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ABSTRACT

EXPLORING THE ENABLERS AND BARRIERS OF CIRCULAR
ECONOMY AND BLOCKCHAIN ADOPTION IN THE CONSTRUCTION
INDUSTRY

k a h Wfuk
Master ofScience Civil Engineering
Supervisor Assist.Prof. Dr.G¢ zi de At asoy ¥zcan

January 2023156 pages

Due to the take, make, and dispose of principleich is the result of the linear
economy model, massive natural resource exploitation of the construction industry
(Cl) results in various undesirashvironmentabide effectsThe circular economy
(CE)concepemergedo alleviate negative impacts aokdange linear processes with
circular ones. In this contextie successfulise ofCE in the constructionindustry

can significantly contribute to remarkable reductions in gas emissions, massive
natural resource consumpticemd waste generatioMoreover, ntegratingdigital
technologiesparticularlyblockchain BC), into the processs claimedto accelerate
andenableCE adoption and successhile several barrierhinder such adoptiorn

this study, the enablers abdrriers of adoptig CE and BQvereidentified using a
literature review and categorizedaccording tothe TechnologyOrganization
Environment (TOE) framework. Nexf surveywas performedto explore the
perspectives ofconstructionrelated professionalsegarding the effect of each
enabler and barrier c@E andBC adoption.Lack of sector awarene€8C and CE
experiencd stakeholderslack of sufficient incentivizationnherent properties of

Cl, anddifficulties in changing settled habiserevealed to be thgrominent factors



hindering adoption.The prominent enablers arducating sector participants,
increased government incentiyaadnew regulationsThe findings of this study can
support deision-makers irplanningandtrangorming the construction industrgto

ablockchainsupported circular economy.

Keywords: Construction Industry, Transition Circular Economy, Blockchain

Technology Challengng and Enabling Factors
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¥Z

KNKAAT SEKTMRIOK ZKNCRRKNGVEBEL EKYNOMK
GE¢CKKENGELLEYEN VE DESTEKLEYEN FAKT¥RL
KNCELENMESK

k a h Wik
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Dojrusal ekonomi model inin bir sonucu ol
i nKkaat sekt%r¢negn (Cl) yojun doj al kayr
i stenmeyen yan etkilere neden ol maktadeér
dojrusal s¢re-1eri d°ngg¢sel ol anl arl a de’
kavramé yarateél méktér. Bu bajlamda, i nkas:
bir kxekilde kull anél maseé, gaz emisyonl ar

at eékunmulnudka di kkate dejer azal mal ara ©°ne

Ayr éca, dijital teknolojilerin, °czell ik
edi |l mesinin, CE'"nin benimsenmesini ve ba
iddia edilirkemn, bueristrl ibiengkedni msemeyi
-al ekmada, CE ve BC'nin benimsenmesine o
' iterate¢gr taramasé kul |-Grgadzasgortaeky rtea n(ETNDEQ n r
-er-evesinde kategorizekedt!| mi ktgrli Daha
bir kolayl aktéréecé ve engelin CE ve BC'n
bakék a-élaréné kexkmékméXekit-°irn fhairrk eadlaé
deneyiminin az ol masé, inetat!| endewvtirjisnn
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CHAPTER 1

INTRODUCTION

This chapter includesnoverview of theconstructionindust§s cur r eand posi t
the problem statemenin addition,this chapter explainthe aimand scope and
organizatiorof the thesis

1.1  Current Position of the Construction Industry

The constructionndustry (Cl) provides the needed foundation for socgesocial

and economic developmegiojumder & Singh, 2021)TheCl's employment rate

int he worl dés workable population is 7 %
domestic product (GDP) is spent on constructiglated works(Barbosa et al.,

2017)

& -
[
—— 115
- / I
I -~ 4 -
N 4 b Yy
., s
Wood Dry Walls — Metals Plastic
Forming and framing lumber, stumps, Sheetrock, gypsum, plaster Pipes, rebar, flashing, stecl,
¥ = : : N Vinyl siding, doors, windows, floor
plywood, laminates, seraps aluminium, copper, brass, stainless ’
Stodd tiles, pipes

Misc.

Carpeting. fixtres, insulation

ceramic tile

Roofing Rubble Brick Glass
Asphalt and wood shingles, slate, tile, Asphalt, concrete, cinder blocks, Bricks, decorative blocks, paver Windows, mirrors, lights
roofing felt rock, carth blocks

Figurel.1l. Resourcesised inthe Cl causewastegenerationJain, 2021)

On the other handhe sector requires intensive use of resources such as concrete,

aluminum, steel, fresh waterand wood during the construction and post



construction stage#s a result of highHevel resource consumption, the significant
ratio of generated waste and emitted greenhouse gas on a global scale b&bngs to
related activitiegElghaish et al., 2022As shownin Figure 1.2, the 2021 circularity
gap reportstatesthat housing has the second largest footprint globally with 13.5
billion tonnes of emission&Circle Economy, 2021)n addition, the sector has low
productivity rates, intense neralueadded activities, and physically demarglin
methodgGhosh et al., 2020)

MINERALS HOUSING
THE GLOBAL
ECONOMY COMMUNICATION
This figure shows the material throughput
(Mass) and GHG emissions (Carbon) MOBILITY

associated with the four resources (minerals,
ores, fossil fuels and biomass) on the left and
on the right the Mass-Carban profiles for the

FOSSIL seven societal needs.

