolition of Steel Frame Building LCA Input..............cccceevn.e. 110
Table 16: Construction Waste Input for Recycling EoL Cases.................. 111
Table 17: LCA Production Stage Benefits Based on Scenarias................ 113
Table 18: Data Input for Building Circularity Calculations for Each LCA Scenario
.................................................................................................................... 115
Table 19: Calculations Tools and Results (One Click LCA)...........ccvvveee... 117
Table 20: Level(s) lifecycle assessment (EN15804 +AAll impact categories
.................................................................................................................... 118

XV



Table 21: LCA Results Obtained from One Click LCA (App.B).......cccccn.... 120
Table 22: Building Circularity Assessment Results...........ccccevvvvvieeeeeeeeeee. 122
Table 23: CE LD Methodology Allocation Input and Results..................... 128
Table24: Equal Share 50:50 Methodology Allocation Input and Results...132
Table 25: Total Life Cycle Emissions of the Scenarios Based on Level(s) LCA,
CE-LD and 50:50 Methods...........coooiiiiiiiiiieeee e 133

XVi



LIST OF FIGURES
FIGURES

Figure 2.1: The 1R Model of Circularity methods adapted from Pottatgl.

20 1 ) PSPPI 10
Figure 2.2: LCA methodology diagram with phases (Le Bourhis, Kerbrat, Hascoét,
P/ \Y [ o [T P20 1 ) PSS 12

Figure 2.3: Sources of embodied carbon across the life cycle stages of a
construction(Ramachandran, 2025).............oooiiiiiiiimmmn e 14
Figure 2.4 Stages of Building Life Cycle Based on LCA approaches and

boundaries. (Masson, 2025)..........coouvuiiuiiiiimre e 15
Figure 2.5: Carbon reduction potential in AEC assumed by surveyed professionals
(ONE CIICk LCA, 20258).......cciiiiiiiiiiiiieeees it eeesssee e e e e e e e e eeeas 17

Figure 2.6: Closed loop allocation for Steel Product System (Hradil, et al., 2D24)
Figure 2.7: Material Flow of steel reuse ardycling. (Hradil, et al., 2024).....22
Figure 2.8: Whole Building Life Cycle Assessment Standards (Wambersie, 2024)

Figure 2.9: An example EPD for a mtliiyer fiberreinforced pipe. Aquatechnik,
(2021) [Digital image]. Retrieved from https://www.aquatechnik.it/es/aquatechnik
obtainsthe-epdenvironmentaproductdeclaration/)..............cccccceeeiiiiieecennnnnns 31

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

(Lu, Peng, Webster, WU, 2023).........cuuuuumiiiaasieeeeeeennninnnaaaaeeeeeeessmmmsnnneeeens 33
Figure 2.11: Data gathering process for Material Passports (Honic, Kovacic,
Aschenbrenner, & Ragossnig, 202L1).........ccccooviiiiiiiieeei e 34
Figure 2.12: Waste Material Passport examplediLal. 2023).............cccceen...... 34

Figure 2.13Data contained in the digital product passports. (Kjellberg, 20225

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

without DfD applied. (Densley Tingley, 2013)........ccoouiiiiiiiiiiiiemeeeiiiie e 42
Figure 2.15 Storage of reclaimed steel a
Sebastian Ziegler, featured in an article by Eleanor Young (2023).............: 44

Xvil



Figure 2.16: Steel use ratios by sectors (World Steel Association, 2024)...45
Figure 2.17: lllustration of (a) a bolted connection and (b) a welded connection.
(Cabaleiroet al, 2023).....cceeuiuieiiiiiieiee e e rrer e e e e aaaeed 48
Figure 2.18: LGS Frame Joint Types. UNBAK Machinery Co. Ltd., (n.d.) [Digital
image]. Retrieved from https://unbakmachinery.com/egdigi-montajdetaylarib0
Figure 2.19: Components of an LGS Building Frame (Khosakitchalert, Yabuki, &
FUuKud@a, 2020Q).... .. cieiiiiee et e e e et nmmr e e e e e et e e e e e nnneaaee 51
Figure 2.20: Example Structure with Light Gauge Steel Frame. MS Metals, (2024)
[Digital image]. Retrieved from https://mmetals.com/ouproducts/lightgauge
SEEEISIIUCTUIES. .. e 51
Figure 2.21 Sustainability criteria in life cycle of steel. (Aksel & Eren, 2015b3
Figure 2.2Zstimate Energyequired to recover material and for primary

production. (CUllen, 2017)........cccoiiiiiiiieeee e 54
Figure 2.23: Emission reduction target for steel production methods. (World
Economic FOrum, 2023)......cccooiiiiiiieeieiiieeee et e 55
Figure 2.24 Reclaimed steel beams & their integration into a new project. (Peirson,
120745 P EERRPP 57
Figure 3.1: Photograph of the LGS Structure on.site............c...oovvvieeeeeenene. 64
Figure 3.2: The frame structure of the building..............ccoocoiiieeeinne 65

Figure 3.3: Elevation Drawings (Adapted by the author from the original drawing)

Figure 3.4: Partition wall of the case study (a), exterior wall of the case study (b)

(Provided by the manufacturing COmMPanY.).........ccceevveeeeriiiecneeeeeeeeeeeeeeeend 66
Figure 3.5: 3D Model of the LGS Frame of the Case Study (Adapted by the author
from the original drawing).........cccooeieeeiiiiiiiieee e 67

Figure 3.6: Ground Floor Plan of the Case Study Structure (Adapted by the author
from the original drawing)..........coooriiiiiiiiiii e 67
Figure 3.7: Ground Floor Structural Plan of the Case Study Structure (Adapted by

the author from the original drawing)............ccooviiiiiiiieee e, 68

Xvili



Figure 3.8: First Floor Plan of the Case Study Structure (Adapted by the author
from the original drawing).........ccovriiiiiiiiiiir e 68
Figure 3.9: Roof Truss Plan of the Case Study Structure (Adapted by the author
from the original drawing)........ccooiiiiiiiiiiiiiir e 69
Figure 3.10: Roof Plan of the Case Study Structure (Adapted by the author from
the original draWing).........uuueueiiiii e e e eeee s e e e e e e e e e eeeeananns 69
Figure 3.11: The production flow of the LGS structure..............ccoooviiiee. 70
Figure 3.12: AF1600P RollForm rolling machiekitech, (2025) [Digital image].
Retrieved fromhttps://arkitech.com.tr/framer/singfwofile-framers/af1600p/... 72
Figure 3.13: Operations performed in the stations of RollFotling machine
Arkitech, (2025) [Digital image]. Retrieved from

https://arkitech.com.tr/framer/singfgofile-framers/af1600p!...............ccuvvee.. 72
Figure 3.14: Defined Scenarios for Muttycle LCA...........ccoooiiiiiiiiiiiiieeeee e 73
Figure 3.15: Scenaribependent LCA Stages with Controllable Parameters74
Figure 3.16: EoL Strategy Inputs into One Click LCA...........ouviiiiiiiiiieeeinnee. 77
Figure 3.17: A Graph Example from the Results in One Click LCA Softwareé8
Figure 3.18: One Click LCA User Interface to Review Results.................... 78
Figure 4.1: Detailed GSection Profiles for Walls, Beams and TrusSexble

provided by the author to the original drawings and data)......................cc... 88
Figure 4.2: Csection parameters (Redrawn by Author).............ccoooiiiicee. 89

Figure 4.3: Example product labels for Hot Dip Galvanized Steel (S280GD +
Z100) Rolls with 0.8 mm and 1.2 mm thiCKNeSSES........ccceeeeviiieiiceecnn, 90
Figure 4.4: Roof Truss Connection Detall in perspedetails added by the

author to the original drawing)..........coooeeiiiiiiiiiicc e 92
Figure 4.5: Roof Truss Detail Plan and Elevation (Adapted by the author from the
(o] o 1= 1o = \11Y ] 0T ) TSP 93
Figure 4.6: Wall and Wall Cladding Details (Adapted by the author from the
OrigiNal AraWING)......coeieiiiiii e reea bbb e e e e e e e e e 93
Figure 4.7: Exterior Wal Interior Wall T Connection Deta{Details added by the

author to the original drawing)...........cooeeiiiiiiiiiceei e 94

XiX



Figure 4.8: Numbered components for production order exported from the panel

production software, right (Redrawn by the author from the original drawings, left)

..................................................................................................................... 95
Figure 4.9: Control Screefroduction Sequence (Photograph taken and edited by
L 0[S = LU 11 T PP 96

Figure 4.10 Control Screen Machine Parameter@hotograph taken by the
author on siteln English: Instantaneous RP¥eyolutions per minude 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.)............ccvvvrrvreeen... 96
Figure 4.11: Control ScreerMachine Parameters (Photograph taken and edited by
the AULNON)..... o e 97

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 ProducerArkitech (2021))......cccovriiiiiiiiiiiimceeeeeese e 97
Figure 4.13: Galvanized Steel Sheet Rolls Connected to the RollForm Rolling
Machine with a Decoiler (Photograph taken on the factory.site).................. 98

Figure 4.14: Rolling Machingcreenshot from An Animation Video by the

Rolling Machine Producerg\rkitech (2021)).......cceeeiiiiieeiiiiiiiiieeeeee e, a8
Figure 4.15: Steel Frames with Unique Codes (Screenshot from an animation
video by the Rolling Machine Producefskitech (2021)).........cccccvvvvviviininnnn. 99
Figure 4.16: Steel trusses (Photograph taken on the factory.site)............... 99

Figure 4.17: Panels arfithmes built for shipment (Screenshot from an animation
video by the Rolling Machine Producefskitech (2023))........ccccccvvvivriiinrennn. 99
Figure 4.18: Panels Ready to be Shipped (Photograph taken on the factd9Gite)
Figure 4.19: Steel Frame €Bite, The assembly of envelope and finishes
(Screenshot from an animation video by the Rolling Machine Produgsisech
(2407 ) ) TR O OO PPPRPRR 100
Figure 4.20: Steel Frame Built €Bite, ready for building envelope and finishes
(Case study structured photographed during the onsite construction, provided by

the manufacturing COMPANY.).........uiiiiiiiiiiii e cceer e e e eeanes 101

XX



Figure 4.21: Waste steel collected to be recycled (Photograph taken on the factory

5] 1 (=) U 101
Figure 4.22: Scraps collected to be recyc{&thotograph taken on the factory site)
.................................................................................................................... 102
Figure 4.23: Building Circularity All impact categories............cccccvvvvvvnnnee. 116

Figure 4.24: Embodied carbon results by-tiele stages (One Click LCA)...117
Figure 4.25: Level(s) lifeycle assessment (EN15804 +AAll impact categories

Figure 4.26: Level(s) lifeycle assessment (EN15804 +AZ3lobal Warming

Potential total, kg CO2eElements and lifeycle stages.........cc.cccvvvvvivinnneee. 120
Figure 4.27: Level(s) lifeycle assessment (EN15804 +AZ3lobal Warming

Potential total, kg CO2€EIEMENTS..........uuuuiiiiiiieee e eeeeees 121
Figure 4.28: Scenario A Life cycle Building Circularity Score.................... 121

Figure 7.1 Control ScreenProduction Sequence (Original photograph taken by
the AULNOT ON SITE)......oi i e e e e e e e ean 155
Figure 7.2: Control ScreerMachine Parameters (original photograph taken by the
AULNOT ON SITE).. .o e e e e e e e e emennes 155
Figure 7.3: LCA Stage Based Results (Screenshot taken from One Click 155A)

XXi



LIST OF ABBREVIATIONS
ABBREVIATIONS
AEC: Architecture, Engineering & Construction
BC: Building Circularity
BCI: Building Circularity Indicators
BIM: Building Information Modeling
CE: Circular Economy
ClI: Circularity Index
C&D: construction and demolition
CPR Construction Products Regulation
DAS: Deconstructability Assessment Score
DfD: Design for DeconstructidrDisassembly
DPP: Digital Product Passport
EPD: Environmental Product Declaration
EoL: End-of-Life
LD: Linearly Degressive
LCA: Life Cycle Assessment
LGS: Light Gauge Steel
MCI: Material Circularity Indicator
MP: Material Passport

SSDAS: Steel Structure Deconstructability Assessment Scoring

XXii



LIST OF SYMBOLS

SYMBOLS

em mi cr ometer

kW: kilowatt

CO : carbon dioxi de
E : energy

N : Newtons

Neycles: The total number of use cycles in the material's entire lifetime
F : weighting factor for CE LD method

V : productionimpact

D : disposal impact

R: reuse/recycling impact

Rs : Module D impact

XXiii






CHAPTER 1

INTRODUCTION

This chapterstarts withbackgroundnformation,thenpresentgesearctproblems
research questionandresearch methodolog¥he chapter ends withe disposition
of the studyexplaining the content of each chaped presents the limitations of the

research to define the study boundaries.

1.1  Background

The Architecture, Engineering & ConstructioAEC) sectoris one of thelargest
contributors to carbon emission worldwideBuildings, 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) Adliijtiothe
construction industry is a major consumer of resources accounting for approximately

50% of total raw material usage. (Norouzi, Chafer, 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, stemhdinsulation to address embodied carbon and energy
efficiency due to their high impact. (Zacharia, 20PEmphasizing 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 approxanaty 7 % of - gl obal
equivalent emissions, is mostly resulting from the sector's heavy reliance on fossil
fuels in its energyntensive production processes (World Economic Forum, 2024).

Consequently, the iron and steel industry is a critical target fooareduction



efforts aimed at limiting global temperature rise, in line with the goals of the Paris
Agreement (Global Energy Monitor & LeadIT, 2023).

Steel, as a higihmpact and higldemand 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, e integration of circularity principles into steel production can
contribute to reducing embodied carbon and improving energy efficiency throughout
the material lifecycleHowever, the majority of the steel construction industries lack
implementations towardsircularity 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 domiBadtof-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 exploréuh the other hand, unlike disposal
practices, icularity inherently depends on reuse and/or recyclitgwever,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 #hstudy isto evaluae the environmental effectiveness of
DfD-enabled component reuse in LGS structures compared to conventional
recycling Forthe comparativestudy; 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.



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 reusedtireir second life cycle instead of being recycled?

. How can LCA and mulicycle allocation methods be applied to calculate and

sharethe impacts of DfPenabledeuse withirthetwo-cycle scenarios?

The research questiorare organized under distinct topics, allowing for the

formulation of secondary questions to support the main objectives through a

literature review. Further concerns wengloredthrough the case study and data

regardingproductionstages was obtained@his approach facilitated gathering the

essential background information to effectively apply the research scenarios,

conduct the assessmemtdcomprehend and discuss the findings.address these

considerationshe following questiongvereexplored

(0]
(0]
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How are circular economy strategies applied to the built environment?
How can an effective strategy be assessed regarding sustainability?

What are theharacteristicef steel elementdiait canenable deconstruction
and reuse?

What are the Endf-Life strategies that can be applied to steel and LGS

structural systems?

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 condultbedliterature

review is carried out using resources from Mendeley, Elsevier, Researdr@ate

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

websitesThe findings are presented in the research within the scope.



A case study approach was adopted for the reseaitthsite visitsand data
collection.A typical LGSresidentiabuilding was selecteds a basifor analysisA
company based in AnkaaR E M ¢ e | prokided theprexliired data fan LGS
residential building theyhad produced including its technical drawings and

specificationsThe production process of an LGS housing systermaigagxamined

using information pr o{a kecdledinapufadueng ¢ e |
companyfrom now on)andArkitechK | e r i Yapé Teknolojileri

ve Ti c dtoleetcalleolling machine producefrom now on)publications

Thedrawingsare either used as they are or adapted and redrawn by the author

Based on tl casestudy, theresearctscenariosvereformulated.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 condudhe life cycle assessments okfthed
scenarios. Multcycle LCA allocation methods are used to assess two cycles
included in the scenaridsy utilizing the findings from One Click LCA as input for

the calculatiorformulas.

The discussionsn the findingsof the study ardased orthe result of the
LCA and supported by insights fraime literature.

1.6  Disposition

The thesis includes five chapters starting with Introduction and ending with
Conclusion. Introduction chaptpresents the topic of the thestating the research
problem. Research objectives and methodobrgglso 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

Kk

Y

Kn k



carbon emissions, raw material consumption and energy consumgtin.
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 strategiggh a focuson deconstruction,

are reviewed within the same scope to define the study scendrda. 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
econany within the construction industryhe review is conducted comprehensively

to provide essential background knowledge that establishes the theoretical
foundation necessary to interpret the findings, support the assumgtidfosmulate
recommendationd/Vhile 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 researchmaterials 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, Muytile 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 givenlin detai
first providing detailed information on the LGS structure studied in the research.
Further details are given on the production line of LGS structures. Secb@dy,
conducted in the study is presented in this chapter with the jrgtagesnd results.
Multicycle LCA methods are applied to the LCA outcomes and results are obtained
to conductomparativeanalysis.Then a discussion of the findings is presented.

The last chapter concludes the research whtigélighting motivation and
presenting the main findings. It also discusses the limitations encountered during the

research process and provides suggestions for future studies.