HEALTHCARE

FUELS

|t assesses the global economy through two
lenses that are critical to circularity:
emissions (Carbon) and materials (Mass).

SERVICES

Applying Mass-Carbon thinking, it will assess
both the carbon emissions footprint, as well
e as the mass factors, behind meeting key

societal needs, such as Housing, Mobility and
Nutrition. This analysis can, therefore, help to CONSUMABLES
show which societal needs consume what

resources and cause GHG emissions,

NUTRITION

Figurel.2. The global resource and emissions footprint bef@ictle Economy,
2021)



All thesenegativefactorsdecrease thgectod profitability and increase the burden
on the environment o crown it all,the need for th€l has beemgrowing due to the
increasing population andging infrastructure and superstructure. Hence, the
previously mentioned low profitability and the enviroemtal burden will continue

to increaseainless a change in tlnorking methods implemented.

Connectedlythe mainstream modaffecting the way of working theCl isalinear
economy model. It depends aontinuously extractingaw materialsprocessing

them to produe final products then using and finally disposing of building
materials This model contains several risksd, supply breakandhigher resource

prices) for he CI stakeholderssuch as clients, contractprand supply chain
members(Elghais et al., 2022)This model also includes environmaintisks
because not the needed attention has been paid to environmental topics that emerged
due toCl-related actiong§Vrijhoef & Koskela, 1999)

1.2  The Need for theCircular Economy (CE)

A paradigm shift from a linear to a circular economy has emerged to resolve these
problems The CE requiresusing resources in multiple cycles to gain value and
decrease waste and consumption of fresh resource mafeealandowski, 2016)

In general, acceptance of t8& concept in th&l will benefit both stakeholders and

the envionment.In Figure 1.3 the interventions vortex represents the expected
reductions in greenhouse gas emissions and mass material used when written
interventionsincluding resourceefficient housing and redudéoor spaceare met

by the industry. Theeeded explanations can bleservedn the righthand side of
Figurel.3. As it can be interpreted from tRégurel.3, the construction and housing
related interventions (shifting toGE-basedCI from the linear one) cause the most
significant reductionsi gas emissions and mass material usage and expected rise in

average global temperature.



HEIGHT
expresses the mass material
reduction in Gt

.

WIDTH
expresses the emissions
reductionin 6t (0, eq

COLOUR
represents a societal need:

CONSUMABLES
COMMUNICATIONS
HOUSING
MOBILITY
HEALTHCARE

NUTRITION

TEMPERATURE
total mitigation of expected global
temperature increase by 2050

Figurel.3. Theexpectedresults ofinterventiongCircle Economy, 2021)

The importance ofE adoption in theCl is mentioned in this sectioin addition to
the effects of CE adoption inthe Cl, thefollowing section examines thepactof

adding digitalizatiorto the equation.



1.3  Blockchain (BC) in the CE and Construction Industry

Todayods common c 0 n,cwhipht cancasalyzelGEgadoptan. i zat i o
Digitalization has amssentiaplace in the successful adoption ardploymentof

CE. Digital technologies are the fundamental enabler for the appropppleation

of CE (Bressanelli et al.,, 2018)Boston Consulting Group selected nine
technological innovations as constituents of the industry 4.0 co(iRept et al.,
2020) These technologies amutonomous robots and vehicldsg data and
analytics, dditive manufacturing, simulation, horizontal/vertical system integration,
augmentefvirtual reality, the Internet of Things (IoT), cloud, fog, and edge
technologies, anBC and cybersecurity.Specifically,the loT (Internet ofThings,

Al (Artificial Intelligencg, andBC technologieswhich can be classified under the
title of industry 4.0 conceptome forward in paving the way for the transition

forward circular concefElghaish et al., 2022)

Contrary to the previously mentioned possdd@antageous use of digitalizatifam
boostingthe CE corcept CE is still an emerging topic. It has some shortfalls and
challenges regarding its application tools. Connectetilynteraction with digital
technologies is still not at the deslréevel (Hilario da Silva & Sehnem, 2022)
Specifically, despite the potentialstmulate support andpromotethe applications

of theCE, BC s also an underexplored technoldéyuhizadeh et al., 202@nd has
various challenges to use in tB& too. In theCl context,the BC application needs
to be studied for efficient use in constructing sustainable strudttigseiredo et
al., 2022)



1.4  Aim and Scope ofthe Thesis

Despite the increasing intereist smart and sustainable applications, processes,
industries, and cities, the BC and CE concepts are recently gaining attention in the
construction industryindividual use cases &C andCE have been investigated in

the literature. However, these concepase not been used together widely enough
and have not beeentirely graspedregardingthe Cl. The use oBC for the CE
requiresa combinationof sustainabilityanddigitalization. The connection between
these concepts is an immature topic in research and practice. Therefore, rigsearch
neededo analyze botlopicsto improve new ideas for practical innovatiprB ° ¢ k e |
et al., 2021)

To invest in practical innovations, first, tbenstructionndustry participants should

be aware of such concepksowever, according to the literature, construction sector
participants' awareness levels regarding CE and BC concepts and their enablers and
barriers to adoption in the construction istiy are not investigated in detail and are

not known.Therefore, a study assessing the feedbaClt mfterms of these concepts

may be beneficial for industry engagement and badsption(Shojaei et al., 2021)
Connectedly,this study aims to analyze the construction and relatedector
participantsperceptionsvith a survey studyegardingBC andCE concepts and their

enablers and barriens the construction domain



1.5

Organization of the Thesis

This study includes the followinghapters

First chaptergivesintrodudory information about the thesis study.
Secondchapterincludes a literature review dC and CE regardingthe
challenges and enablerstbéirindividual andjoint uses.