1.7 Delimitations of the Research

There are severaldimitations 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 componentsuch as wall boards, doors and windows, &t excluded as
they are assumed identical in all scenarios. &g obtainedis mostly afterthe
manufacturing stage (A3), but upstream steel sheet production {A2) is
incorporated through generitata setsn One Click LCA. All usestages (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&iBbled 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 damottoconstitute a comprehensive LCA
of the building, nor do they represent formal documentation such as an EPD. Rather,
they provide data for comparativeassessment within the defined scope and

methodological assumptions.



CHAPTER 2

LITERATURE REVIEW

The literature reviewbegins with explaining the fundamentals of the circular
economy, followed by an exploration of circularity in the built environmieifi.

Cyle Assessment.CA) is then introduced as an assessment method, with particular
focus on multicycle assessments, material identificateomd End-of-Life (EoL)
strategiesThis is followed by exploratiobesign for DeconstructiorDfD) 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, LCAand DfD. The review includingthese elements
establishethe foundation for understanding the study materials, anagdi®sults

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 definitidha n economi c system t hat
ofl i fed concept with reducing, alternati

materials in production/distribution and

The number of definitions and studies in the literature show that every
industry is getting more and more concerned about ecological impacts and
sustainable productioffheultimate goal is to achieve transition towards a circular

economy rather than maintaining a linear economy.

The traditional met hod of a | inear pa

Amakeo ends up with dInsepporseto the raving cr eat



awareness of environmental impacts, thlee makedisposementality of the linear
economy evolved into eaeuserepair-recycle approach, which appliea 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 applicatibhus, t requiresassessing circularity by
developing indicatorsQuestions arise regarding how to assess benefits of CE and
measure the success of its implementatidrere are several methods defined for

this purpose as described below.

A The Materi al Ci r c wads mtroduted bylEled MacAathuo r  ( MC )
Foundation in 201%@ndthe methodology was updated in 2019. (Ellen MacArthur

Foundation, n.d.) MCl igtilizedto measure the alignment of a product or production

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

2025) This methodlsofocuses on material flows and detects the risks in the chains.

(Cilleruelo Palomero, Freboewjroth, & Sonnemann, 2024)

A The Cir cul awas proposddrnnd2617 by(J@hthan M. Cullen. CI
focuses on energy use, revealing the difference in primary and secondary material
production (Cilleruelo Palomeret al, 2024).This indexshows 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 deeisi@king process of a

structure.



A The Building Cir c uslamethbdglogyl devkloped too r
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 scorsoatonsiders 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 evaluatingoemental

i mpacts thr oughout (das SamtostGoncdlvedsi Qtagsp&sRitden, f e
2025)

These developed indicators provide valuable guidance for practitidroens
the design phase to the evaluation of existing buildingsneasuring the success

rate in circularity and to inform decisions for future applications.

Besides materidbased calculations, circularity systems can also be evaluated
using the proposed circularity indicat@rsdenvironmental impacts can be assessed
based on life cycle perspectives (Cilleruelo Palonstral, 2024). This approach
can support further studies and improvements in the application methods of circular
economy CE practices, whether matebaked, buildingbased or systethased.

2.1.2 The 10R Model in Circular Economy (CE)

After addressing the initial concept and fundamental topidSitular Economy
(CE), this study proceeds with a brief introduction to strategies for achieving CE at

various stages dflife cycle.

Circularity methods initially focuexd 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 strategieseasedcandPotting,
Hekkert, WorrellandHanemaaije(2017) introduced an-Rst consisting of théen
strategies (Figure 2.1).

(B
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Category Strategy

Smarter product use| Refuse

and manufacture Rethink

Reduce

Extend lifespan of| Reuse

product and its parts | Repair
Refurbish

Remanufacture

Repurpose

Useful application of| Recycle

materials Recovery

Figure2.1: The 10R Model of Circularity methods adapted from Pottatgl
(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 approakfaving upward in the table, the
strategies demonstrate increasing levels of circulpatformanceccording to their
effectiveness in retaining material value, reducing resource consumgatichn

minimizing environmental impacts throughout the production chain.

The most effective sttegyis 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 redabhkesnd 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 fowas essentialAs 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 materialmskeircularity in
construction aims to close material loops to address ecological concerns such as
minimizing constructiorand demolition (C&D)waste and lowering emissions and

energy consumption. (Afshari & Gorecki, 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)Vhile linear way of
thinking considers waste as a burden that should be eliminated and ignore the value
as an input for a new process (Pezesl, 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.

Tobben and Opdenakkg022) 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 ate 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 creatermre 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; lllankoon &

11



Vithanage, 2023)Pottinget 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, Bhavsaet 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 eeaycling 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. (Zhetngl, 2021) It helps to facilitate
informed decisions regarding environmental sustainability by providing a
comprehensive view on supply chains and their environmental effects. (Cilleruelo
Palomereet al, 2024)

( Life Cycle Assessment Phases (LCA) h
Goal and Scope = (" h
Definition -
Inventory — ;
[ Analysis ] - Interpretation
—
[ Impact Assessment ] -
\ ~ -,

Figure2.2: LCA methodologydiagram with phased.e Bourhis, Kerbrat, Hascoét,
& 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 fotstep protocol (Le Bourhist al, 2013):
1. Goal and Scope Definitiosets the boundaries and objectives of the assessment.

2. Inventory Analysisnvolves 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

guantified forming the basis for fineér environmental evaluation.
3. Impact Assessmeavaluates the potential environmental impacts with tools.

4. Interpretationis 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 buildingwere 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 appléding production, construction, use, or end
of-life phases or combination of those to calculate whole life c@daducting an

LCA for a construction project will inform about the benefits of circular use and
embodied carbon based on stages (FiguBe. dherefore,the results can then

support evaluations and decisioraking 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 wilmostly serve manufacturers to show their products' environmental

properties. Since the cradle to grave scenario includes until the disposal stage,

13



circularity aims to shift fromcradle to graveassessment taradle to cradle

assessment so the components can join aifewykcleand stay in the loop.

¥
4
5

N/m/pﬁ

A

*
LT
[
-
4‘@'&
Al- A3Product stage A4 - A5 Construction stage B1- B5 Use stage C1- C4End of life stage D - Benefits and loads
Al Raw material A4 Transport to Bl Use C1 Deconstruction & beyond system
extraction construction site B2 Maintenance demolition boundary
A2 Transport to A5 Installation / Assembly B3 Repair C2 Transport Reuse, recovery and/or

manufacturing site B4 Replacement C3 Waste processing recycling potentials,
A3 Manufacturing B5 Refurbishment C4 Disposal expressed as net

B6 Operational energy use impacts and benefits
B7 Operational water use

Figure2.3: Sources of embodied carbon acrossifeeci/clestage®f a construction.
(Ramachandran, 2025)

Module A of a life cyclerefers to Producind Constructiorbtage 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 manufactacitityefs,
considering distance, transport maaied fuel use. A3 covers the manufacturing
process, where raw materials are turned into construction products, with impacts
related to energy use, emissiomsd waste. A4 addresses the transportation of
finished products to the construction site, again focusing on environmental factors
like energy and emissions. Finally, A5 includes thesib& construction activities,

from site preparation to installation, alsmnsidering energy consumption, emissions

andconstruction waste. (Lemperos, 2024 & Ramachandran, 2025)
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Figure2.4: Stages of Building Life Cycle Based on LCA approadresboundaries

(Masson, 2025)

Module B refers to Usage Stagehen 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 maariee 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 comg@ianith updated

regulations. B5 includes refurbishment activities such as structural or functional

modifications to meet new demands or expand the building. Finally, B6 & &7

responsible for operational requiremeithile B6 evaluates the energy required for

building operatiorsuch aseating, cooling, lightingndother system$7 examines

t he

systems and appliancéeemperos, 2024 & Ramachandran, 2025) It is important to

buil di ngbs
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meet the targeted consumption levels and environmental impacts during the use
phase to achieve goals such as-zs#b emissions and energy, which are key

benchmarks for many certified green buildings.

Module Crefers to the Endf-Life Stage, focusing on the period after a
buil dingds service |ife to minimize environt
which occurs when a building is no longer functional or needed. During this phase,
the building is dismafed 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 enwinental effects of these processes. Finally, C4
addresses the disposal of materials that cannot be recycled or repurposed and may

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

Module D explores beyond the EoL of buildings to explore the {tamm
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 materialsThis phase seeks opportunities for innovative reuse, reclamation
and sustainability beyond traditional assessments. (Lemperos, 2024 &
Ramachandran, 2025) Within a circular approadiaduleD, in other words at the
end of the bui |l dnayrbgedusbishfed or reusedto befgieasecprad!| e, it
life cycle. This process enables multiple reuses with minimal or no waste generation.
Whenabuilding ultimately reaches the end of its final life cycle, most materials are
recycled, while any remaining ngausable components are disposed of in landfills.
(Minunno, O'Grady, Morrison, & Gruner, 202Bence,ModulesC and D will be

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

One ClickLCA released th€025 Carbon Experts Repomvhich 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 collaboratio

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. (Figurg)2.

14% Over 30% carbon reduction

24%

21% - 30% carbon reduction

8%
1% - 20% carbon reduction

Up to 10% carbon reduction

23% 31%
None

Figure2.5: Carbon reduction potential in AEESsumed by surveyed professionals
(One ClickLCA, 202%)

The insights from the report related to the research are summarized b@loav. (
Click LCA, 202%)

1

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 projents

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 tbet Europeanstandard EN 15804
Sustainability of construction worksEnvironmental product declaratiorisCore

rules for the product category of construction produ&sl 15804 is the main
standard that outlines the essential product category rules for developing EPD for
construction productd.CA principles and frameworkre based oS5O 14040and

LCA requirements and guidelinase given in.

Although specialized LCA softwareare commonly used, life cycle
assessments can also be performed manually. The calculations can be conducted
using developed spreadshéesed approaches such as Excel, where inventory data,
characterization factors, and impact calculations are orgatmeagh matrices and
mathematical formulations. (Bim LCA, 2024 Bco Costs Value, 2026Exce}
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 mbaased 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
i 0 Q
where’(s the final demand vectan,is the technology matrixy s its inverse, and

i isthe scaling vecto(Heijungs & Suh, 2002)
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Then, e@wvironmental impacts (or emission®sources use) are calculated
using an intervention matrix (B) whekas the total environmental impact inventory.
(Heijungs & Tan, 2010)The intervention matrix B maps process activities to

elementary flowsfter calculating the scaling vector.
Q Oi
"Q 60 Q

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 forrithe formulation also provides a consistent
mathematical basis for further analyses, including sensitivity assessment and
uncertainty propagation, within a unified linear algebra framew@da Pfingsten,

2022)

Building on this basis, formulations have been updated and improwed
characterizations for different systems. The LCA and LCI calculations are modeled

further withstudy basedomplex methodologies.

2.2.2.1 Building Circularity Score

A building circularity score isan indicator that evaluatethe impact of different
design choiceqEuropean Circular Economy Stakeholder Platform., 20B4Ppne
Click LCA, the score is calculateatcording to 1ISO 5902By combining several
circularity-related parametergssessing the source and content of materials used,
construction wastage, and material E@lalculations can be reflected based on the
service life of the buildingiBuilding 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, Recybng, Downcycling, Use as Energy and DisposéBuilding
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 ENL15804+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 outgs. (Hamed & Ciroth, 2025)The benefits are calculated in

accordance with EN 15804+A2 using the following formula:
Qi Aot As Uiocoleit Qaavai Riepced

. “ “ o . --62 hi 606
Qi il AV- 2/71 0V- 27 &1 Q 24 zOA T RT T - 36Aﬁ‘[-)—§‘g‘A
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Equation variable@One Click LCA., 2025h)
Qo d uiNet environmental benefits or burdens from exported secondary materials.
O mRr. o AMount of scrap content exiting the system
0 mr ., ;i The amount of scrap content fed into the system
O MR, ou® MR, i :Net amount of scrap content produced by the system
Qurat €ow, -d0& amount of emissions, resources and waste from material

made from recycled scrap material.

G, msu b : The amount of emissions, resources and waste from material made
from primary materials.

GR, o-Jmpaterial made of recycled material

Os , , Material made of primary material.

h
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 inputdodule 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 negat®e; 5 gvatue, indicating a benefit for future
systems, or a positiv® ; x gMalue, indicating a burden. (Hradil, VairkKaila,
Ungureanu, Del Castillo, Gervasio, Liudecke, llomaki, Sansom, &losbtho, De
Paula, & Yang, 2024)

Recycling

A 4 “{m,f { \ “[om,l

‘ Steel scrap > »| Steel scrap

Steel product

M, > system My 2
Reusable ‘ | Reusable
products 4 “|  products
A \. /
Reusing

Figure2.6: Closed loop allocation for Steel Product Systétradil, et al., 2024)
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Module D benefits depend on the balance between recycled material flows and the
impacts of recycling processdsis important to note that the net output flows can

be negative if there is more recycled material than material sent to recyClimay.

Click LCA., 2025b).The negative values obtained for Module D demonstrate the
potential environmental credits generated by future reuse and recyCloeiho, &
Sansom, 2021)oelho, Pimentel, Ungureanu, Hradil, & Kesti, (2p&&commend

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

considering the yield of secondary steelmaking.

Figures2.6 andrigure2.7 present the diagraashowing aclosed loopgmaterial flow
systemfor steelin circular economyAfter use, materials can be recovered through
reuse and recycling loops, allowing them teerger the production process and
reduce the need for virgin raw materials. Some materéaisalsdeave thesystem
aslossesNet amount of scrap steel content produced by the system can be calculated

using t heM#oggpgoul a (o9)

RAW MATERIALS LOSSES
| R
\]

I\ )

USE

~ —_—

SYSTEM BOUNDARY

REUSE

COMPONENTS

RECYCLING

SCRAP

Figure2.7: Material Flowof steel reuse anakcycling.(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
processs. If steel products cannot be reused in future cycles, Module D may indicate
an environmental burden due to the need for highpact 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 singlgdiée
assessment may not fully capture the environmental implications of materials

intended for repeated use.

Further, evaluating a building designed with DfD approéséction 2.3)
consides multiple life cycles, as the environmental benefits emerge through
successive reuse phasasd 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 em@si reductions achievable through

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

There is no standardized methodology for conducting wowtie
assessmentndmost LCA software tools are limited to modeling a single life cycle.
(Eberhardt, van Stijn, Nygaard Rasmussen, Birkved, & Birgisdottir, 5020
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 mitiple use cycles.

In the absence of standardized frameworks for rayttle 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 defired 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 @ (Carrigaret al, 2024). Consequently, cress
study and crosmethod 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.

HELLETGN

Guidelines Description

WBLCA Standards on allocation methods and system boundary definition

EN 15804/EN 15978 It specifies the 100:0 (cut-off) approach. Benefits of reuse should be guantified in Module D.
[EN 15978 Section 7.4.6]: “Module D quantifies the net envirenmental benefits or loads resulting from reuse, recycling
and energy recovery resulting from the net flows of materials and exported energy exiting the system boundary.”
It defines an end-of-waste state as the distinction between two subseguent systems:

— [EN15804 Section 6.4.3.3]: “The end-of-life system boundary of the construction product system s set where
outputs of the system under study, [...] have reached the end-of-waste state.”

— [EN 15804 Section 6.3.4.5]: “The end-of-waste state is reached when any such material or output complies with
the following criteria: It is commonly used for specific purposes. There is an existing market or demand for it. It
fulfils technical requirements for specific purposes. Its use will not lead to overall adverse affects.”

1SO 21930:2017 It specifies use of 100:0 or cut-off approach.

[150 21930 Section 7.2.6] “The allocation procedure for flows crossing the system boundary between product systems
(allocation to recycling) is simple. No burdens are allocated across the system boundary with secondary material,
secondary fuel, or recovered energy flows arising from waste.”

There is no definition of ‘end-of-waste state ’, and it refers to “processing up to the system boundary®.

Figure2.8: Whole Building Life Cycle Assessment Standards (Wambersie, 2024)

Since there is no standardized methodology for calculating -oydke LCAsS,

existing studies suggest conducting assessments under controlled scenarios. In those
assessments the number dédycles a material is going to join is based on
reasonable assumptions. In these assumptions, uncertainty increases as the number
of projected cycles increases (Carrigdral, 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 bésef

Assuming an excessive number of future loops may artificially lower
calculated environmental impacts, potentially leading to a greenwashing effect
(Eberhardtet al, 202M). 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 supporteddapih analysis
and for cycles that are certain. (Eberhatal, 202®) 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 assessment

I.  End-of-Life 0:100 Approach

This method is also known as avoided burden or-addide approach. It is
commonly applied in recycling contexts to assign credits to products intended for
recycling. (Wambersie, 2024)

It allocates both production and eafilife impacts to the final use cycle.
Although it promotes the design of reusable components, it does not effectively
encourage their actual reuse. (Moberg & Gdrman, 2025)

II.  Equal Share50:50 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

alsoencourages design for reuse. (Eberherai.,2020b)

The 50:50 approach assumes tvie tycles and divides the impact equally
between the use cycles. This method favors an equal allocation of impacts from
production, use@ndEoL equally between the first and subsequent use cycle of the

material (Carrigamt al, 2024; Moberg & Gorman, 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-eydling in line with

the CE concept. (Eberhardt al, 202()

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 bothuse of materials as well as design for reuse. (Moberg & Gérman,
2025)

For reusecasesthis 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 relate material recycling and energy recovery are reported in
Module D in order to prevent double counting of environmental benefits. (Moberg
& Gorman, 2025)

Il Cut Off 100:0 Approach

This approach is defined in EN 15978ustainability of construction works
Assessment of environmental performance of buildingequirements and
guidance)and is one of the most commonly usadthods (Wambersie, 2024) In
this method production (AA3) and EoL impacts are fully allocated to the first life
cycle. (Moberg & Gérman, 2025)

Reused materials are considered buflee, carrying only the impacts
associated with their reuse processes (Carrigiaml, 2024). Thus, the reuse
advantage is entirely captured in the secdacaycle While this method encourages

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

undervalue advantage of wusing long term CE

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 cyahea linearly decreasing manndrhis
approach rewards reuse and longevity, which are fundamental principles of the
circul ar ecoaa,§25 ( Mc Cann

This methodequires determining the total number of cycles while assuming
that all cycles are of equal length, including use, recydindenergy recovery
phases. However, determining the number of life cycles can be challenging due to
the high uncertainty associated with the long timeframes of4etydting strategies
and the excessive lifespan of building components and materials. (Ehethal,
202M)

The LD approackencourages DfD and rewards reusable materials (Eberhardt
et al, 202M) since LD balances production and efdife impacts across life cycles
more evenly than the 100:@arriganet al, 2024) and 50:50 approaches by
allocating fewer impacts to the first cyclgnder this approach, subsequent cycles
carry a higher impact compared to -cit or 50:50 methods. This allocation
approach more accurately represents ckdsepd systems, as the second cycle is not

burdenfree, while the first cycle benefits from desigm flisassembly and reuse.

Building on the LD approach, Eberhagttal (202() refined the allocation
of production and endf-life impacts across multiple cycles and develoftedCE

LD approach. (Carrigaet 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 fildfe cycle to prevent underestimation of future reuse and
recycling potential, while distributing a share of production impacts across
subsequent cycles, thereby encouraging DEberhardet al, 202M)
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Tablel: Precalculated CE LD allocation fractions for F =50 up to 7 cycles adapted
from van Stijnet al.,2021

Total Current Primary Material Linear Secondary
Cycles (N) Cycle (i) Allocation Allocation 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, MalabiEberhardt, Wouterszoon Jansen, & Meijer,

2021) Thus, he approach is subject to uncertainty, mainly because it depends on
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assumptions about future cycles; however, it applies achsstscenario to achieve

a more fair allocation of impacts and benefits. (Carrigjaai., 2024)

The CE LD calculationgsonsider different values for weighting fac{r)
and number of cycles based on their research. Ebertaatl{2020b) conducted a
sensitivity analysis by varying the weighting fadtoior values 2, 10, 15, 20 and 50
across three building components. The ultimate settindg=wa80 since it stabilized
the impact allocation. van Stigt al. (2021) also used this value in mutycle CE
LD calculations and prealculated the allocation values for different cycle numbers
up to 10 cycles. (Tabl¥)

Carriganet al. (2024) applied both the LD and CE LD approaches, limiting
their structural reuse scope to a thegele product system boundary. They proposed
the calculation coefficients (0.49/0.33/0.17) based on Eberéatl{2020b) study.

Cycle 1: 0.49V+0.17R-0.17D+0.5R
Cycle 2: 0.33V+0.33R0.33D+0.5R+0.5R.
Cycle 3: 0.17V+0.49R-0.49D+0.5R
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

allocat on. (Van Gulck, Wastiels, & Steeman,

Aim is to prevent uncertainty with assumption of multipie Icycles.
Including all transformations of a component within a single life cycle allows the
assessment to count all production and-eflife impacts fully in the current cycle,
providing an alternate way of applying DfD. However, the potential utility of

trangormation scenarios must still be considered. (Carreggaal, 2024)
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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 royttiing approach. (Carrigast
al., 2024) It was seen that including Module D in the assessment effects the result
since enebf-life recycling and reuse are mostly captured by Module D. In the
absence of Module D, which favors the reuse scenarios, differences betwexdn end

life scenarioar e mi ni maletal,Z022a n Gul ck

2.2.3.2 Limitations of Allocation Approaches

The wide range of approaches presented in the literature forapclé 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.
(Carriganet al,, 2024)

The use of different methodsreates methodological uncertainty and

increases the potential for misuse due to the varying outcomes. (varetStijn

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
impactsand benefits (Carrigaet al, 2024). As a result, thdifferenceamong
methods makes crossudy 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, midicle LCA in the built
environment requires standardized frameworks (Carrgfaal, 2024), verified
methodologiesindformal recognition to ensure reliability and facilitate adoption by
the building industry.
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224 Material Identification Documents

To apply DfD, it is essential to have historical records, material propeniés
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 Prauct 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 ah pr ovi des comprehensi ve dat a
footprint, making it easier to make informed and sustainable decisions in the

construction sector. (ERKE, n.d)

Environmental EPD"
Product
DeCIaration EN 15804 VERIFIED

In accordance with ISO 14025 and EN 15804:2012+A2:2019 for:

Multi-layer fiber-reinforced pipes

Tubi Fiber T da ©20 mm a @125mm, Fiber COND da @32mm a @315mm, Fiber LIGHT da @125mm a @250mm, UV RES da @20mm
a @315mm e FIRE RES da @20mm a @125mm.

from

AQUATECHNIK GROUP SPA - MAGNAGO
Product category rules (PCR): PCR 2019:14 (v1.11)
Geographical area: The services are calculated with reference to the Aquatechnik plant - Magnago (MI). The market is international

Programme: The International EPD® System, www.environdec.com
Programme operator. EPD International AB

EPD registration number. S-P-05040

Publication date: 2021-11-09

Valid unti 2026-11-08

Figure2.9: An example EPD for a multayer fiberreinforced pipeAquatechnik,
(202]) [Digital image]. Retrieved frormttps://www.aquatechnik.it/es/aquatechnik
obtainsthe-epd-environmentabroductdeclarationy
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https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/
https://www.aquatechnik.it/es/aquatechnik-obtains-the-epd-environmental-product-declaration/

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, specifido 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 29 shows an example of a material EPD for a rrlalger 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 materimsed on circular approaches, such as the
recyclability of its submaterials.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 structurdgta setshat 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 materiamatmn, 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 Cetin, Raghu, Hongtraub, 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 solutins for their design considering EoL scenarios using\vassieMaterial
PassportsWMP). In the case of direct element reuse, Material Passports primarily

offer sourcing benefitandthey 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 (Smeetd.,, 2019). In Figur2.10,
whenmaterial passports and waste material passports might be utilized in the life

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

LINEAR ECONOMY CIRCULAR ECONOMY el

MATERIAL
PASSPORT
ssees
mn

F22:5) 5 A,

&
g o EE

WASTE MATERIAL PASSPORT

TAKE MAKE DISPOSE

Figure2.10: Position of use of material passports in a circular ecordiagram
(Lu, Peng, Webster, Wu, 2023)

The study of Smeetst 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 reugather 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 materl 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.

; =l (=)
— S — — List of — i
; Eco-inventory
Geometry Point cloud BIM-model geometry+material Recycling
acquisition information potential
I and LCA-data
.% — List of
Demolition materials,
acquisition elements and \ il
(DA) qualities
(DA) Results of
material v
/ acquisitions
DA+UMA
= o
Urban Mining Comprehensive
Assessment list of materials
(UMA) and elements
(UMA)

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

Aschenbrenner, & Ragossnig, 2021)

RT

E MATERIAL P

Document no.

WASTE2022A-001

Types of material
17 01 02 bricks

Material properties

Non-hazardous and
non-contaminated

Circularity
High recoverability

Issuing party.

GSU

Issuing date.

18/06/2022

Material provenance
Project AAA, Site 12A,
Full-scale on-site segregation

Designated uses
Road base and road sub-
base of pavement

Others

Batch No: 001
Men-in-charge: Lee
Time: 9:35 AM
Date: 18/06/2022

Construction waste material transaction records

Name of the waste material supplier: Contractor A
Waste material selling price: $25/kg

Place of trading: Site 12 A

Period of trading: 18/06/2022-20/12/2022

Tel and address: 0404 1xxx, ABC road, PY company
Date: 20/06/2022

Signature: mbu 1

Figure2.12: Waste Material Passpakample(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 entife tycle from manufacturing to
disposal. It functions as a centralized database containing details such as the
pr oduct 6centerd usageiinstructions, environmental effeetsd other
relevant data. (Psarommatis & May, 2024 rucial 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 thére value chain, from raw

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

Repurposing,
remanufacturing
and recycling

Ca_rhon and Waste shi Durahim}":ﬁ'."sa:ligw‘ "“
envir m bili - -
. footprints - reparability Digital Product Passport
orced fabor {\ ‘h \ Municipal waste (DPP)
~ [ \ o
O/O o | ‘
— | | | — .
" IA\ ‘ l LY Information
@ 1 - s bil - requirements “
. tai ilit
Recycled Deforestation ":Ep::;"lg ¥ Ext;::z::i;?:‘:;cer '-é
content m Packaging &

Industry-specific packaging waste
regulations

Figure2.13: 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 produand 6s or i
disposal. The DPP will enhance data sharing across the industry, promoting a more

open marketplace and benefiting companies, consumrgisthe environment.

(European Union, 2024) Effective use of DPPs can enhance degiaking

throughout a circular supply chain by access to -gighlity data. (Jensen,
Kristensen, Adamsen, Christensen, & Waehrens, 2023) This digital approach
integrates sealessly with BIM and ultimately ensures consistent data across the

entire EU market. (Zacharia, 2495
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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 demolitiomnddeconstruction. It is essential to determine which scenario
to use, as it may require planning even before construatidthe choice depends
on how much circular of an approach is desired to be adopted. As a result, the
guantity and type of waste generateatiesdepending on which EoL strategy is
applied to the building. (Akbariedt al., 2020)

Each product chain requires a specific EoL approach to achieve a closed
material loop since product qualities vary in function, durakdlitgisetting. (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 condion 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 disadyest the scenarios.

It is crucial to consider the lortgrm 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 stagesThus,environmental and economical sustainabititg 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 arcathstruction
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it is suitable forreuse. After ensuring the lifetime, the connection types and their
condition are approved to be reintroduced into a new cycle. (Akbarnezhad, Ong, &
Chandra, 2014)

2.25.1 Demolition

Demolition is a common EoL scenario in the linear construction model, where
buildings are typically torn down at the end of their life cyahelthe materials are
either recycled or sent to landfil@linunnoet al, 2020) The existing construction

industry expectedly prioritizes fast demolition strategies.

Demolition may be expectedot to be costly due to the absence of
investments in the design stage. Howewvergsults in high longerm costs and
overall emissions by requiring virgin materials for new constructidanyilmaz,
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,amaise
renovation purposes (Basta, Seri&rMarzouk, 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 constructiapegts (Guy, 2006).

Since most buildings are designed without considering the dismantling stage,
applying deconstruction tends to be more costly,tmesumingandless 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. (Akbarneatad, 2014)Thus, deconstruction
requires additional investment in quality assessments, manual disassembly labor,
storageandtransportation to obtain materials for reuse. (Kanyiletea., 2023) Yet

this method maximizes resource recovery, protects raw material stodkelps
prevent the generation of construction waste; thus, its outcomes are environmentally
beneficial and aligned with the goals of circularity (Zaman, Arnott, Mclintyre,
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 deconstruetd 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 ensuringeffinEncy 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. (Kanyilmaiz 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 aamtablefuture buildings to explore EoL
options following technological developments (Akbarathal, 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, stoamimg) managing the
inventory of various components after disassembly, when they are not immediately

reused in a new proje@Cabaleiro, Conde, Gonzal€zaya, & 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
DeconstructiofDisassemblyDfD) 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 strategidsch 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 (Tébben & Opdenalkk@2), early
decisionmaking 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 structuresraEtie The
goal ofDfD 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. (Basth 2020) During the
design process, consi der atandparmseshould b ui |
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 reusédeents
(Cabaleircet 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, 20B®Wwever, areful planning strategies, good
co-ordination, and quality assurancsupport reuse to be technically achievable.
(Broniewicz & Deg 2022)A detaileddeconstruction plan should be developed in

advance.

Original construction drawings should be kept to facilitate efficient material
recovery and future reus8uccessful deconstruction requires building elements to
be dismantled in the reverse sequence of their original construction. The process
should begin with secondary and rstructural components rather thizie removal

of the main element$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 integrityn 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 memberswgt 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 conguction by waste reduction and minimizing raw material

consumption.

For this purpose, a group of researchers (Akin&igedele, Bilal, Ajayi,
Owolabi, Alaka, and Bello, 2015) developed the BBdsed Deconstructability
Assessment Score (BHBAS). The BIMDAS is a quantitative tool built on a
mat hemati cal model |l ing approach wusing de
quantities. The score enables comparing different building designsedectingthe

most deconstructable option without compromising form or function.

Building on this foundation, Bas#d al (2020) introduced the Steel Structure
Deconstructability Assessment Scoring System-D&S). This methodology is
developed to emphasize the importance of deconstructability and DfD within the
AEC industry. It also addresses the lack of technological foolsvaluating the
deconstructability of steel structures. This specialized scoring system enhanees BIM
DAS by including factors specific to steel structures such as reusable fireproofing
systems and deconstructable composite action connectitogether, 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 Benefitsof 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 emisions 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 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). Thuapplying 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.

2500

2000

%

8 1500

w

[

£ 1000

2 B No DfD

500 I Structure DfD
0 . — - | -
2 o & & & & o
& = & ‘)c}‘o N & & &
> % & N &
& > & A L X @
S & &8
000 o [; & ch, ;@c\
& §
c?::c »° &

&\ab‘ 8" <

o
o

&

Figure2.14: Life cycle carbon emissions results of a steel structure with and
without DfD applied. (Densley Tingley, 2013)

A study by Akbarnezhackt 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 cmmamhethods 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 tiedwaf about 35%
in energy use and 38% in carbon emissions. The stigyightsthat construction
costs, energy consumptiandemissions are influenced by the chosen Ewategy

andit is essential to consider the full buildingelcyclewhile measuring impacts to
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decide on the EoL strategy. (Akbarnezhetdal, 2014) Figure 24 shows the
decrease in life cycle carbon emissions when DfD is implementeda steel

structure.

2.3.4 Drawbacks and Barriers

The ongoing digital transformation offers promising opportunities by supporting
DfD, maintenance, reuse strategaasistandardization, to make reuse more practical
and widely applicable. (Kanyilmaa 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, contractargl property owners which mainly result
from the absence of regulations and stand&dgning 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, boundameonstraints.

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
understandig and establishes a solid foundation for all subsequent phases of the
project(Kanyilmazet al., 2023)

Awareness is a key component in foundithg 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 applicafi@f®. Awareness can
be strengthened through an increasing number of studies, the growing
implementation of DfD in redife projectsandthe 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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Kanyilmazet al (2023) point out desigrelated issues such as aligning the
new buil dingdés design with t heDesghimguct ur al c
with reusable elements can be challenging for designers, as the number of suitable
components becomes even more restricted after assessing the quality of reclaimed
materialsThe i ssue of avail abi |l idngethédesignt s t he de
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.

Figure215St or age of recl ai med steel at Clevel an
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 pace, which can lead to logistical difficulties related to transportation

costs, storage availabiligndtiming.
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2.4  Steel Structures

Steel is a highly demanded construction material that has an emiginsive and
energyintensive production process, consuming a significant amount of resources.
As a result, many studies in literature and recently published reports have focused
on meauring, analyzingand assessing steel usage and its share of environmental

impacts.

World Steel Association (2024) reports tisa¢el production is receiving
increased attention for improving environmental sustainability, as it contributes 7%

to 9% of global carbon dioxide emissions.

In 2023, measurements

Building and infrastructure

showed that buildings and
infrastructure were responsible

for more than half of annual

Other transport

steel consumption. (World
Steel Association, 2024) This

significant share of steel use

Domestic
appliances

again highlights the critical role
of the construction semt in
promoting reuse, circularity

andlife cycle optimization.

Figure2.16: Steel use ratios by sect
(World Steel Association, 2024)

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 millidons Turkiye ranked 8th among
the top steeproducing countries with 33.7 milliotons 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)
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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 requirentgs. The ESPR working plan for 202930 includes regulatory
measures that are expected to be implemented by 2026. The early targeting
emphasizes its significant environmental impact and circular design potential.
(Zacharia, 2028

The International Energy Agency (2024) has publishédrild Energy
Outlook 2024which includesindustry and intergovernmentéd initiatives and
manufacturing targets by scenaridable 2 outlines the specific targetdrom the
outlookrelated to steel production based on decreasing carbon emissions. The targets
set in annual reports, regulatioa®d publications from various organizations
demonstrate the sectords strong commitment

Table2: Steel Initiatives and Targets adapted from International Energy Agency
(2024)

o Commitment _ _ _
Initiative Commitment of the Signatories
Type
First Mover
N Procurement 10% of lowcarbon steel by 2030
Coalition
o Technology Bring zeracarbon primary steel productio
Net Zero Initiative _
deployment technologies to market by 2030
Glasgow Nearzero emissions steel to be preferred
Procurement .
Breakthrough every coalition member
2.4.1 Structural Componentsand 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 tiafécient due to its prefabricated
components and ease of assemBlyrther, @vanced computerized manufacturing
technologies can be utilizeth steel components productiol® ensure high
dimensional accuracy, enhancing construction precision. (Sharma, Kumar, Singh,
Ahmad, & Pratap, 2017) Prefabrication and factoaged production also help
minimize waste ossite and throughout the design and manufacturing processes

thanks o the fully or semiautomated production lineKanyilmazet al, 2023)

Steel is a durable material with corrosion resistamcihigh tensile strength.
It enables the creation of lightweight structures that are also resistant to earthquakes,
without compromising structural integritylhe structures made of steeffer
flexibility and adaptability, allowing for easy modifications or expansions when they
are required. Another advantage is the abditgteelto span long distances, which
provides larger open spaces without the need for intermediate support. (8harma
al., 2017)

Steel components asso easy to maintain since they #ypically treated
with an anticorrosion coating before being assemblegiv&. Additionally, they do
not interfere with any prapplied corrosion protection and do not require specific
environmental conditions during installation, making them especaikable for
onsite use. (Schulitz, Sobek, & Habermann, 2000)

From a sustainability perspective, steel is fully recyclablksteel materials
with their reuse potential contribusggnificantly 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 vete, decreasing energy consumptaomd reducing greenhouse

gas emissions (Sharmetal, 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
geneal common steel connection methods: welded connections and bolted (dry)

connections.