Third chapterexpresses the methodologged inthe study
Fourthchapterncludesthe findingsand discussian

Fifth chapter includes the conclusion limitations, and future research

directions.






CHAPTER 2

LITERATURE REVIEW

This chapterexplainsthe CE and BC technologyconcepts andhe application
domairs of BC technologyincludingthe construction industry (Cl)n addition, the
intersection ofBC and CE in the Cl is discussedConnectedly, the enablers and

barriers regardinthe CE, BC, and their use ithe Cl arepresented

2.1  Circular Economy

211 The Origin of the Circular Economy

Linear thinking, which exercises the take, make and dispose of principle, has been
the mainstream and lasting idea sinceiiseptionof the third industrial revolution.

It is based on producing faster to sustain economic growth while consuming fresh
resources continuously and disposing of unnecessary residuals to the environment
In the linear economy modeln operended model, the seurces are gathered from

the biological cycle, such as gas, biomass, water, and other naturf) @mgEnsen

& Pedersen, 2018)These raw materials are used in some vatiging stepsand

final products are produced.

The nex step is marketing the product to the final user. When the product changes
hands, the ownership, product risks, and waste responsibility shift from the producer
to the buyefAjwani-Ramchandani et al., 2021Additionally, value regaining from

the product which isat the end oits usefullife, is not mentioned a lot in the linear

economy mode|Sharma et al., 2021)



The linear economys based oma production and consumptiomodel (Bonciu,

2014) Contemporarily, making a profit is the main indicator of success. Making
more profit is connected with more production, sadesl garbage. However, it is
doubtfulwhetheiit is possible to sustain such a cycle forelBonciu, 2014 because

of the limited resources of the Earth and the challenges of this economic model. It is
significant for firms to be aware of the incredibility of the endless consumption of
resources to generate value, and the linear business model nexessitaview
(Casarejos et al., 2018)

As the negative effects of linear economy have been faced frequently, awareness of
scientists, citizens, negovernmental organizationand others in terms of almost
coming to the limits of the linear economy increas8ased on developing
awareness, the following topicsuch as; increasing costs of resource extraction,
waste management or environmental protection, and-tenmg consequences of
industrial enterprisefiave been criticized since the rli@70s(Bonciu, 2014)As a

result of this criticism, the need for a new economic model has been undeasidod

the CE concept has emerged gradually to alleviate the symptoms of the linear
economic model on the adversely affected partiesir€igl depicts the comparison

of circular and linear economy concepts.

Accommodatinghe CE instead of a linear one has gained theraionof globally
known companies such as Google, Unilever, and Renault. The logic behind this is
considerable expectations in terms of financial, spaiadl environmental benefits
(Lewandowski, 2016)

Harris et al(2021)stated hat theinitial usage of th&€€E term belongs t®earce &
Turner (1990) This emergence has been possihieto the acceptance of changing

business models from linear to circu{@orgensen & Pedersen, 2018)

10



' .

B +

Linear Economy ’ P Circular Economy

Figure2.1. Schematicomparison othelineareconomyandCE (Sauve & Sloan,
2016)

The CE is arecentapproach It is maturing gradually in research and practice
(Geissdoerfer et al., 2017)he Ellen MacArthur Foundation states that a scientific

and widely accepted definition &E has not been endorsed \@ecchio et al.,

2017) This resuls fromtheCEc oncept 6 s | i nk withCHEany ot
is an interdisciplinary approach and includes the research topics before its invention
(Geissdoerfer et al., 2017¥ince each industry has its way of business, industries
defineCE based orheir specifigpoint of view.For exampleKirchherr et al(2017)

analyzed 114 differef@E definitions in the literature. Seven definitions filtered from

the literature based on historical order are presented below.