O ®

Figure2.17: lllustration of (a) a bolted connection and (b) a welded connection.
(Cabaleircet 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 thefactoryand onsite. It is a method in which steel parts are combined by
melting and adding filler materignd 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 ldmeiring welded connections can be
produced economically using standard equipmkioivever, 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. (Schulitzt 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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(Schulitzet 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. (Cabalebal, 2023)

Dry connection on the other hands a crucial technology for the steel
structures, serving as a demountable connediiopnconnenctiongnabé 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
effectivereclaimof components and materials. (Schuétzal, 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. (Cabaleiret 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 labotintensive methods like manual plasma cutting, which prolongs
equipment operation time and increases fuel consumption and carbon emissions

during transport and dismanmttj.

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 coleformed. The mechanical properties and sizes of steel components

vary significantly between these two production types.

Hot rolling is used to produc®tructural Steeht 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.
(Shuser, 2025However, 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
largescale production. This enables quick and easy assemiditeoand reduces

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

Vigneshkannan, Abdul Bari, & Easwaran, 2017)

Figure2.18. LGS Frame Joint Type’INBAK Machinery Co. Ltd.(n.d.)[Digital
image]. Retrieved frorhttps://unbakmachinery.com/celjlaprmontajdetaylari/

LGS is a coldformed 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 ke utilized for both loadbearing structures and ndmadbearing partition

walls. The g¢eel components can be assembled in various configurations
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Figure2.19: Components of an LGS Building Franit€hpsakitchalert, Yabuki, &
Fukuda, 2020)

The fabrication of LGS in a factory enables precise production with consistency and
accuracy and a simpler and easier construction procesteoA 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)

Figure2.20: ExampleStructure with Light Gauge Steel Frame. MS Metg624)
[Digital image]. Retrieved frorhttps://msmetals.com/ouproducts/lightgauge
steelstructures/
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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 lowpollution rural environments, where exposure to automotive and
industial 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 certin reusable materials within tkeructuremay have a longer service life.
This allows steel componentgth ensured lifespan of more than 100 ydargoin
more than one buildingfé cyclecreating a reuse potential

Overall, geel elements can be recycled or reused, making them a suitable
option for sustainable construction. Since bolted connections are used in LGS
structures, the structisehave 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 buildynpractices Also, as Nangir, Gkantou, Bras,
Nikitas, FerentinouRiley, 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 requiaeetul consideration of reduction strategies

and material optimization.
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244 Life Cycle of Steel Elements

By applyinglife cyclethinking, improving standards and regulati@msipromoting
efficient material use, the construction industry can significantly reduce carbon
emissions through the reuse of steel components. (Kanydhaz2023) Recycling
metals in Stage G& beneficial because it allows recycled materials to replace virgin

metals, reducing environmental impact and conserving resources. (Masson, 2025)

Figure 221 highlights how steel constructions can support sustainability
throughout their entire life cycle. The properties of steel are emphasized in the
diagrambelow to provide sustainable use whefe Icycle impacts are carefully
considered.By addressing key factors such as material efficiency, energy
performance, waste reductiandreusability, the diagram shows that steel can play

a major role as a construction material in achieving building circularity.

Sustainability in Life Cycle of Steel Constructions
b b Construction Operation & End Of Life
g Phase Maintenance Phase

—| Material Efficiency | |- Prefabrication —  Durability — Demountability
— Energy Efficiency u Waste — Maintenance — Recyclability
~\ 'S
— Recyclability — Building Physics | [ Energy —  Reusability
—
— Flexibility ' Flexibility

Figure2.21: Sustainability criteria in life cycle of steel. (Aksel & Eren, 2015)

2.4.5 Reuseand Recycling of Steel

This section delves into the recycling and reuse strategies mentioned infhe 10
model outlined in Section 22A.Recycling and reuse are effective Edlategiedor

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 sectoragghisst atus r ec
the industryds emission reduction targets a
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 consuraption
reducing waste production. As seerfFigure 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. Atbe, Cl value of 0.14

indicates that steel has an evident potential to be reintegrated intdeneycles at

the end of a buildingbs service |ife.
Steel Concrete

Recovered EOL material (Mt) 298 660

Total material demand (Mt) 1,500 32,800

o 0.2 0.02

Energy required to recover material 6.7 3.4
(M] /kg)

Energy required for primary production 21.7 3.4
(M]/kg)

B 0.69 0

Circularity Index, CI 0.14 0

Figure2.22 Estimate Energyequired 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 atEbé stage (O'Grady,
Minunno, Chong, & Morrison, 2021). According teportdata 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 resourcandthis figure is expected to double by 2050, which would play a role
in cutting emissions by around-26% (Fennell, Driver, Bataille, & Davis, 2022).

tCO e/t of steel
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0.23
0.0

2022 2030 2050

@ Primary steel @ Secondary steel O . 05 1CO.e/tonne

Source: IEA

Figure2.23. 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 Rigure 2.23; Emission reduction target for steel
production methods. (World Economic Forum, 202283 These transitions include
shifting to cleaner energy sources, adopting advanced technolagicasing
alternative resources for energy for production to increase reliance amasion
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 legrade solutions that align more closely with a linear

economy, éading to maintained high natural resource consumption. Transitioning to
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high-quality recycling is essential to prevent the production ofdow’lity materials

and to reduce energy consumption during the process. (Pettaig2017)

Table3: Recyclability of HotDip 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 gahanized steel is theoretically 100% recyclable atefrlife, it does not

mean that production is entirely based on recycled material which could be due to

limited scrap availability, quality requiremerasdproduction routes.

As highlightedabove 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 condificas 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, steel 6s durability and high quality
enale 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 -@fdife steel stocks, supported by

standardized procedures. (Kanyilnezal, 2023)
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Hradil et al. (2017, as cited in Kanyilmaat 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, potentiatéatesign 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 nefe tyclewith performance condition equivalent to that
of newly produced componentsSigure 2.24 shows an example of reclaimed steel
effectively integrated into residential projects by extending a house in the UK using

recl ai med steel beams aligning with the

Figure2.24: Reclaimed steel beams & their integration into a new project. (Peirson,
2025)

In summary, recycling plays a significant role in reducing emissindthe 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
overcane the limitations and barriers. With proper planning the reuse process can

be facilitated.
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2.4.6 ReuseRates of Deconstructedsteel & LGS Frames

StructuralLGS materials are 100% recyclable with an unlimited number of recycling
cycles. Morever, e structural elements can be dismantled and reassembled at a
different location with only a 10% material log®f & Oztiirk, 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 endof-life recovery conditionsof 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 reconstrmgf resulting in reuse rates of approximately
80%, 75%, and 67%, respectively.

Redevelopmenproject of 20 Giltspur Street in London demonstrated the
feasibility of high levels of steel reusApproximately 80% of the original steel
frame was relaimedand reused within the redeveloped buildifbe 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 giotadi
designed according to DfD principles, the successful recovery of around 80% of the
steel structure indicates that careful deconstruction and coordinated planthing
early collaboration between designers, contractors, and material recovery specialists
can enable high levels of structural steel recovery and rélise. Alliance for
Sustainable Building ProduefsSBP, (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 stadardized and modular nature of prefabricated components aligns inherently
with the need for components to fit various geometries and allow for versatile
connections (BrittingSenatore, Fivet2021). 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 platesand steel castings. (Schulitet 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
replaceableThe connections should also be adjustable to accommodate any
misalignments or errors that snarise from repeated assembly and disassembly
processes. Addi tionall vy, to preserve the
must be designed to avoid excessive permanent deformation under serviceability
limit conditions. (Liu, Chen, Mao, He, & Yuag023)

Minimizing the endof-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 enhanadwith 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 sysaéeahgrioritize 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 dimensioandeven modified with new connection details. (Burgan

& Sansom, 2006)

Bolted connections are the most eeffective option for orsite 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. Schulitzet al, 2000)

Applying the DfD approach highlights the importance of the connection
types used. For instance, compared to structures builtsitaged profiles, clamp
based systems have proven particularly effective, as they are fully dismountable,
allowing for easy assembly and reassembly. They support a wide variety of
connectionconfigurations andenable fully reconfigurable structures that only
require profile cutting for size adjustmenésenablemultiple reuses (Cabaleiroet
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 forLGS Structuresin Turkiye

Increasing attention has been directed toward sustainable development, resource

efficiencyandcircular economy practices in Turkiye. Within this context, recycling

has emerged as a key strategy in T¢grkiye

& Akbak, 2015)

60

f

o



As expected, recycling strategies have been widely adopted in the construction

industry which is responsible for generating a significant amount of waste.

Accordingly, g¢eel is one of the most recyclable materials used in the
construction industry and plays a signifi
steel sector relies heavily on recycled scrap, which accounts for approximately 72%
of its raw material demand. € at & A k RAlsx Turkiye 0ndpsrts a lot of
thesesteel scrapthus itis no longer seen as waste but as a valuable economic input.
(Erylzli & Boran, 2026)

As of the end of 2022, steel producers in Turkplannedto expand
production capacity. However, investment in i{oarbon steel production
technologies remains limited. This includes technologies that could improve energy
efficiency, reduce emissiorend enhance scrap processirgs a result, progress

toward lowe mi ssi on steel production is stild]l i

Besides reinforcements and other applications of fteell i h ®icemk e k
Chair of the Board of the Turkish Structural Steel Associatieports that steel
construction accounts for approximately 5% of industrial buildings in TGk
around1.5% n resi denti al bui | dRegardirg th¢ filguress,d ol u A
circular strategies applied to steel constructions in Turkiye may play an effective role

in reducing carbon emissians

Although recycling strategies appear to be increasingly adopted and
i mproved within T¢grkiyebds construction s

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 tharelimited studies or articlesn the
disassembly of steel structures, they tend to emphasize the recycling of reclaimed

components rather than their direct reuse.

Thus, it can be assumed thithe EoL management of LGS structures
Tarkiye is expected to bemostly 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 thrgi 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 Turkiye found out that demountability is
largely considered feasible among the stakeholders, with only a small minority
regarding it as unedistic. 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
approachesThis 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 Turkiye and advancing its implementation requires
improved predesign strategies, including the development of effective
demountability maps. Thus, mmizing EoL waste and enhancing resource
efficiency depend on the active responsibility of designers and construction sector
stakeholders, supported by broader systemic measures to achievteriong

environmental sustainability. (Eren, 2024)
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CHAPTER 3

MATERIALS AND METHODOLOGY

This chapter presents the research materials and methodology oésteach

comprehensively.

3.1 Research Material

The mainresearcimaterials consist od ase study o Light Gauge SteellGS)
building, information orthe production linef the cold formed steel profiles an
LGS systemLife Cycle Assessment. CA) of two-cyclescenarios based on the case
studyandOne Click LCAas a tool taonduct LCAs. The LCA resulerethenused

in the allocation methodsr multi-cycle assessment

3.1.1 Case Study

The structure studied in this researchnd. &S residential building constructed in

G° |l baké, Anbkya rRaE M T¢;eflHe tkpstdray udlding is designed
using a light gauge steel structural system andalstsuctural 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 (Desigad 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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Figure3.1: Photograph of the LGS Structwa site

The ground floor of the structure has a net area of 72.29 m2 and an open area of 29.33
mZ. Its gross enclosed area is 90.93 m?, resulting in a total area of 120.26 m?, which
also corresponds to the building footprifihe first floor has a net area of 59.30 m?2

and an open area of 5.93 m2, with a gross enclosed area of 72.66 m?, leading to a

total area of 78.59 mz2.

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 m?, while the total construction
area, defined as the sum of all floor areas, is 198.85 m2.

Table4: Area Calculations of the Structure

Floor / Total | Net Area Open Area | Gross Enclosed | Total Area
(m2) (m?2) Area (m?) (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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Table5: Main Parameters of the Building

Parameters LGS Building Case Study
Location Ankara, Turkiye
Climate Cold Semiarid

Usage Residential, Onelwelling

Total Area 198.85 mz

Net Area 131.59 m?
Number of floors 2

(a) Southeast Elevation (b) Southwest Elevation

Figure3.3: Elevation DrawingsAdapted 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 manufactung company shared the information about the building
envelope by also sharing photos during the construction stages.building

envelopehad beerdesigned based on light gauge steel frame assembly techniques.
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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 cemerbonded 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.

Figure3.4: Partition wall of the case study (a), extenall of the case studfp)

(Provided by the manufaaing 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 thanufacturinggompany include
3D model,the ground floor wall plan, ground floor beam plan, first floor wall plan,
truss planandroof plan. The drawings provide detailed information on the layout,
dimensions, material specificatioaad connections of all structural elements. The
ground and first floors plans have different layouts and footprints.
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@]

from the original drawing)

Figure3.5: 3D Model of the LGS Frame of the Case St(#iglapted by the author

(8]

(A

Figure3.6: Ground FlooPlanof the Case Study Structug&dapted by the author

from the original drawing)
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Figure3.7: Ground FloorStructuralPlanof the Case Study Structuf&dapted by
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Figure3.8: First Floor Plarof the Case Study Structuggdapted by the author
from the original drawing)
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Figure3.10: Roof Planof the Case Study Structufddapted by the author from
the original drawing)
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3.1.2

The production process of the LGS structure consists of several stages, starting from

LGS Production Line

design and raw material supply to manufacturing, shipment and assembly. The

production process can start either by purchasindgoneed profiles or by acquiring

steel co |

s and forming them accordi

ng

t

construction company®6s mangfactunngcamgpany s .

purchases the steel coils, cold forms them into profiles in the faamddelivers the

finished profiles and frames to nearby construction sites.

Production Flow

1 - Product Design

A threedimensional technical design of the product is prepare
defining the production detalils.

d for

2 - Customer Approval

The prepared technical design is submitted to the custom
confirmation.

3 - Procurement of Raw Materials

The raw materials (steel rolls) and intermediate goods requirg
production are purchased.

od for

4 - Profile Manufacturing

Steel sheets are processed through the RollForm rolling macf
form C-profiles. During this stage, the profiles are numbere

nine to
o

5 - Frame Panel Manufacturing

The Gprofiles produced in the RollForm machine are
assembled on the workbench to form steel frames for wal
truss and roof construction.

6 - Shipment and Installation

The final steel panels are packaged and prepared for deliv
to the site. After the structural frame is assembledit® the
remaining building components are installed to complete tf

1)
=
<

S

construction.

Figure3.11: The production flow of the LGS structure

(informationprovided bymanufacturing companwadapted by authpr
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In terms of production capacity,-@ofiles required for a single structure can be
produced by four workers within one working day. Following production, the
assembly of the entire steel frameste is completed within two days, during which

a crane is tlized 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 follow@nanufacturing companyranslated by authar)

1 1 Production Engineer. Responsible for overseeing the entire production
process, ensuring technical accuracy and efficiency.

1 1 Technical Supervisor Ensures compliance with technical standards and
monitors quality control.

1 1 Machine Operator. Operates the workbench anall forming machine
during the manufacturing stages.

1 3 Packaging Staff Responsible for packaging the final steel panels and

preparing them for shipment.

The productionofpr of i l es is carried out at the c
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 incliResignand

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 amdlip lengths up to 16 mm.
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Figure3.12. AF1600PRollForm rollingmachine Arkitech, (2025) [Digital image].
Retrieved fromhttps://arkitech.com.tr/framer/singfeofile-framers/af1600p/

The AF1600RRollIFormrolling 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, dimpledcrew riveting, chamfering, creating service

holes, lip cuttingandswaging.

Cut Notch Dimpled Screw
Rivet
¢y /- &y 2
Chamfer Service Hole Lip Cut Swage

Figure3.13. Operations performed in the stationdaflFormrolling machine
Arkitech, (2025) [Digital image]. Retrieved from
https://arkitech.com.tr/framer/singfgofile-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

thicknessesanging from 0.75 mm to 1.6 mm.
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3.1.3 LCA Scenarios

This study focuses on the reuse and recycling potentlagbt 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 -dbrcoétl

steel Gprofiles and their mechanical attachments.

Two life cycle scenarios were modeled for LGAconventional endf-life

scenario based on recycliag an intermediate processd an alternative scenario

featuring direct component reuse enabled through DfD principtascomponent

reuse, two alternative steel reuse rates are assumed in the calculations of Scenario B

to reflect different recovery efficiency assumptions. lifleecycles in both scenarios

are modeled depending on the scenario input and outputs.

100% Virgin LGS

I
1
1
v
100%
[ ~G Recycled* LGS
| Scenario A - Recycle >

HicGyclci ~ — —~ - - - - -~ ~-~-=-~ >  Life CycleII T
A
1
1
I 1 1 1
I [} 1 1
¥ e e x
eclaime
C&D Waste
C&D Waste LGS
90% Reused +
10% Recycled*
100% Virgin LGS LGS
I T e »> LifeCyclel ---->
; 1
v ! .
Reclaimed : .
; : e _ LGS | !
Scenario B - Reuse > Life Cyclel- - - - - - | v
= = a3 | C&D Waste
I
1 I
| I
! 1
o R S » LifeCyclell ---->
C&D Waste 80% Reused +
20% Recycled* .
LGS ;
1
v
C&D Waste

LGS
Recycling

LGS
Recycling

LGS
Recycling

* 70% recycled content

Figure3.14: Defined Scenarios for Multycle 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 scenarid$e 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 tmiledflat steel sheets (Stages-AR) were
not available within the scope ofanufacturing companyfherefore, generic steel
sheet datasets from the One Click LCA database were used for these stages. Flat steel
sheetcoils are treated as system inputs, while the manufacturing stage eof cold
formed steel €profiles is considered under A3 Manufacturing Stageeordingly,
the impacts associated with upstredot-dip galvanized steel shegtoduction are
included in the overall results through #revironmental profile ofeneric material
datasets 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 andemy 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 stagesModule B) are excluded from the system boundary.

MODULE A MODULE B MODULE C MODULE D
A1-A3 B1-B7 C1-c4 BEYOND
PRODUCT STAGES USE STAGES END OF LIFE STAGES LIFECYCLE
i e e e - o - I
Raw material supply Use | De-construction, demolition I I Reuse, |
| Recovery,
| Recycling, |
|
Transport Maintenance | Transport I potential [
_________ i Pe—
| | I
| Manufacturing | Repair | Waste Processing
| |
e S e I I
Replacement | Disposal
A4-A5 I |
CONSTRUCTION s s ) s e o o oo - o - - - -
PROCESS STAGE Maintenance

| Transport Operational energy use

I Construction

Installation Process Operational water use

Figure3.15: ScenarieDependent LCA Stages with Controllable Parameters
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A4 and A5 Constructionstages, covering transport to site and installation, are
included in the analysis. The @4 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) howip galvanized steel sheets. According to the statement from the
American Galvanizers Association (2009), a recycled content value of 70% was
adopted for the recyclede®l 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 disassembd and reassembled with only about 10% material loss, as reported by
an LGS company (Of & Oztirk, 2022). Similarly, Broniewicz and Dec (2022)
assume up to 90% reuse of structural steel in demountable systems, corresponding

to approximately 10% loss duedamage 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 supportedby the involvement of a specialized and wedbrdinated

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 DfBPnabled 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 fordirect 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.

Table6: EoL Stageuantities of Steel Recovered for Direct Reuse and Secondary
Recycling

Building Component 10% Loss 90% 20% Loss 80%
Part Quantity (Recycling)  Reclaimed (Recycling)  Reclaimed
(kg) (Reuse) (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

3.14 OneClick LCA

One Click LCA is an LCA tool with access
specific LCA database, which enables rapid and accurate automated assessments.

The software supports compliance with major international green building
certification schemes sucdms BREEAM, LEEDand 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, resoureefficient material use, water efficiency,eddthy indoor
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environments, resilience, optimized Hégcle costs and valuesmdcradleto-cradle
circularity. (One Click LCA, n.d.)

One Click LCA allows architects and designers to make -didtan
decisions that minimize embodied carbon and enhance overall project sustainability
even in the early phases of designs. The software also offers assessments for
calculatingthe cost of building and infrastructure projedtkese capabilities make
it a suitable and effective choice for conducting detailed environmental impact

evaluations within the architectural design process.

EOL Process : Locally Reused H Reused Material

ISteel recycling M

Steel recycling
Do nothing
Reuse as material

Use EoL defined in EFD
Steel recycling

Steel recycling

Figure3.16: EoL Strategy Inputs into One Click LCA

One Click LCA softwarealso allows selecting EoL strategieduring the input of

building material resourceghich 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 resuls 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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Spidergram grouped by Building Parts breakdown

1.2 Load bearing siruciural frame 1.3 Non-load bearing elements ® 1.3.3 Stairs and ramps ® 1.5Roof
Deconstruction/demolition scenarios @ Eleciricity use ® Machine hours @ Construction site scenarios
@ Site electricity consumption Additional transportation
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Figure3.17: A Graph Example from the Results in One Click LCA Software
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Figure3.18. One Click LCA User Interface to Review Results

To sum upOne Click LCAwas selected as the LCA tool for this study due to its

access to the worismdfis LCA aatahases whiclt enabes r uct i on
rapid and accurate automated assessments. With itdrieselly interface, One

Click LCA software made it easy to entertaland receive result3.he results

obtained from Oné&lick 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 mukltycle LCA framework and an analysis of thedings.
Sensitivity analysidvasbeen conducted for different rates of reclaimed steel and

weighting factor selection for CE LD allocation methodology.

3.21 Data Collection

To obtain comprehensive information on the selected building, multiple site and
factory visits were conducted in collaboration with thenufacturing company
These visits included iperson meetings with th@anufacturingcompany 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 manufacturingcompany provided extensive project documentation,
including architectural and structural drawings, connection details prepared in
AutoCAD anda threedimensional 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 assemblgndthe overall production flow were presented and explained during
the site visits. Quantitative data on the dimensions, weggiiguantities of the steel
components used in the building were obtained through material reports generated
by the softwaref 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 Aassisted image editin@riginal photographs are included in

Appendix A.
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The architectural and 3D drawings taken from rienufacturingcompany
are detailed by the author to understand the deconstruction potential of the structure.
The plan drawings in Section 3.1.1 demonstrate tipeofiles are laid out, spaced
andconnected across the building's floor and wall systems. The detailed drawings

include also the connection details of the structure presen@uhimection 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 wergystematically reviewed and used aligned with the defined scope
of the study. The architectural and structural drawsmgereproduced to emphasize
structural connections and disassemiglevant details; and all technical
information and documents originally provided in Turkish were translated into

English.

To further enhance the understanding of the production and dgsemb
processesanimation videos produced by thalling 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 obiaed from theolling machine production o mpany 6s website f

technical data needed in the LCA calculations.

From the technical data gathered from both companies, it was possible to
analyze the LGS structur8tructural drawings were used to understand the overall
building system and the connections between the indivichraponentsn 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 craditecradle LCA approach, considering two consecutive
life cycles. HoweverQOne Click LCA allows modeling the life cycles separately.
Thus, two distinct life cycles rather thanonnectediwo-cycle systems for each

scenario were modeled with scenaspecific input and outputs.

Material data and information related to the production line were used as
inputs for the LCAto define the system boundaries of the analysis. The defined
system boundaries, material quantities, EoL scenardgproductionrelated data

were entered into the software to assess the environmental impacts of the building.

Data obtained from the technical repavisutilized toinputdetailed product
informationfor each material within the LCA softwarAs neither the housing unit
nor the steel rolls used in production are supported by ER®i&s,specific
characteristics of the materials guided the selection of the most apprdatetets
from the softward@o ensure realistic and reliable comparisdrt®e parameters and
resourcesised for the LCA scenario calculations, are presented based on life cycle

stages in Section 4.2.2.

Level(s) lifecycle assessment (EN 15804 +A2) and Building Circularity
tools are used for calculations in One Click L@&nefits of the product stage (Al

A2-A3) are obtained according to the EoL scenarios.

3.2.3 Multi -cycle LCA Calculation Methods

Since the software does not suppcatculations for twecycle as a continuous
process as in defined scenayiggecific multicycle LCA methodsvere reviewedo
allocate the impacts within cycleéselectednethodavereutilized 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 mualjcle allocation methodology proposed by
Eberhardt et al. (2020a), which was developed for three consecutive life cycles,
serves as the methodological reference. Based on this frameworkcpde@system
boundary was ¢ablished, 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 g@poach 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 sincalibcates benefits to the first life cycle
to avoid underestimating future reuse and recyghoigntial andlistributesashare
of production impacts across subsequent cycles. This balanced allocation paovides
strongmotivationfor applyingDfD by favoring reusewhich is a key focus of the
study. The Equal Share 580 approachwas selected as a secondary allocation
approachto favoran 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 muttycle allocation approaches by applying-offt
50:50, CFF (Circular Footprint Formula) and LD methods across three consecutive
life cycles. A simila strategy is applied in this research adapted to-dyete
scenariosThe 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 savell 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 lfe cycles. In this regard, van Stigtal.( 202 1) suggest using
|l ayersdé6 concept, first developed by arch
Stewart Brand, which states that to maximize utility and value, building components
should be conceived as layered composites of padsmaterials with distinct,

optimized lifespans that can be independently modified. Caragah (2024) also

suggest that these allocation methods are more suited to matedatomponent

level circularity rather than buildingvel circularity, where smaller quantities of

materials and processes are involved.

Therefore, it can be stated that the calculation of a roytfie LCA for a
whole building would be too complex and would not be very prefise.to the
smaller scope and reduced complexity of flows, applying circular approaches at the
material and component scale rather than the wialding level operates more
effectively. By adopting the componestale approach, the study scope aligns with
the use of multcycle methodologies and limits the assessment with the life cycle of

the LGS frame with loatbearing 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. Thusassumptions 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) framewodalculation 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 limitgdies 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% vir¢gi@S input in Life
Cycle | for both scenarioReused or recycled LGS materials are assigned as inputs
in Life Cycle Il. 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-tqmgnrecycling systems

where they can be utilized in a different functional cycle.

3.24 Analysis of Data

The data of the LGS housing case study were analysed to assess the
deconstructability potential of the structure for the reursented scenario. First, the
drawings and connection details were reviewed to confirm their suitability for DfD

based assessment

The production line of the LGS structural framepfofiles, manufactured in
the factory through coldorming, was explored. Further information regarding the
manufacturingstagewere obtained regarding thiee production process including
required machineryork share anelectricity consumptionDetailed information
about the rolling machine was obtained frahe companyresponsible of the
production of therolling machines. Machine properties were analy#ewugh
animation videos and brochurgsiblishedby the rolling machine produceo
employthe datafor the LCA. The analysis on the production line guided the LCA

modelling.

Data availability within the One Click LCA software was assessethe
LCA inputsandthe datasets wesnalyzed tselect from existing libraries to ensure

consistency with the case study conditions.

84



The LCA was then conducted based on the collected and selecteahdata
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 muloycle allocation methods=inally, the
results obtained from different allocation methods wamalyzed,compared and

discussed alongside the raw LCA outputs
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the findings of the researtiuding the environmental
performance of the LGS structure. Besides the fabrication -pfofiles, the
assembly and configuration of the steel frame, the results cover Life Cycle
Assessment (LCA) calculationgnd the application of mulicycle LCA
methodologiesComparative analysesd discussionare provided to demonstrate

the impact of design and production strategies on sustainability, resource efficiency

andstructural 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 efiddning of Gshaped profiles. Accordingly, five

different types of cprofiles are produced.

Figure 4.1 presents the detailed dimensions and material thicknesses of the
cold-formed steel cprofile sections used in the structure, showing the varying
thicknesses and height from the ground floor to the first floor according to the

structural requiremnts.

87
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Figure4.1: Detailed CSection Profiles for Walls, Beanasid TrussegTable
provided by the author to the original drawings and data)

Table5 presents a detailed overview of thes€ction steel profiles utilized in the

project. Each profile is characterized by its dimensibegyht, width, flange li@mnd

thickness. In total, the steel profiles used in the project amount to 5,062 m in length

and 85,658 kg in weight.

Table7: Total Use of Steel Based onS2ction Profiles

G SECTION THICKNES| RADIUS ROLL | STEEL TOTAL TOTAL
(Height x Flange 3§ (in mm) (inmm) | WIDTH| (material grade) LENGTH | WEIGHT
Flange Lip in mm) (in mm) (m) (kg)
140 x45x 10 | 0.8 1.6 240 S280GD+Z10 156 2291
140 x45x10 | 1.2 1.6 240 S280GD+Z10 1327 29174
90x45x10 |0.8 1.6 188 S280GD+Z10] 1264 14628
90x45x10 |1.0 1.6 188 S280GD+Z10 219 3173
90x45x10 |1.2 1.6 188 S280GD+Z10] 2096 36392

5062 85658
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Figure4.2: C-section parametef®Redrawn by Author)

“

The geometry of the -Gections is defined by the following parameters:

x: web heightdepth

y: flange length

z: lip length

t: steel shedéwvebthickness
r: radius

Based on these geometric parameters, the unfolded width of the steel sheet required
to form eaclC-profile should beequal to the web height plus twice the flange length
and twice the lip lengti-However, in galvanized -@rofiles, 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 dimeinsis 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 shorféris valueof length following a

neutral axigepresents the required steel coil width used in théawtiing process.

The steel sheet rolls used in the study have the following dimensions:

[1]. 240 mm width x 0.8 mm thickness
[2]. 240 mm width x 1.2 mm thickness
[3]. 188 mm width x 0.8 mm thickness
[4]. 188 mm width x 1.0 mm thickness
[5]. 188 mm width x 1.2 mm thickness
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Figure4.3: Exampleproduct labeldor Hot Dip Galvanized Steel
(S280GD + Z100) Rolls with 0.8 mm and 1.2 rtiritknesses

4.1.2 Component Breakdown

Construction elements of a framed house are typically grouped into three main

assemblies: floors, wallBndroofs. For the LGS house examined in this study, the

structure is organized into five assemblies: walls, stairs, roof, ceilingésidb

trusses. Each assembly includes structural components whose weights, number of
connectionsandp a n e | guantities are key for under st
distribution. This systematic breakdown forms the basis for analyzing the overall

composition of the structure and enables precise calculations in theydlée

assessment.
!Themanufacturingg o mpany provided the material from Atakak ¢eé
the intermediary company Aydemsan Demir ¢eli k Sanayi
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Table8: 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/SLAE 6743 687,3 1226 35
TRUSS 31599 3221,10 8894 101
TOTAL 85658 8731,50 16556 268

Table6 lists the total weight, the number of mechanical connectiadthe number
of panels required for the LGS structure. The total structural weight of the building
is provided in Newtons (N) by thelling machinesoftwarefor design and detailing
and the panel production. The data obtained was converted to mass in kilograms by
applying thefollowing 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 assessm@tresponding to the connectionstotal 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 coldformed steel applicationsS280GD+Z100 is a structurgrade hot-dip
galvanized steel specified under the EN 10346 stahd@ineé 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/m?

(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, formabilityandprotection against environmental exposure are required.

41.3 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 detmld exterior walt

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.

Self Drilling Screw
Detail

C-profile Detail

Figure4.4: Roof Truss Connection Detail perspectivgDetails added by the
author to the original drawing)

Figure4 4 illustrates a perspective view of the roof truss connection and Hdure
illustrates roof truss detail plaandelevation, highlighting how the trusses are fixed

andthe use of a @rofile and the screws used for the connection.
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{5280 C PROFILE] $280 C PROFILE

PLAN

Figure4.5: Roof Truss Detail PlaandElevation(Adapted by the author from the

original drawing)

Stud
{Horizon(al Bracing Profile\

H > ’ \ Cladding Material

i ” ' [Top Header Profile ’ (Wall Panel|

|Bottom Header Profile|

Figure4.6: Wall andWall Cladding Detas (Adapted by the author from the
original drawing)

As illustrated in Figuret.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
andfinally, exterior cladding is fixed to provide its finished appearance.
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Detgi] 2

T

/A
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Detail 1 Detail 2

Figure4.7: Exterior Wall- Interior Wall T Connection Deta{Details added by the
author to the original drawing)

Figure4.7 shows the Ishaped 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,
alignmentandoverall structural stability.
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414 C-Profile and Steel Panel$roduction

Once the material specifications are defifada projectthe modeling and structural
calculations of the LGS structure and requiregbr@files are completed using
specialized softwaréfter completingthe design procesad calculationsvith the

software the structural elements are ready to be produced.

The software automatically numbers each compotette producecnd
generates a cut list for thelling machineto ensuethat production aligns accurately
with the 3D design and streamlining the manufacturing pro@éssnumbering of

components can be visualized from the sof

Figure4.8: Numbereccomponent$or production ordeexported from th@anel
productionsoftware 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 redglme monitoring.The monitoralsodisplays the numberesteel
panels and profiles, indicating the profile currently being formed and the production
sequence. (Figure ). The active operation on each profile is visually represented

through illustrationand lists
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Figure4.9: Control ScreenProduction Sequenc¢@hotograph takeand editedy
the authoy

It also allows monitoring of key machine parameters such as production speed,
temperatureand pressure. In addition, the interface provides data on material
consumption, instantaneous production spe@tbperation time, enabling efficient
process tracking and control. (Figuré@e& Figure 4.1)

Anlk RPM: 8 rpm
Kertme Koge

Anhk Hiz. 5 m/sa

Profil Hiz.: 217 m/sa

Pnl. Hiz.: 28 m/sa

Gecen Siire: 00:23:38

Harcanan Celik: 83.7 /89.8 m

Figure4.10: Control Screer Machine Parameter@Photograph taken by the author

on site, In English: Instantaneous RPMreyolutions per minude 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.