AA circular economy is an industrial system thatdstorative or regenerative by
intention and destiogn.f elot croemmlegpd e swittthe r &e
towards the use of renewable energy, eliminates the use of toxic chemicals, which
impair reuse, and aims for the elimination of waste thiotle superior design of

materials, products, systems, and, within this, business ndod€le Ellen

MacArthur Foundation, 2013)

11



fAiThe circular economy refers to all activities carried out in society. It starts with the
design of products, services and processes. These have to be designed in such a way
as to be more durable, repairable and upgradeable, in order to allow
remanufacturing and recycling for the same industry or for oth@enciu, 204).

fAiThe circular economy is one that is restorative and regenerative by design and aims
to keep products, components, and materials at their highest utility and value at all
times, distinguishing between technical and biological cycles. This newremon
model seeks to ultimately decouple global economic development from finite
resource consumption. It enables key policy objectives such as generating economic
growth, creating jobs, and reducing environmental impacts, including carbon
emissions (The Ellen MacArthur Foundation, 2015b)

A circular economy describes an economic system that is based on business models

whi ch repl ofded f ebe cédrodpt wi t h reducing,
recycling and recovering matermlin production/distribution and consumption
processes, thus operating at the micro level (products, companies, consumers), meso

level (eceindustrial parks) and macro level (city, region, nation and beyond), with

the aim to accomplish sustainable develeptn which implies creating
environmental quality, economic prosperity and social equity, to the benefit of

current and future generatioagKirchherr et al., 2017)

fiThe circular economy is a regenerative producttmmsumption system that aims

to maintan extraction rates of resources and generation rates of wastes and
emissions under suitable values for planetary boundaries, through closing the
system, reducing its size and maintaining the resource's value as long as possible
within the systepmainly leaning on design and education, and with capacity to be

implemented at any scaléSuarezEiroa et al., 2019)

fAN economic system restorative and regenerative by design, implemented by one or
more supply chain actors through one or more of the four building blocks (circular
product designservicedbusiness models, reverse logistics and enablers) in order to

replae the enebf-life concept with reducing, alternatively reusing, recycling and

12



recovering materials in production, distribution and consumption processes, for
both technical and biological materials, with the aim to accomplish sustainable

developmerit(Bressanelli et al., 2019)

fiThe circular economy (CE) is a more holistic approach that advocates towards
extracting the value from the waste and reaching sustainability g¢alsarma et
al., 2021)

2.1.2 What Does Circular Economy Offer?

In CE, the initial resoures may be from the environment, but then the waste of the
products should become the newBominmuoduct i ¢
2014) The adoption of CE leadscompanies to use resources in multiple cycles
(Lewandowski, 2016)Therefore, the emergence of ik has led to a convenient
atmosphere for aignificant reduction in waste generation while creating economic
and financial benefits for companies and commun({igsl et al., 2022)In other

words, theCE model paves the way for a decent framewlarkshifting business
models toward sustainable development. Economic growth will be separated from
environmental pressure when the desired sustainable development purpose is
reachedGhisellini et al., 2016) After that point, the environmental hesitations will

be solvedand continuous development and community Welhg will be possible

at a higher level than today.

In addition,the position othe CE is fundamental in industrial prodtion, resource

or material improvement, and minimizing energy ug&gkario da Silva & Sehnem,

2022) Connectedly, theCE tries to benefit society, the environment, and the
economy to form balance and unity. The picturalespntation ofth€EE6G s posi t i on

can be seen iRigure2.2
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Figure2.2. Picturaldefinition of CE (SuarezEiroa et al., 2019)

The CE helps companies to use resources in multiple cycles to generate value and
diminish waste and consumption. The details can be found when the business
models’' input, transformation procesand output side are investigated
(Lewandowsk 2016) The mentioned cycles, inpuand output sides can be
analyzedn Figure2.3,

TheCEstrondy relaest o t odayds industri al system sinc
probl ems of tdesigrapyoblemsThenetbre She€E priaciple has the

potential to be nested in every step of working for an industrial organizBigume

2.31 s n aQinaldr edonomyi an industrial system that is restorative and

regenerative by design Tlge Ellen MacArthur Foundation, 2015tm) stress the

industrial point of view.
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Figure2.3. Butterfly diagramshowing how sourcesmovethroughthe CE (The
Ellen MacArthur Foundation, 2015b)

As highlighted in the aforementioned definitionsG# collected from the literature,

the circula systemdepicted in Figure2.3 demonstrates how to keep assets and
materials at theihighestpossible value. The lefiand side green cycles in Figure
2.3show the biological cyclesvhereas the rightand side blue cycles demonstrate

the built environmet cycles or technical cycles. An important effort is exerted to
delay sending the material or any asset to the next cycle, for example, from the reuse
cycle to the remanufactiug cycle. The shorter the lopghe less energy will be
required to make the product reusable. Therefore, potentially more profit for the firm

can be gained by trying to keep any product within inner loops in any project.
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Figure2.4. A prefabricatedsteel structuresection

To illustrate, n Figure 2.4, a prefabricated steel structure section is demonstrated.

The prefabricated members were transported from the production facility to the site
andweremartled together to form the structure many years ago. The most favorable

scenario is to continue to use the existing building withor maintenance work. If

the structureds service |ife ends and the
position, the stretural members will be dismantled. Then, they will be relocated if

it is possible to reuse structural members (purlin, beam, column) if they were not
damaged. Therefore, they will be moved within the possible smallesalodphere

will be the second highest value for the @rs#r because new structural members

will not be needed or bought.

Additionally, it is better for the environment because there will not be new

production, waste, or energy consumption. The only uisleransportation for the

end user and the environment. So far, the process is in the reuse/redistribute cycle,

as seen ifrigure 2.3. If reusng existing members impossiblethe outer loop is to
refurbish/remanufacture. The members will be refornmedd usedand energy

consumption will be increased when compatedt he previ ous <c¢cycl eds

consumptionThe profit also decreases.
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This logic continues to the outermost cyaidnich is recycling. It is an even better
alternative regarding naming sttural members as waste. The value gaining also
continuesn this cycle. As illustrated, using resources in multiple cycles generates

value for the companies.