Production Speed %50

213 ( 26 |- 191

Average Speed ,’, Temperature Pressure
m/min °C BAR

mm-Bar-°C

Figure4.11: Control Screen Machine Paramete(®hotograph taken and edited by
the author)

The RollFormrolling machine is also equipped with a decoiler suppliedatiing
machine produ@n 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 diar(fétgre

412 & Figure 413)

Figure4.12: Galvanized Steel Sheet Rolls Connected tdribiéd-ormRolling
Machinewith a Decoiler(Screenshot from An Animation Vidday the Rolling
Machine ProducerdArkitech (2021)

97



Figure4.13: Galvanized Steel Sheet Rolls Connected tdRbkF-orm Rolling
Machinewith a Decoiler(Photograph taken on the factory site)

First, in accordance with the dimensional requirements of tpeofiles, steel coils

with unfolded widths equal to the calculated developed profile width are selected
and installed on thdecoiler.While the steel coils are fed continuously through the
machine the steel sheet is progressively ctddmed by a series of rolleis stations

to achieve the @rofile geometry, while service holes are punched simultaneously

along the same production lingfter production, thesteelpanels undergo quality

assurance and control.

Figure4.14: Rolling Machine(Screenshot from An Animation Video by the
Rolling Machine Producerg\rkitech (2021)
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Each steel componeistassigned a uniquéentification codendicating its position
within the structurend its designated panéhcilitating proper assembly and future
removal.(Figure4.15)

Figure4.15: Steélmeith ﬁieCodes(Screenshot froran animation
video ty theRolling MachineProducersArkitech (2021))

Figure4.17: Panels anframes built for shipmer{Screenshot froran animation
video by theRolling Machine Producer#rkitech (2023)
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After each set of profiles forsteelpanel is produced, the panels are assembled and
prepared for shipment. The panels can either be transported as larger frames or

assembled osite from individual panels. (Figudel7 & Figure 4.18)

% BT aaTe? 12

Figure4.18. Panels Ready to be Shipp@hotograph taken on the factory site)

The remaining building components which are not in the scope of the study are
constructed ossite over the assembled structural frame. The wall panels are installed

following the completion of the structural frame.

Figure4.19: Steel Frame Ofite, Theassembly of envelope and finishes
(Screenshot from an animation video by the Rolling Machine Produtskitech
(2021)
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Figure4.20: Steel Frame Built Osite,ready for building envelope and finishes
(Case study structuredhptograpledduring the onsite constructipprovidedby
the manufacturingcompany)

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 calibratio@alibration alonenaycauseup 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 material® collected and sent by th@anufacturing
company for recycling(Figure 421 & Figure 422)

Figure4.21: Wastesteel collected to be recyclé@@hotograph taken on the factory
site)
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Figure4.22: Scrap<ollected to be recycled
(Photograph taken on the factory site)

4.2  Life Cycle Assessmentl(CA)

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 decisiommaking regarding resource and material selection, as well as
parameter inputdzinally, LCA results including graphs and tables are presented in

this section.

42.1 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 ahe materials guided the selection of the most approptétesets

from the software to ensure realistic and reliable compari®insethe product
specific EPDs are not available, genelata setérom the One Click LCA database

for hotdip galvanized steel sheets in Tirkiye are adopteat. both initial cycles,

steelmaterials are chosen as virgin (0% recycled contentilipogalvanized steel
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sheets.According to the statementable 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 matelhréicycled 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-Turkiye
specificdata setsvhere available, while global or Europedata setsvere used as
in the absence of regional data. Manufacturing electricity and construction activities,
such as crane operations, relied on Turbgsed generic data, whereas construction,
demolitionandsiterelated impacts were represented using gldatd setsOverall,
the data quality is considered moderate, combining regional and generic sources, but

introduces some uncertainty due to the lack ofsiecific data.

Table9: Datalnput for LCA Stages Derived from Different Sources

LCA STAGES INPUT TYPE DATA TYPE

Raw Material Building Materials ~ Generic Database, Tirkiye
Raw Material Energy Profile Generic Database, Tirkiye
Raw Material Transport Transportation Generic Database
Manufacturing Electricity Generic Database, Tirkiye
Product Transport Transportation Generic Database
Construction/Installation Site Impacts Generic Database&lniversal
Construction/Installation Crane Operation Generic Database, Tirkiye
Demolition Demolition Generic Databaselniversal
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 stdzgsed 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, Construatidn
Endof-Life (EoL) stages are presented in this section. Skeged information
provides details on production, transportatom construction processes, including
machinery use, operation tinaad energy consumption. Finally, Benefits of both
scenarios beyond the system boundary are discuEsedable below presents the

LCA stages for buildings.

Table10: LCA Modules and Stages in the Life Cycle of Buildings

Life Cycle Modules Life Cycle Stages

Al Raw Material Supply/ Extraction
Module A - Product Stages

(Cradle-to-Gate)

A2 Transport

A3 Manufacturing

Module A - Construction A4 Transport to Construction Site
Stages A5 Installation / Construction Process
Bl Use
B2 Maintenance
B3 Repair
Module B - Use Stage
_ o B4 Replacement
(Operational Lifetime) i :
B5 Refurbishment/ Maintenance

B6 Operational Energy Use

B7 Operational Water Use

C1 Deconstruction / Demolition
_ Cc2 Transport to Waste Processing
Module C - End-of-Life Stage :
C3 Waste Processing

C4 Disposal

Module D - Benefits & Loads b Reuse, Recovery, and Recycling
(Beyond System Boundary) 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 scenarids.LCA Scenario Athe 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 recydl€asS.

In LCA Scenario B, the EoL strategy assumes that @0980% of the
structural steel iReuse as materiah a subsequent life cycle, while the remaining
10%and 20%is recycled.The second life cycle appli€&teel recyclings the EoL
strategy. Additionally, the material input for the first cycle is vilg®®S and for the

second life cycle it is definesik reusednd recycled LGS

The data on upstream production of flat steel sheetsA@ktages) are
provided by the materialata setsn the One Click LCA software.Technical and
EPD characteristics of halip galvanized steel she#ata setsised in the study are
given in Table 11 and Table 2 for the scenariosThe 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 sheeith service life of 100 years for virgin input and
As buildingfor recycled input

The Gprofile 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-@rofiles for the case study is assumed to

require 8 hoursHone working day) of operation to complete production.
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Tablell: Steel Resource Input According to LCA Scenarios

Scenario A
Life Cycle |

Scenario A
Life Cycle 1l

Scenario B
(90% Reuse)
Life Cycle |

Scenario B
(90% Reuse)
Life Cycle Il

Scenario B
(80% Reuse)
Life Cycle |

Scenario B
(80% Reuse)
Life Cycle Il

Resource Name

Hot-dip galvanized steel sheets, St
thickness range: 040 mm, zinc
coating: 20 em( (
Ibs/ft2 sheet steel), 0% recycled contt
(One Click LCA)

Hot-dip galvanized steel sheets, St
thickness range: 030 mm, zinc
coating: 20 e m(
Ibs/ft2 sheet steel), 70% recycle
content (One Click LCA)

Hot-dip galvanized steel sheets, St
thickness range: 0:3.0 mm, zinc
coating: 20 e m( (
Ibs/ft2 sheet steel), 0% recycled contt
(One Click LCA)

Reuse of Cold Formed Haip
galvanized steel sheets, 0% recyc
content & Hotdip galvanized stee
sheets, 70% recycled content (C
Click LCA)

Hot-dip galvanized steel sheets, St
thickness range: 0:3.0 mm, zinc
coating: 20 e m( (
Ibs/ft2 sheet steel), 0% recycled contt
(One Click LCA)

Reuse of Cold Formed Haip
galvanized steel sheets, 0% recyc
content & Hotdip galvanized stee
sheets, 70% recycled content (C
Click LCA)

CO2e

EOL Process (tons)

Steel recycling 217.4

Steel recycling 17.83

Reuse as
material
& 26.72
Steel recycling

Steel recycling 2.19

Reuse as
material
& 26.66
Steel recycling

Steel recycling 3.91

For machine use, operational data for the-fiarimning machine were collected as

input in the manufacturing process modéie 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 providechmes are equipped with

a 15kW servo motor and an W hydraulic motor, supported by an -8@r

hydraulic oil tank. The system requires a thpbase electrical supply (3 x 400 V,

50 Hz) with a maximum installed power of 30 kW.
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The specifiaolling machine thenanufacturinggompany usewas producet 2025

andthe model is AF1600020mm. The machine operates on a 380 V power supply

with a total installed power of 30 kW and supports both 50/60 Hz frequency.

Table12: Technical and EPD Characteristics of Hop Galvanized Steel Sheets

Used in the Study

Parameter

Product description

Steel thickness
range

Zinc coating
thickness

Zinc coating mass
Recycled content
Density

Available units

Global warming
potential (A1-A3):

EPD type
Year of EPD
Standard

Data source

Applicable product
standards

Primary (Virgin) Product

Hot-dip galvanized steel
sheets

0.4-3.0 mm

(0.8 & 1.2 mm in project)

20 &m

0.28 kg/m?

0%

7850 kg/m3

kg, ton, m3, mz
3.05 kg CO2e / kg
Generic

2022

EN 15804+A1,
EN 15804+A2

One Click LCA database

BS EN ISO 1461,
BS EN 10346

Recycled Product

Hot-dip galvanized steel
sheets

0.4-3.0 mm

(0.8 & 1.2 mm in project)

20 &m

0.28 kg/mz

70%

7850 kg/m?

kg, ton, m3, m2
1.87 kg CO2e / kg
Generic

2022

EN 15804+A1,
EN 15804+A2

One Click LCA database

BS EN ISO 1461,
BS EN 10346

Since theRollFormrolling 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 company8 hours ofRollForm 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 28%een in Table3l

Accordingly,

t he

mac hi

nebés daily

supplied by the Turkish electricity griefor Scenario B, the data is applied for only

production of steel according to loss rates. For thethesimaterials are directly used

asprofiles,andthe rolling machine is not required.

Energy(kWh) = Power(kW) x Operatinghours(h)

E =30 kW x 8 h = 240 kWh/day

Table13: LCA Electricity input for Rolling Machine

Resource .
Name Category Location
Electricity, .
Site
Scenario A T(L]C;Eeey’c:ﬁgis CsLeS(Lt:]ci?i/on TR
LCA) P
Scenario B Electricity, Site
Turkey, 2023 .
(80% . electricity TR
Reuse) (One Click consumption
LCA) P
Scenario B Electricity, Site
Turkey, 2023 .
(90% . electricity TR
Reuse) (One Click consumption
LCA) P

. . CO2e
Quantity Unit (tons)
240 kwh 016
48 kwh  0.033
24 kwh  0.016

el ectr

The electricity consumed during the manufacturing process is supplied by the

Turkish national electricity grid.

The most recerdataset fornational electricity mix available for Turkiye in
the One Click LCA softwarebelongs t02023 Thus, The IEA 2023 Electricity,
Turkiyedataset was also selected for the LCA during the resource selection.

T¢e¢rkiyeds

nst al

ed

electricity

dominated by thermal power plants (44.8Rgnewable energy sourceereled 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 t hermal ly reliant energy mi X .

ResearchThis grid composition is used as the basis for electricity data used in LCA.

b) Transport to Site (A4)

As themanufacturingcompany informed, transport to site is assumed to be carried
out by road using a 2n 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 compapecific data, the maximum transport

di stance they provided is 850 km (deli vel

The transportation input for the LCA is modeled using the dataset
ATransportation of | i gthaiertruak M8t), 2Odoad on ma
factor, ur ban dr i vi il d4tasebslselectédfoolight | nf r a C
construction material logistics characterized by partial load utilization and

urbanhighwaydelivery.

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 assumedaverage transport distances for the
calculations.In practice, construction materials are typically souroceadlly, and
construction projects are typically carried out within the same regionalldre&rst
transport boundary for the second life cycle scenario is again assumed to be 25 km
to storage facility for reuse or recycling facilifyhe secondransport boundary for
the second life cycle scenario is defined based on the maximum distance within

Ankaraf r o m G&adbpting & @adius of 250 km.
c) Construction / Installation Stage(A5)

The onsite assembly of the steel structural frame is completed within two workdays.
The installation process requires lifting operations, for which a crane is utfiaed.
the energy input of crane operations, generic data for Turkiye is used, represented by

the datasefi Cr a n e ;drivehj opesatidn per hour (+Al & A2), average power:
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99 kW, | o a d Bdsed ort tleerestima?efl é6nstruction duration, a total of

16 hours of crane operation is assumed.

Tablel14: Crane Operation and Construction Site Impacts LCA Input

Resource Name Details Quantity  Unit CO2e
(tons)

Crane, diesetlriven, operation per hot

(+A1&A2), average power: 99kW TR 16 h 0.39

loading factor: 26%

Average site impacts world average Universal
climate (per GFA), world electricity mix D 198.85 m2 7.3
2024 ata

4.2.2.2 Module C - End-of-Life Stages

This section presents the EoL stages for the LCA. Deconstruction, waste processing

anddisposal 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 giesedred 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.

Table15: Demolition of Steel Frame Building LCA Input

Resource Description Details Quantity Unit COZ2e
Name (tons)

Demolition data accounts for
machine operations, oil
Demolition = consumption, and diesel fuel

of steel usage in construction Universal
frame machinery. The boundary is pata 198.85 m2 11
building restricted to building

dismantling, with the input
quantity scaled to the total
building area.
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b) Waste Processing and Disposal Stages

This step includes the transport of materials after they reach theofdifel The
averagampactsfrom demolition sites to waste or recycling areas providedy

software according to the EoL selections and Demolition dataset.
I.  LCAScenario A Recycling

For the recycling scenario, it is assumed that no additional waste processing is
required after the product reacheshts beyond standard material preparation for
recyclingfor both life cyclesAll the waste is sent to recycling facilities without any
disposal.The recycling process is accounted in calculations by usingHeased

dat asCttheorf niiet als recycling, swte2km met al
of transport distance with given transport method in Table 1

Tablel16: Construction Waste Input for Recycling EoL Cases

Quantity = Transport Method CO2e
(kg) (kg)

Transportation of light construction materials.

Scenario A 87315 gemitrailer truck (40 t), 20% load factor,

urban driving (+A1l)

Transportation of light construction materials.
1,746.3 semitrailer truck (40 t), 20% load factor, 3.7

urban driving (+A1l)

Transportation of light construction materials.
873.15 semitrailer truck (40 t), 20% load factor, 1.8

urban driving (+A1l)

Scenario B
(80% Reuse)

Scenario B
(90% Reuse)

i. LCAScenario B ReuseX Recycling

The system boundary for the reuse scenario assB@¥sand 80% aosteel profiles
arereused through careful dismantling and the rest sent for recy€tinghe second

life cyclerecyclingstrategyapplies to waste processing.

The waste sent to recycling facilities is also accounted in calculations by
using t heOtdhaetra sneett aolfs Air ecycl i ng, sheet

The value inputs are done according to loss réiedle B)
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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 witin stage C1 therefore, no additional handling processes were

assigned to the reuse

To ensure comparability witlscenarioA, where handling is implicitly
included in the shredding process (6tagé transport of reclaimed components
(%90 and %80 of reclaimed stealps considered igBcenario Bwith Transported
massinput 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 C4stageaddresses 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 EbloduleC).

The benefits of recycling at tHeoL 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. LCAScenario A Recycling

The first life cycle is based on virgin material input, WibL recovery applied
according to the defined recycling and reclamation rates. The second life cycle
incorporated00% of recycled LGS. The recycled LGS input ha%o recycled steel
contentshare while the remaining 30%hares assumed to be virggontent 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. LCAScenario B Reuse& Recycling

In the reuse scenario, the first life cycle is based on virGi& input, and at th&oL
stage, components are recovered and directly reused as construction oragenal

for recycling In the second life cycle, the input consists of these reused materials,
and at theeoL stage the materials are no longer reused but are instead directed to
recycling processes in accordance with the defined masgrélific recycling and

reclamation rates for steel and zinc.

Tablel17: LCA Production StagBenefits Based on Scenarios

SCENARIO A SCENARIO B
LIFE LIFE LIFE LIFE LIFE LIFE
CYCLE| CYCLEIl CYCLEI CYCLEI CYCLE | CYCLE Il
o - 90% - 80%
Input Virgin Recygled Virgin Reused Virgin Reused
Materials Materials Materials . Materials )
Material Material
DfD- DfD-
. . enabled . enabled .
EoL Strategy Recycling Recycling Reuse& Recycling Reuse% Recycling
Recycling Recycling
Production Stages
(A1-A3) 26,657.40 16,311.65 26,657.40 1,718.65 26,657.40 3,339.51
(kgCO2e)
Reduction A1A3
(kgCO2e) - 10,345.75 - 24,938.75 - 23,317.89
?,2?”“'0” AIA3 - 38.81%* - 93.550%* - 87.47%*
Total WholelLife
Carbon (kgCO2e) 42,969.05 28,376.05 29,996.91
Total WholelLife 33,969+ 30.19%**

Carbon Reduction (%)
* Compared to first life cyc)&* Compared to Scenario A
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The table compares the results of LCA calculatiohswm scenarios for LGS

structures across two life cycles, focusing on bemefits associated with the

production A1-A2-A3) stagesin LCA Scenario A the first life cycle uses virgin

materials with recycling as theoL st r at egy, resulting in 26, 6
production stageln the second life cycle, recycled materials are used, reducing

Al-A3 emi ssions to 16,311.65 kgCO e. This cor
kgCO e, or 38.81%, compared to the first cy

In LCA Scenario Bthe first life cycle again starts with virgin materials, but
theEoL strategy isothreuseand recyclingln the second life cycle, reused materials
are applied, reducing AA3 emissions dramatically tb,718.65k g C Qvithe90%
reuse This achieves a reduction 4,938.75%c g CO e, corro98s85ponding to
decrease compared to the initial cydlith 80% reuse of components, AB
emi ssions are reduced to 23,317.89 kgCO e c

When total wholdife carbon emissions are considered, Scenario A results in
42,969. 05 kgCO e. Scenario B reduces the t
when 90% of the reclaimed steel components are reused, representing an overall
whole-life carbon redution of 33.96%. Under the assumption of 80% component
reuse, total emissions are 29,996.91 kgCO e

compared with Scenario A.

4.2.3 Building Circularity Calculations

Circularity calculations are also conducted using@me ClickLCA software.The

data inputs for this assessment include Building Materials, Project Description,
Circularity Score Weighting Factoedthe Defined Calculation PerioBased on

the LCA data input, material resources were more precisely characterized in terms

of their compositiorandEoL scenarios, enabling resoweased calculations.

The six individual life cycle stages weagaincalculated 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 wlifelecarbon
emissionsThe 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.

Turkiye-based data were used by assigning ayE¥d service life to the
8,731.5 kg of steel input in each life cyclehe software parameters for all steel
profiles are defined as structural leladaring layers using screw connections,
assuming a 100% material recovery rate for each life cycle. Other parameters applied

within the software are given in Tabl8.1
Table18: Data Input for Building Circularity Calculations for Each LCA Scenario

Recycled

/Reused  EOL Process

/Wastage (C3-C4)
(%)

Resource Name

Hot-dip galvanized steel sheets, St
thickness range: 0-:3.0 mm (0.018.12

S]E:eenc?/g(l)e’bl\ in), 2inec coati n 0/0/0  Steel recycling
(0.28kg/m2 / 0.057 Ibs/ft2 sheet stee
0% recycled content (One Click LCA)
Hot-dip galvanized steel sheets, St
Scenario A f[hickness range: 0:3.0 mm (0.015_).12 _
Life Cycle Il in), zinc coati n¢70/0/75 Steelrecycling
(0.28kg/m2 / 0.057 Ibs/ft2 sheet stee
70% recycled content (One Click LCA
Hot-dip galvanized steel sheets, St Reuse as
S . thickness range: 0-:4.0 mm (0.018.12 .
cenarioB . : : material
Life Cycle | i n), Zinc coatiny¢ 0/0/0 & Steel
(0.28kg/m2 / 0.057 Ibs/ft2 sheet stee recvelin
0% recycled content (One Click LCA) yeling
90% Reuse of Cold Formed Hdip
Scenario B ' galvanized steel sheetsth 0% recycled 0/ 100/0
Life Cycle Il content & Hot-dip galvanized stee & Steel recycling
(90% Reuse) sheets, 70% recycled content (One ClI 70/ 0/ 7.5
LCA)
80% Reuse of Cold Formed Hdip
Scenario B = galvanized steel sheetsth 0% recycled 0/ 100/0
Life Cycle Il = content & Hot-dip galvanized stee & Steel recycling
(80% Reuse) sheets, 70% recycled content (One Cl 70/ 0/ 7.5
LCA)
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424 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 modifiedBoth scenarios use virgin materials as the primary material
input in the first life cycle. In the second life cyctcenario Aapplies recycled
materials through a recycling strategy, ihin 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.

2 - SCENARIO A- LIFECYCLE | 2 - SCENARIO A- LIFECYCLE Il @ 2 - SCENARIO B- LIFECYCLE I-10P
@ 2 - SCENARIO B- LIFECYCLE II-10P 2 - SCENARIO B- LIFECYCLE lI-20P @ 2-SCENARIO B- LIFECYCLE |-20P

Total Recycled Reused Reused Total Renewable Virgin Reuse as Recycling Use as Downcycling
material energy

Figure4.23: 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 cycléke results show that
Scenario Aexhibits higher carbon emissions across both life cyclesSaadario B
comparatively lower emissions. The results demonstrate that significant carbon

reductions are achieved in the secafeldycle
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Table19: Calculations Tools and ResulSrfe ClickLCA)

Tool Level(s)LCA Reduction in Building
(EN15804 +A2) Life Cycle Il Circularity

Unit kg COe % %

Scenario A Life Cycle | 35,958 - 50

Scenario A Life Cycle Il 26,853 25.32 85

Scenario B Life Cycle |

90% Reuse 35623 ] 50

Scenario B Life Cycle Il

90% Reuse 10,995 69.13 984

Scenario B Life Cycle |

80% Reuse 35660 i 50

Scenario B Life Cycle Il 12757 64.22 96.82

80% Reuse

Based on the results given in Tab® $cenario A Life Cycle | accepted as th
baseline as 100%, Scenario-BLife Cycle | has a close value of 99.06'
Reductions based on circular strategies become more evident in Life Cycl
scenarios. Scenario A achieves a reduction of 25.32% arhfa B achieves
reduction of 69.13% with 90% reuse success and 64.22% with 80% reuse s

A1-A3 Materials- 94 %
Ad-leg2 Transport leg 2- 4 %
C2 Waste transport- 2 %

Scenario A- Life cycle Il

A1-AJ Materials- 61 % ) o
_ - A1-AJ Matenals- 76 %

A4 Transport- 2 %% _ .

) _ . A4 Transport- 1 %

Ad-leg2 Transport leg 2- 23 %

Ad-leg2 Transpor leg 2- 14 %
I C: Waste transport- 13 % o : -
€3 Waste processin..- 1% I 2 Waste tfransport- & %

Scenario B- Life cycle 1l (90% Reuse)  Scenario B- Life cycle Il (80% Reuse)

Figure4.24: Embodied carboresults bylife-cycle stagse (One Click LCA)
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https://help.oneclicklca.com/en/articles/275737

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 inTable 20 and Figure 4.25across 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 drivesrditic reductions.

Table20: Level(s) lifecycle assessment (EN15804 +AAll impact categories

< E < E g 9 B)J g E 1] C,IJ - w CIIJ = w
Categorygg gd Ega EC‘)% Qung 95%

5 35 25% 358 zSE 9@

5y Gp ZvE Besz oz 50s

» o h = » o h S5 S g 2 S &

— |

g‘s’vsfl’ 100% 7453% 99.06% 30.40%  99.17%  35.30%
SX;Z;“C 77.24% 100% 77.12% 7951%  77.14%  81.79%
ﬁ‘j{i‘c 100% 72.66% 99.74% 8.79%  99.77%  15.88%
GWP-

ol 100% 74.67% 99.06% 3057%  99.17%  35.47%

ODP-A2 100% 82.38% 96.81% 26.66% 97.17% 32.85%

AP-A2  9935% 100%  99.26% 27.97% 99.27% 35.97%

EP-P 9792% 100%  96.29% 67.22% 96.47% 70.86%

EP-M 100% 9443 % 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

(2 9299% 100% 90.83% 1216%  91.07%  21.91%

ADPF

(+A2) 100% 78.26 % 97.92% 30.74% 98.15% 36.01%

Water

e 100% 22.71% 99.98% 4.89%  99.98%  6.87%
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Figure4.25: Level(s) lifecycle assessment (EN15804 +AAll impact categories

(10P: 1% loss, 20P: 2@ loss)
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Table21: LCA Results Obtained from One Click LOQApp.B)

<3 <= bg8 2% b8 &=
o9 o2 cgas ©oY¥Y3 o993 oLz
IS 5‘ 3 o) I 5’ x IS ) 04 3 5’ 04 T 3 o
[ C [ Q [ Q [ Q C Q
L2 g L35 s L3 ed
n 4 n 3 0n 4o 0n 5o n 4 © n 3 ®©

Level(s) LCA

(kg CO2e) 35,958 26,853 35,623 10,995 35,660 12,757

(EN15804+A2)

Production

(A1-A3) (kg COz) 26,657.4 16,31165 26,657.4 1,71866 26,6574 3,33952

Construction

(A5) (kg COz€) 7,860.54 9,100.93 7,844.07 7,836.91 7,977.32 7,845.90

EoL (kg COze)
(Module C)
Benefits (Module D)
(kg COze)*

1,43984 1,43995 1,12162 1,43984 1,15698 1,43984

-1926348  -6,21447  -2592677 -1795838 -2518641 -16,65328

*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)

A1-A3 Materials A5 Construction @ C1 Deconstruction/demolition @ C2waste transport C3 Waste processing

g COZe

— — — — — —
NARIO A- LIF

CYCLE 2 - SCENARIO A- LIFECYCLE 2 - SCENARIO B- LIFECYCLE 2 - SCENARIO B- LIFECYCLE 2 - SCENARIO E IFECYCLE 2 - SCENARIO B- LIFECYCLE
| I-10P I-10P -20P I1-20P

Figure4.26: Level(s) lifecycle assessment (EN15804 +AZ3lobal Warming
Potential total, kg CO2eElements and lifeycle stages

The product stag€A1-A3) accounffor the largest share of emissions, driven by the
light-gauge steel frame. Thus, reusing the components leads to a significant
reduction i n dednnthegmphs Figuoet26 & Fgare 4.2(0r
Scenario B Life Cyclell with both reuse rates
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@ 1.2 Load bearing structural frame @ 1.3 Non-load bearing elements @ 1.3.3 Stairs and ramps @ 1.5 Roof
Deconstruction/demolition scenarios @ Electricity use @ Machine hours @ Site electricity consumption
@ Construction site scenarios Construction waste @ Additional transportation

40k

35k

30k

25k

kg CO2e
- - N
= = S
= = =

[}
2 - SCENARIO A- LIFECYCLE 2 - SCENARIO A- LIFECYCLE 2 - SCENARIO B- LIFECYCLE 2 - SCENARIO B- LIFECYCLE 2 - SCENARIO B- LIFECYCLE 2 - SCENARIO B- LIFECYCLE
I I-10P I-10p I-20p 1-20P

Figure4.27: Level(s) lifecycle assessment (EN15804 +AZ3lobal Warming
Potential total, kg CO2eElements

(@Material Recovered 0%

Virgin 100 %
Virgin renewable 0%
Recycled 0 %

Reused o2 I

(®Material Returned 100 %

Reuse as material 0%
Recycling 100 %
Downcycling 0%
Use as energy 0% <
Disposal 0 % < ——

Figure4.28: Scenario A Life cycle-IBuilding Circularity Score

Building Circularity assessment results were already givefainle B and the
results were visualized as in the chart above by the software. (FigureT4e8)
calculation is based on the weighting factors of the total shares of Material

Recovered and Material Returned.
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Table22: Building Circularity Assessment Results

Scenario / Metric

< — < = o — n = n=- % m= g
°eg 2% 2% 2% 233 2393
N6 =Ne) =) =Ne) Sogr go¢C
O o O o O o O o O O > O O >
O 4= O 4= O 4= O = O = O O = O
N 4 N 4 0 4 N 4 N ad o ) a4 ©
Material
R:C‘Z\;Zre dnpuy % 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 )00t 10006 100%  100%  100%  100%
(EoL)
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 50%  85%  50%  98.4%  50%  96.8%

Circularity Score

Building Circularity Score is then derived as the average of these values. Zable 2

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 arassumed to have 90% and 8€86laim rates to be dectly reintegrated
into the next cycleand rest is provided by recycled inpntLife Cycle II. Thus,
according to the resultd,ife cycle Il of Scenario B achieve88.4% and 96.8%

circularity scorghanks 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 scof@satingeach life cycle as an independent
system boundary rather than as a continuous material ¢aop 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 studyis conducted since LCA software is limited to singiele
calculationsandthe definedscenariosvith two cyclesn the researchequire multi

cycle calculationsThe CE strategies are applied in the software withinaycée

cal cul ations by allowing 6reuse/reused?d
the materials and EoL strategies. Furthermore, roultie approaches are utilized
sinceDfD-enabled reuse is considered a circular economy strategy in thisAsudy.

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 DfDby allocations the environmental impacts and benefits.

In this section, he CE LD approactand Equal Share 50:50 approach

calculationsand result@re presented.

43.1 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 formulasleveloped by Eberhardt al. (2020b) retrieved from van Stijn

et al.(2021))use these parameters as follows:

First use cycle allocation formul&quationl):

¢ t’Oo
0 t 'O

tpmimp
P
Last use cycle allocation formulBduation2):

, q ,
w m = tpmtmtb
P

0 t O
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Linear drop formula (EquatioB):

3 - W
Y P

Neycles The total number of use cycles in the material's entire lifetime.
F: A weighting factor (Eberhardit al.(2020b)suggestsettingF = 50) that dictates

how much more impact is given to the first cydlke) (versus the last cycl&/y).

As alsoseen inTable1, usingF = 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 studythe formulas were first applied sotwo-cycle cas€Ncycies= 2) USINg a

weighting factor of = 50.
First life cycle share calculation usiBgjuation 1:

tpmmb pnnt b w@ T b
P o P

Last life cycle sharealculationusingEquation 2:

C

. ¢ .
mtpnnb p—nctpnnb pdo o b

Linear drop calculation usingquation 3:
W W
¢ P

V1= 98.04 %

V2= 1.96 %

= 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 diffesikrds

that have also been tested within this allocation methodology to obtain a fair
allocation.

The formulas were then applied dawo-cycle cas€Ncycles= 2) using a weighting
factor ofF = 2 andF = 1.

Using the equal share stratedy< 1) for calculations:

¢ctp . G .
——tpnnb —tpnmb v BT
ctp p " T P
..;'t'pnnb - tpmtmb v BLIP
ctp p

Linear drop:Vi= 50.00 %
Vo= 50.00 %

ge= 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 stratgdfy= 2) for calculations:

t . .
—c.t.cccptpnrtb tpmmmbP 0@ X

Sl

@ ..;'t'pnnb
¢tg p

tpnmbP oc&®

Linear drop:Vi= 66.67 %
Vo= 33.33 %

= 66.67 %- 33.33 % = 33.33 % drop
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F = 2 is taken to establish a perfect stiepp 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 twaycle case using a weighting factorFot 2.

Accordingly, the study calculates the CE LD across the two cycles using the

following formulas:
Cycle 1: 0.67V+0.33R-0.33D+0.5R
Cycle 2: 0.33V+0.67R0.67D+0.5R

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+0.33R-0.33D
Cycle 2: 0.33V+0.67R-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 zerg=(R).

For each scenario, Life Cycle Il receives only 33% of the initial production
burden while benefiting from 67% of the eafilife Module D recycling credit while
applying the formula.The results of the scenaifmsed calculations and the

subsequent comparison of these scenarios are presented below.
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a. Scenario A

Life Cycle 1: 0.67V + 0.33R 0.33D + 0.5R

V= 26,657.40D = 1,439.84, R3 =-19,26348 andR; = 16,311.65

06 THXC UET T O ply oY T oplt CAT T p 0 PP L

06 pRoedte YpuvBo TXPUL QPouvL cipo& E@/ ¢ A
Life Cycle 2: 0.33V + 0.67R 0.67D + 0.5R

V=26,657.40D = 1,43996,R3 =-6,21447 andR: = 16,311.65

06 T oc gpukT T®X ¢t p& X T XpT oRaL T p @ PP U

06 X wBpT TP 0w woK X UWpuv@o pPpEUBEEF/ A

b. Scenario B% 90 Reuse
Life Cycle 1: 0.67V + 0.33R 0.33D+ 0.5R
V=26,657.40D =1,121.62, R3 =-25926.77 andR, = 1,718.66
06 T XC @UKT T®WOopp CPHC T O ¢ X T piX pAYOQ
06 pRed8te oxo Y vdo Yuavo plvolkE @/ ¢ A
Life Cycle 2: 0.33V + 0.67R 0.67D+ 0.5R

V=26,657.40D = 1,43984,R3=-17,95838 andR;= 1,718.66

06 T® oc @ uE T T xph BT T X p LYY
@ piX pa @

06 Uix wBpT woH W pémokp Yuado ph pPEG/ ¢ A
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c. Scenario B %80 Reuse:

Life Cycle 1: 0.67V + 0.33R 0.33D+ 0.5R
V= 26,657.40D = 1,156.99, Rz =-25,18641 andR; = 3,339.52
06 T XC kT TWOopp LW T O ¢ p Y8p T ofv oG
06 pReaTe oY p Ui pBC plp e p o ATE @/ ¢ A

Life Cycle 2: 0.33V + 0.67R 0.67D+ 0.5R
V=26,657.40D = 1,439.84,R3 = -16,65328 andR: = 3,339.52
06 T oc ukT T XPh oRWWT THX p LH Y T ofv oBoC
06 X wlpT oD w p P VR php oFoe pip cEBEF/ ¢ A

Table23: CE LD Methodology Allocation Input and Results

<3 <= a38 &=8 o378 o=
o0 o2 o853 ©o¥3 o83 o<3
Tool i) 3 > g3 g > s Q3 g >
c c O c © c O o c © c O o
8L 8o 8L5 8ed L35 oo
n - n 3 0n do n 3o n d® n 3™
Level(s) LCA
(kg CO2e) 35,958 26,853 35,623 10,995 35,660 12,757
(EN15804+A2)
Production

(A1-A3) (kg COz) 26,657.4 16,311.65  26,657.4 1,718.66 26,657.4 3,339.52

EoL (kg COze)

1,439.84 1,439.95 1,121.62 1,439.84 1,156.98 1,439.84

(Module C)
Benefits (Module D) 1456348  -6.21447 -25026.77 -17.958.38 -25186.41 -16,653.28
(kg COze)
CELD

20,134.49 13,753.85 10,534.09 -1,411.15* 11,600.51 -1,126.31*
Allocated Result
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 rayitie calculations together with the impacts
from the other life cyclenodulesusing the defined allocation factors. Consequently, if the allocated
Module D credits exceed the allocated environmental burdens from the other lifenogiiéesthe

overall result may become negative.