2.1.3 Different Circular Economy Approaches inthe Literature

Bonciu (2014)proposedour different aspcts to define the borders of tG&. The

first one is the holistiapproachin terms of the holistic approach, t6€& includes

all activities performed in societgtarting fromdesigningproducts, servicesand
processesThe products, servicesind processes should be planned to be more
durable, repairabjeand upgradable to allomecyclingandremanufacturig for intra

and interindustries(Bonciu, 2014) This idea is important becayse the previous
paragraphthe existing structural members are considered for the mutyule
process to gain value. However, the initial production plan and characteristics of the

products aressentiafor the remaining life cycle of the product.

The next aspect is related to thecale. In detailby accepting to use CEhe
companies will select the remanufacturing, reusamgl recycling of the products for
their business activities. Connectedly, as the scale of such an implemegtaisn
the energy and raw materials needed groduction will be diminishedBonciu,
2014) It is seen that using existing materials decreases the erexygyed for

production andaccordingly the cost of production.

The third aspect stresses the requirement of a specific legislative and institutional
framework covering social and economic activity. The final one is atleugloping
particularindicators to ease the applicability and monitoring ofGEgefor example,

controlling the increase in GDP concerning consumed raw mat@aisiu, 2014)

I n additi on t oHi&rio dacSilva & Sehreeni2p2?)state that the

CE principle is constructed on many pillars.
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The first pillaris the Rs principle. Numerous R framewonksre used in the
literature and practic@Hilario da Silva & Sehnem, 2022As the sustainabilitand
circularity consciousnessicreasedand their usage areanlarged new Rs were
added to the literatarThe 3R principle (Reduce, Reysad Recycle) is thessence
of the CE Promotion Law (Kirchherr et al., 2017)The CE Promotion Law
highlighted themanagemenandpromotion of 3R activities in the industrial sector
(S&ai et al., 2011)

The European Union (EU) Waste Framework Directive used the 4R framework by
addi ng ARecover o (Kirghhetrleteal., 30R7)AE the meedwar r k
product modularity increases for sustainable design and manufactthen@R
framework was introducedYan & Feng, 2014) The 6R framework includes
recover, reuse, recycle, redesign, reduce, and remanufacture. Recover, redesign and
remanufacture concepts were introduced by the 6R framework tontven 3R
principle. The 6R framework is accepted as the mtndardf sustainable design

and manufacturingYan & Feng, 2014)Next, he 9R framework includes refusing,
reducing, reusing, repairing, refurbishing, remanufaegy repurposing, recycling,

and recovery term@an Buren et al., 2016Dne more perspective for the Rs is the
10R framework including refusing, rethinking, reducing, reusing, repairing,
refurbishing, remanufacturing, repurposing, recycling, and recayeThe 10R
perspective can make it easier for companies to get a competitive ad@#g g

al., 2021) Figure 2.5 represents theentioned Rskigure2.6 represents a different
point of view regardinghe use oR strategietn CE
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The second pillaof CE is the product service systdiilario da Silva & Sehnem,
2022) which is a business mod@lVang et al., 2020)Product service systesn
envelopproducts, services, and agent networkisey support infrastructure that
operates unbrokenly to gaatompetitive advantage, satisfy customer demands, and

reduce environmental burdeftdilario da Silva & Sehnem, 2022)

The next pillar igndustrial symbiosiswhich is asystemof industrial ecologythat
forms a basis for i{Hilario da Silva & Sehnem, 2022)ndustrial symbiosis aims to
operatgointly beneficial cooperatiowithin organizationsy sharingoy-products
residual materialgesurces, waterandenergy Therefore, all the participants take
advantage of it. In industrial symbiosis, energy and material consumption are
optimized, residue formation is minimized, and the outpuat pérticularprocess is

the input of other processéSehnem et al., 2019)

The final pillar is the Resolve modeaisdepicted in Table.2. This model proposes
six business actions to enalil& fundamentalgLewandowski, 2016)These are
regenerate, share, optimize, loop, virtualize, and exchang&é&3wdve model helps
countries and businesses to develop circular strategies and growth dyr(dimésm
Ellen MacArthur Foundation, 2015b)
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Table2.1. Resolveframeworkexplanation(Ellen MacArthur Foundation, 2015b
Lewandowski, 2018Kouhizadeh et al., 2020)

Indicates the progress through renewable energy and materials

RE- Includes returning recovered biological resources to the biosphere

GENERATE | Focuses on reclamming, retamning and rehabilitating the health of ecosystems

Aims to maximize the utilization of products by sharing (peer-to-peer or
public) them among users, instead of individual owning while

SHARE minimizing the waste and duplication

Products and materials are recollected for reuse / secondhand market

Prolonging the usable period of materials and products in their lifecycle

through mamtenance, repair and design for durability and upgradability

Aims to diminish non-value-added actions in manufacturing, operating
and consumung. In other words, aims to remove waste m the supply chain

and production process.