R3= Module D (cyclebased), V=first cycle production (AA3),
R1 = second cycle productibreprocessingA1-A3), D = EoL, Module C (cyckbased)
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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 withstage#A1-A3. R1 represents the impacts
arising from the recovery, meltingnd reprocessing of steel during recycling
between successive life cycles. D corresponds to the environmental burdens
associated with the endModdle Ot bastly, R21i | di ng
represents the environmental credit assigned under Module D, reflecting the avoided
impacts.

As presented in Tabl23, the application of the twoycle CE LD allocation
framework demonstrates the environmental benefits of circular design strategies

more clearly than the unallocated LCA results.

In Scenario Aboth cycles present lowetlocated impact than raw LCA
results. Scenario Breducesreprocessing impacts by preserving the structural
integrity of the steel components and directly reusiriggh percentage dfiem in
the subsequent life cycle. As a result, the impacts related to intermediate material
processing are reducesince theenvironmental benefitredit exceeds the allocated
productionrelated impacts, the final allocated result becomes nedati\gcenario
B, reaching1,411.15 kg CO2e and,126.31 kg CO2d hese 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 ShareApproach

This method distributes the environmental impacts and benefits equally between use
cycles, regardless of which building initially utilized the mateialcordingly, the
upfront environmental burden of virgin material production (V) and theoétite

impacts and benefits (P 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
Eberhardet al (2020) are as follows:

6 wa o mitY
6 wRa Mty miy
6 @a mMiy mity O
Equal Share Formulas based on three cycles with recycling as an EoL strategy
applied by Eberhardt et al. (2020a) are as follows:
bwRa w mtY O
6 wQa o miY miY O
6 wRad o miY mity ©O
The adaptation of the original thregcle allocation framework into a twwycle

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 {Rs eliminatedbecause the system contains only one material
transfer between cycle3he 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 (B).

The associated Module D recycling credi¥ Y are generated at the
conclusion of Cycle 2f the reuse scenarichievedl 00 % r euse, the R ter
be eliminated. Since recyclinkpptihithesses ar e ¢
calculations for both reuse scenarios. The miss@®gY recycling credit in the
formulas is allocated beyond the wewpcle system boundary, representing

environmental benefits for a future third building that may use recycled steel.
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The formulas adapted two cycles with recycling as an EoL strategy for the study:
6 RQa o mY O
dwRa ® m™Y mY O
a. Scenario A:

0 QROdBa ® ™Y 0O
06 c@wu&mT ™ p @pPu ph oBwt
06 Cc@ukm Ypuvdo ph c&T o vBIHEG/ ¢ A

D QRO ® mY mY 0O
06 piwpPuv ™p @pHPL ™ ol pa& X P oBav
06 p@wpHPv YpuvdWo opT&T ph oBv ¢ prgmeE @/ ¢ A

(¢ = 2665740 kg CO2e = 1631165 kg CO2€lY = 1631165 kg CO2e,
O =1,43984 kg CO2e0 = 1,43995kg CO2e.Y =-6,21447 kg CO2e)

b. Scenario B% 90 Reuse
0 QOGO ® ™Y O
06 ¢ @pugkm T piX paVO PP CPC
06 ¢q@ukmT Yuavo ppcPc CWwoBEEG/ ¢ A
0D QOO @ mY mY O
08  pix ppe ™ plx p8Ve ™ p U Y ph oBpt
06 pix p@ @ YuaOo YwxIw ph odpt ThotHE @/ ¢ A

(6 = 26657.40 kg CO2e( = 1,71866kg CO2e.Y =1,71866kg CO2e,
0 =1,12162kg CO2e0 = 143984 kg CO2¢elY =-17,95838kg CO2e)
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Scenario B % 80 Reuse:
D QOOBa o ™Y ©O
06 ¢ @ukn ™ ofv o&vg plp LB W
06 C@uUKT po@uw pipLBwW ¢ YBEE@/ ¢ A
0 QRO ® mY mY 0O
06 ofv o®c ™ ofv c&C T p v Y ph oBdT
06 ofv o&og plp 0o  Wo cdpT ph o@T P XK EEG/ ¢ A

(¢ = 2665740 kg CO2e = 333952 kg CO2€lY = 3,33952 kg CO2e,
0 =1,15699kg CO2e/0 = 1,43984 kg CO2e)Y =-16,65328 kg CO2e)

Table24: Equal Shar®&0:50 Methodology Allocation Input and Results

T L — @ 1 — @ - O 1 — O
<o < 22 2 9 252 agg
9 © S 5 S T o o Gc o S T o e G o
Tool 53 g > E3X ‘o B3 §ARC

c c O c © c O o c © c O ¢
gL g @ L35 Sed L3 3
n - n 3 n 4o 0n 3o n -4 ® n 3 ®

Level(s) LCA

(kg CO2e) 35,958 26,853 35,623 10,995 35,660 12,757

(EN15804+A2)

Production

2 74  16,311. 2 7.4 1,718. 2 7.4 .52
(A1-A3) (kg COz) 6,65 6,311.65 6,65 ,718.66 6,65 3,339.5

EoL (kg CO2e)

1,439.84 1,439.95 1,121.62 1,439.84 1,156.98 1,439.84

(Module C)

Benefits (Module D) 1455348  -6,214.47 -25926.77 -17,958.38 -25.186.41 -16,653.28
(kg COze)

Allocated Result 3625307 2280020 2863835 -494136* 2948415 -187752*
Total Allocated 5005327 2369699 2760663

Result

* Module D values represent avoided environmental burdens associated with future reuse and
recycling. These values are incorporated into the rayitie calculations together with the impacts
from the other life cyclenodulesusing the defined allocation factors. Consequently, if the allocated
Module D credits exceed the allocated environmental burdens from the other lifenoghlées the

overall result may become negative.
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Table 20 presents the environmental results obtained using the adapteydigo
50:50 allocation method. The parameters show how the environmental impacts are
distributed across productioBtags Al1-A3), endof-life processesModule §Q and
recycling benefits (Module D).

The final allocated results demonstrate that direct reuse provides substantially
lower environmental impacts than recycling.Soenario Aboth life cycles retain
relatively high carbon footprints due to the energgnsive recycling process.
However, inScenario B Life Cycle Il achieves a netegative 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 multcycle study. Allocation methods are used to evaluate
components within two cycles. The calculation results are also obtained using CE
LD and 50:50 methods.

Table25: Total Life Cycle Emissions of the Scenarios Based on Level(s) LCA,
CE-LD and50:50 Methods

[ L — - O 1 — O - QO 1= O
< o < ; m ) o o @ (12 [ o om p 2
S © el S T o o Gc o o T o oG o
Tool g g ~ 8 K g > S K g >k
c O c O c O © c O o c O © c O ¢
gL e =) ged L3 Eed
n 3 n 3 n do n 3o n g © n 3o
Level(s) LCA
(EN15804+A2) 35,958 26,853 35,623 10,995 35,660 12,757
(kg COze)
62,811 46,618 48,417
CE LD Method
eho 20,134.49 13,753.85 10,534.09 -1,411.15 11,600.51 -1,126.31
(kg COze)
33,888.34 9,122.94 10,474.2
50:50 Method
36,253.07 22,800.20 28,638.35 -4,941.36 29,484.15 -1,877.52
(kg COze)
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 ATotal Impact 35958 + 26853 = 62811 kg CO2e
Scenario B90% ReuseYotal Impact 35623+ 10,995= 46,618kg CO2e
Scenario B (80% Reuse) Total Impact: 35,660 + 12,757 = 48,417 kg CO2e

As shown in Table 2 Scenario B results in lower carbon emissions compared to
Scenario Aaccording to raw LCA result3 he primary cycles in both scenarios have
similar impact values, while the second cycles create a differ&peifically,
ScenarioB Life Cycle Il shows a69.1% (90% Reuselnd 64.2% (80% Reuse)
reduction, resulting in substantially lower emissions tBaanaricA Life Cyclell,

which achieves a 25.3% reduction compared to the primary cycle values. Overall,
Scenario BLife Cycle Il achieves additional savings compared to ScenatidgeA
Cycle Il, 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 ©8% (90% Reuse) and 22.9% (80%
Reuse) of life cycle emissionAs 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-CB approach favors both recycling

and reuse strategies by presenting loaxerall impact values.

In Scenario A the impacts are reduced compared to the baseline results,
reaching20,134.4%g CO2e for Life Cycle | and3,753.85g CO2e for Life Cycle
Il. The reuse benefits become more visible, @ttenario BLife Cycle Il results
achieving a nehegative result due to the combination of avoided virgin production
with allocated recycling credité&s a result, the CED method reduces the impacts
of first cycle ofScenarioB by 70.4% and67.3%, 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 eguéidlie
this methodalso successfully proves that reusemere effectivethan recyclingn
terms of reducingmissionsit also increases the primary cycle impactSaenario
A compared to the raw baselir@imilarly, the primary developer dbcenario B
achieves only 49.68% reduction with this method, while the first cycle still carries a
large burden 0f28,638.35kg 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 conclusionbot h al l ocation methods reduce
impact compared to the unallocated baseline, achievingaugitive results for the
second cycle of DfBenabled reuse scenarkdowever, the CHD 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

CONCLUSION

This chapter presents the findings and outcomes of the dtifdyCycle Assessment
(LCA) results of the definedlight Gauge Steell{GS) structure scenarios are
discussed. The scenarios are evaluated based on the choseflLiEad(EoL)
strategy. Multicycle LCA results are also used to compare these scenarios. The
differences observed between findings of the rayltle approaches also enable a
discussion of the allocation methods themselvaslly, it discusses the limitations
encountered throughout the research and provides recommendations for future

research.

5.1 Findings of the Research

In this research,.CA is conductedor two different scenarios with two life cycles
based on distinct EoL strategies for an LGS building. The aim was to assessthe DfD

enabled reuse in LGS buildings in terms of environmental impacts.

Scenario Awas 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 remas the same throughout both cyclesScenario Bthe impact of
reusing steel components was assessed based on an expected lifespan that allows for
two cycles of useThe nitial cycle was defined to utilizé&dfD-enabled reusas a
circular strategyAfter the first life cycle, components are reclaimed and assumed to
achieve90% or 80%reclaimof steel component® be reuseth a second building
without differences in design or layoit the end of the second life cyckncethe
potential fora seconduturereuse cannot be guaranteednventional steel recycling

is applied.

137



The LCA was conducted using One Click LOXI 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 gawwerall two-cycle emissions,and the reuse
scenario evidently created lower impaébs both reclaimratios for reuse The
findings show thatven if both scenarios presentrslar results in their first life
cycles, differences of impacts emerge in the second cyldiesimilarresults in the
first cyclesprovethat, even when reuse is defined as the EoL strédedyCA input,
using DfD to enable reuse does not provide any benefit at the firstprpdaction
stagein the assessment

To fairly allocate the impacts and benefits, a meytile 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 allacation calculations again demonstrated Swdnario Bexhibits lower total
impacts, with the second cycles in both scenarios also showing reduced emissions
than initial cyclesThe findingsthrough multicycle allocation methods revealed that
the first cycle carries a smaller share of the burden in the reuse scenario in contrast
to raw LCA resultsin addition, the allocation methods generated a net negative
value in the second cycle 8tcenario Bdue to the reuse benefits accounted in the

calculations.

Overall, the total life cycle results indicate m78% reduction in Scenari®
with 90% reuse compared to ScenariobAsed on the raw LCA results. When
applying allocation methods, the reductreaches3.08%6 according to the GED
methodand59.826 under the 50:50 method@he total life cycle results indicate a
22.92% reduction in Scenariowith 80%  reusecompared to Scenario A basexd
the raw LCA resultsThe reduction reaches 69.09% according to the_ DEnethod
andto 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 reusgented deconstructiofor LGS structures
can significantly reduce overall environmental impacts and improve circular

performance by minimizing disposadlated burdens.

However, eventhough the reuse of LGS components appears to significantly
reduce environmental impacts, achieving high reuse rates introduces several
economic and technical challenges. In this study,-Bl@bled reuse is considered
as a strategy to achieve high reclaoratates for reuselowever, this approach can
increase upfront costs associated with deconstrugilanning and engaging a
professional team fararefuldisassemliyl. Such planning requires additional effort,
comprehensive material documentation, and close coordination among
multidisciplinary teams. In additiomfterthe disassembly, transp@md storage of
reclaimedcomponents demand careful logistics to maintain material quality and
efficiency. Thus,these requirements can increase both the complexity and cost of
implementation, which may constrain tepplicaility of reuse strategies despite

their environmental benefits.

5.2  Limitations of the Study

Besides thelelimitations theresearch alstaces several limitation3.0 begin with,

the building materials considered in this study do not have available EPDs that can
be usedfor the LCA Because of the absence of prodspécific EPDs the
assessment is based on generic databsetsd in Turkiygrovided by One Click

LCA. Only when generic data sdty Turkiye are unavailable, generic Europe or

theUniversal Datasets are employed

Due to uncertainty othe reclaimed steel ratio of the LGS frame system
reuse in the second cychkle assunptions of loss and reuse ratios are mbhdsed
on literaturdindings.A further limitation relates to steel screws, whask 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 LC/Asoftware 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 knowledgemaichine operatioriThe 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 mdgicle allocation methods
are not formally standardized and remain methodological approaches rather than
establishedregulations. As a result, the selection of a specific method is partly
subjective and depends on the goals and assumptions of the stitdyatiare only
a limited number of studies apply these approaemesnost 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 fof two
cycle scenarios, the allocation equatiansthis researchhave been adapted
accordingly. This modification introduces additional interpretative uncertainty,

particularly regarding the distribution of allocation coefficients.

Due to these limitationsthe study does not aim to produce absolute
outcomes. Instead, the results are intended to support comparative evaluation

between scenarios and allocation methods.

53 Recommendations

This research explores the effects of the fiabled 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 redimed components for different layouts should be addressed to enable

more applicable and flexible circular design strategies for LGS structures.
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Anot her recommendation can be made
limitations. Future research could include previously excluded elements in the LCA,
such as the use stagdddule B) and all building components, to provide a more
complete assessment of the system. A real case stuitisconstruction and reuse
could also be conducted to obtain ¢kf@ dataon two cyclesFurthermore, the full
calculation could be repeated using verified EPD data, either through a virtual case
study or in collaboration with a contractor that applies EaBed components in
practice A reallife 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, futuretwdies may represent deconstruction activities as separate energy
and resource inputs based on empirical measurementditeoaturebased
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, redice uncertainty associated with assumptions, and provide a more

realistic environmental assessment of remsented E& scenarios.

For the multicycle 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 explorde 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 consi®nt application of the calculation methods. Since steel elements can
undergo multiple recycling loops, muttycle assessment is particularly suitable for

this material system and can be further explored in future research.
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APPENDICES

A. Photographs Taken on Production Site
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B. One Click LCA Results

. . c1 C3 Waste
Category A1-A35 Materials A5 Construction Deconstruction/demolition C2 Waste transport processing
2 - SCENARIO
A 26657.40100349011 7860.542947562806 1086.26525245 334.529926155367  19.04292434920591
LIFECYCLE I
2 - SCENARIO
A 16311.651659440387 9100.932251589598 1086.26525245 334.63720254467404 19.049030996194148
LIFECYCLE Il

2 - SCENARIO
L|FECY_CLEI 26657.40100349011  7844.079011607899% 1086.26525245 33.4572002615536604 1.0042024340205014
10P
2 - SCENARIO
B-
LIFECYCLE lI-
10P
2 - SCENARIO
B-
LIFECYCLE lI-
20P

2 - SCENARIO

1718.6557748390114 7836.91968544013 1086.26525245 334.52992615536704 19.04292434920591
3339.5187496780227 T977.321244117451 1086.26525245 334.520926155367  19.04292434920592

LIFECY-CLEI 26657.40100349011 7845.90833782511 1086.26525245 66.90598523107339 3.808584260841183

20P

Figure7.3: LCA Stage Based Results (Screenshot taken from One Click LCA)
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