OPTIMIZE | To increase the performance and efficiency of a product thanks to

technology implementation

Integrating big data into the process for the automation, remote sensing

Loop 1s directly the opposite of “linear”. Instead of make-use-dispose, the

materials, resources and energy can be reused in a closed-loop activity.

LOOP The mner loops have a higher priority.

Aims to remanufacture the components and products, recycle materials

Aims to deliver utility in a virtual environment instead of materially.

VIRTUALIZE | This may replace or delay actual material consumption.

Aims to dematerialize the processes directly or indirectly.

It 1s about enhancing processes with the help of new technologies

and doing things in a new way mnstead of old ways.

EXCHANGE | Replacing old materials with green non-renewable materials

used in production processes.

Choosing new produets and services
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To sum up, th€E has a remarkable capability for sustainable developohastio

its potential to change business models, close resource loops, and reduce waste
(Geissdoerfer et al., 201Th other words, th€E has a driving force to reach desired
sustainability level me easily (Blomsma & Brennan, 2017)Technological
enhancements contribute to closing the loop by supplying accurate information,
slowing the material loop, arshorteninghe loopthanks toenhanceckfficiency in
resourcaisaggAntikainen et al., 2018 onnectedly, digital technology is a catalyst
for theCE. The faster advancement©E practices and business models is possible
with digital technologiegRosa et al., 2020¥specially with the use of industry 4.0
tools. Yildizbasi (2021) states thaBC technologycan be accepted as one of the
industry 4.0instruments|t provides security, privacy, immutability, decentralized
environment and increases the trust between participants. TheBffasea superior

technologythat can be used with ti&E.

22



2.2  Blockchain Technology

2.2.1 Motivation for Blockchain Technology

Centralization represents a si thgrhust aut hor
be managedlhis organization can be a bank, a comparggwernmentand so on.

It is possible to see examples of this centralized structure frequently in daily life. The

basic illustration of this centralized formation can be seen in the financial

environment.

Although the current financial system works todtngre are also some problems

with the existing financial environment due to its centralized structure. Hackers can
corrupt the data from a single centralized node. Errors in the dataiakthie central

entity cause undesired results for the relatedigsafRajasekaran et al., 2022)
Making money exchange on the system is subjected to a transfer fee. Long contract
documents are prepared to establish trust between parties and prevent their rights in
any dispute circumstance. The mentioned problems tivélexisting structure are

not the whole list.

In connection with these drawbacks, in 2008, a person or a group, even today the
exact i dentity i s n o publishedawstudy tittiSRit tos dii n :Na
APeerto-Peer EI ect r o rfHuang & a.s20228tgoin vas présented

as a digital currency that can work without any central system and where the needed

measures are taken against the manipulation interference of its usersdarsutsi

The presented syst ecordsjthe dataddsaed erhaiprevibasky a mo t ¢
determined consensus mechanism throwugjtong cryptography techniques.
AlthoughtheBCt er m does not exi st in Nakamotoods
used in the dicle paved the way for the formation of tB& concept (Usta &
Dojantekin, 2018)
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BC has a strong rel ati o s hiidpa,d & biitnked whek t err
technologie® and A c royheseovegns toryhhe required edtructure for

the existence dBCtechnology To il l ustrate, the Acryptogr:
i's kept by distributing a copy of them to
packaging all data in a central system. In short, the logic b&@rtdchndogy is to

form a secure data recording mechanisg (bitcointransactiordata) without any

need for centralized structurgsUst a & Doj antekin, 2018)
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o Information
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Figure2.7. Centralized trustedthird-party environment(Aggarwal & Kumar,
2021)

Connectedly, the decentralization concept comes to the stage. In a decentralized
environment, every transaction in the sgsis executed by two nodes at a tjraed

there is no need for thiparty validation. Therefore, it allowBC to work
independently from any central authorifZzarrin et al., 2021) In short,
decentralization comprises the delivery of authority and p&wer a single node to

all participants in a network.
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2.2.2 Key Characteristics of BlockchainTechnology

There are different points of view regarding the featurdd®fZheng et al(2018)
stated thatBC has thdollowing mainfeaturespersistency, anonymity, auditability,
and decentralizationAdditionally, Figure 2.8 prepared byAggarwal & Kumar
(2021)alsodemonstratethe feature®f blockchain Multiple factors play a role in
characterizing th&C system starting fromits type (e.g, private or publig to its
decentralizatior{Viriyasitavat & Hoonsopon, 2019From their point of view, the
list of the features dBC is as follows: permitted or permissionless, decentralization,
persistency, validity, angmity and identity, auditability, closedness, and openness.
Moreover Monrat et al. (2019) also accepted decentralization, persistency,
anonymity and auditability as characteristics BE. Mentioned characteristics of
BC technologywill be explained within the following pages.

Better security and
privacy

Blockchain
characterstics

Increased
capacity

Cryptographic
sealed

. Chronological and
time-stamped

Figure2.8. Features of thBC (Aggarwal & Kumar, 2021)
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2.2.2.1 Persistency

It is about reliable miners' validation requirements of any completedi@eeer
transactionSince the information about the transactisrshared with all parties,
confirmed by them, and recorded in blocks, it is tough to tamper. Therefore,
persistenehas a strong relation with immutability. The stored data in multiple nodes
cannot be deleted or altered. In such a case, falsification is very easy to be reached
(Zarrin et al., 2021Zheng et al., 2018)

2.2.2.2  Auditability

Auditability is basically about the traceability and verifiability of each operation or
transaction in th&C environment(Zarrin et al., 2021)As mentioned previously,
each operation in thBC environment is recorded and confirmed with a timestamp.
Therdore, it is simple for users to verify and trace the footprint of previous
operationausing any distributed network node as a point of acéesghances the
data traceability and transparency in 8€ (Zheng et al., 2018BC can boost
auditability andransparency for financial transactig@sante et al., 2021)

2.2.2.3  Anonymity

Anonymity is about usinggenerated unique IDs in tiBC environment. The main

objectiveof this concept is tensureghe anonymity of miners in the netwdi&arrin

et al., 2021) Additionally, one of theprimary purposes oBC is to protect the
anonymity of each transaction. I n other wo
personal information through data investigat{gm et al., 2022) There is no need

for a central body to storeuses 6 per sonal informati on. Ther e
anonymity of transactions in tH&C environment are secured. It is also mentioned

in the literature thaBC cannot guarantee perfect privacy protecti@heng et al.,

2018)
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In the usubcentralized system, verification by a trusted third party is a need, such
as in transactions through banks. Cost and performance bottlenecks and data security
problems are the main challenges for the centralized system. On the other hand, in a
decentralied structure, there is no need for a mediator. Additionally, consensus

mechanisms provide the securityimormationin the distributed networ{Zheng et

al., 2017)

2.2.3

Decentralization

Structural Overview of Blockchain

Figure2.9illustrates the implementation stepsBff and at the same timehows

the general view dBC-related terms.

Blockchain Implementation Steps (Step-1 to 5)

i i | ]
Blockchain Types and Blockchain Blockchain Data Characteristics Validation Process in Network
Classification Platiorms l BIOCI‘“}@D Iftrm:tt.ure ::r
| | Blockchain Co unctionality
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' Ethereum e Protocols 1
Block Data
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- Hyperledger Transaction Relay Network
Consortium/ Tendermint || Ripple
Bl i Consensus Local Servers
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Figure2.9. BC implementatiorsteps(Kumar & Chopra, 2022)
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2.2.3.1 Node

Each device (machine) and user in the distriblB€dnetwork is called a node.
Nodes should make a consensus for every block added to the block(gstué&

Doj ant e k.iArompléeOcapd ¢f blocks and historical santions is stored

at mining nodes, and these nodes produce new blocks as a result of the transaction

verification proces$Chen et al., 2021)

> Miner Node
O Normal Node

Figure2.10. Nodes in the distributeBC network(adapted fromAggarwal &
Kumar, 202)

2.2.3.2 Miners

Nodes that are capable of adding new blockstBtbe y st em ar e named A min
(Dos Santos et al., 2019fhe miners are the stakeholdersB& networks who

clarify the cryptographic obstacles and validate tretisas. As a result, they earn

cryptocurrency for the fulfiment of mentioned workDindarian & Chakravarthy,

2020) In addition, éBC network gives a chance to any netwarkmberto behave

both as aserver (toapproveand corclude transactions)and aclient (to issue

transactionsjXiao et al., 202Q)
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2.2.3.3 Hash

Barely hashing is a method used to retrieve or store data records from the database.
Secure storage of any information or data can be achieved using hash techniques
(Aggarwal & Kumar, 2021) Cryptographic techniques are the basis B
technology Connectedly, the cryptographic hash function forms the fundamental
part of the technologgSeok et al., 2019Hashing is not an encryptiorctenique; it

is a oneway condensing cryptographic function; hentes impossible to decrypt it

back to the original file or texSince the cryptographic hash is a kind of digital
signature for a text or a data fileAggarwal & Kumar, 2021)the hash function's

performance is essential for BC's sucq&eok et al., 2019h terms of security.

100110

o11001
: - sSHA-256 . 1 1001g

O10Gg

Figure2.11. Hash function turns plain text or fd¢o condensed hashed text
(Aggarwal & Kumar, 2021)

2.2.3.4 Digital Signatures

Authentication, integrity, and nonrepudiationteria for electronic documents are
ensured by digital signatures, which are cryptographic mechanisms needed to sign
and verify messagsignatures. Message integrity means thaethvas no alteration

in the messagafterthe sendesent it Message repudiation implies that both the
sender and the receiver cannot refuse the document after signing and verification of
the document. Messagmithentication indicates that there is no alteration in the
message during transmission andttimessage was created, sighadd sent by a

known sendefAggarwal & Kumar, 2021)
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2.2.3.5 Merkle Root Hash

The calculation of the Mer&lroot hash is depicted kigure 2.12. The initial texts

(Tx0 ¢é Tx3) are converted into hashes with
textds hashes are matched, and they are pas
This process is continued untibiehing a final Merkle root hagRajasekaran et al.,

2022) As a result of these continuous hashing processes, it is possible to store

multiple records in one block. Relatedly, the root hash represents the entire previous

data ad can be seen as a fingerprint of all previous (&ggarwal & Kumar, 2021)

Simplifying the data into hashes and, finally, to one root hash will increase the

productivity of the generdC environment.

Merkle root
hash

~

HashoO1

( HashO Hash1

| Tx0 Tx1

Figure2.12. Calculation steps of Merkle root hagRajasekaran et al., 2022)

Hash23

Hash2

2.2.3.6 Nonce Value

It is simply a random number related to some data. This number is added to each
block. It is used only one time. The mindnsd the noncevalue by solving the

cryptographic puzzléRaj, 2021)
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2.2.3.7 Mining

The addition of a new block to tBC network following the validation process of a
block is called minindKumar & Chopra, 2022)Mining is an operation of joining a
block to theBC. Having theprivilegeto add a block to thBC requires one to be the
first nodethatfindsthe nonce value satisfying the proof of work. Various strategies,
namely consensus protocols/validation proceggesnar & Chopra, 2022)are
listed to determine which miner will have the right to add the develdpeH to the

BC (Rajasekaran et al., 2022)he list of consensus protocols can be seen in the 4th

column inFigure2.9.

2.2.3.8 Consensus Protocol

The consensus mechanism has fllrant properties, and theadingpurpose of
using BC is to reach an agreenteon a single point among distributed nodes
(Aggarwal & Kumar, 2021)A consensus algorithm mechanism is an essential factor
for DL technology. Synchronization dL between different nodes is possible
through a consensus atgbm (Chowdhury et al., 2019)The protocol is a set of
rules in which every node (peer) in the network must act within the borders of

consensugXiao et al., 202Q)

The algorithm draws the way for the nodes to settle agreements and updae the
network(Zarrin et al., 2021)Before adding any transaction to the immutable data
storage, the whole network makes a conser(3us et al., 2016) Therefore,
consensus protocol constitutes the trust betB&ensers, according {®Wang et al.,
2019) between trustless nodes, in terms of transferring and updating data among
enduserg(Rajasekaran et al., 2022)
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Scalability Decentralization

Figure2.13. Dealing with theBC trilemma(Leonardos et al., 2020)

Any consensus protocol ainte balance scalability, decentralization, and safety
variables better. This situation is displayedrigure 2.13. The green point is the
desired consensus protocol. The blue ones are the protocols that are turning around
the ideal situatiofLeonardos eal., 2020)

In addition, since the first node solving the pez@irs the right to add the block to
the chain and earn some cryptocurrency as a reward, fairness is an important topic
in BC consensus protocol@\ggarwal & Kumar, B21). It is not only about the
monetary topics, and fairness is a significant issue regarding the voting process in

BC networks. Figur.14 illustrates the fairness mechanism.

s Y
| Input of Resources |
. -
+
Blockchain Selection |
& Consensus Protocols |

-

i N i - . s ™
Rewards Allocation Voting — Decision
Mechanism . Mechanism
CE—
| Fairness

A

[ Output of Rewards
& Consensus Outcome

Figure2.14. Reward and voting mechanism in consensus prot¢cetmardos et
al., 2020)
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There are various consensus protocatsd some of them are as follovspof of
work (PoW), proof of stake(PoS) delegated proof of stak@DPoS, practical
Byzantine fault toleranc@BFT), proof of capacityPoC) proof of activity(PoA),
proof of publicationPoP) proof of elapsed tim@PoET) proof of importancéPol),
proof of retrievability(PoR) proof of burn(PoB), and finally proof of ownership
(PoO)(Aggarwal & Kumar, 2021)Among all these protocols, the PoW, PoS, and
DPoS will be explained in detail.

2.2.3.9  Proof of Work (PoW)

It is accepted as the mdsequentconsensus mechanism, whishalso used by
bitcoin (Aggarwal & Kumar, 2021)In each round of consensus, the PoW algorithm
chooses one node to develop a new block through a competition of processing power.
The participating nodes in the challenge mugure out a cryptographic puzzle
(Zhang & Lee, 2020)The puzzle is a hash value convincing the previously
determined conditions. The miners try to find the hash satisfying the difficulty target
value by keeping on changing thence variablgRajasekaran et al., 2022)he

node figuring out the puzzksarliergains the right to build the new block. After the
nonce value is found and requires much computational p@heng & Lee, 2020Q)

the miner shares it with the other nodes, and the validation and verification peocess
start FHnally, the block igntegratednto the chain(Rajasekaran et al., 202Bjigure
2.15illustrates the working principle of the POW consensus mechanism.

Merkle reut|\ [7 adjust nonce | ——————————

timestamp \\
™,

N
previous 3 create a block SHAZ25E

block hash header algorithm
— /’; input

wvarsion /s

/
4
/

NO

block hash
= largel

create a new
block

nonce

00

Figure2.15. The workingmechanism of PoWZhang & Lee, 2020)
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2.2.3.10 Proof of Stake (PoS)

The second most common consensus mechanism is proof of stake. PoS is trying to
deal with the energy consumption problem of P{®dleh, 2021)Compared to

PoW, PoS consumes less energy, needs less processing time, thereferleweed
computational power, and connectedly diminishes the (@aggarwal & Kumar,

2021) Instead of competition of miners in PoW, which is computationally
complicatedRajasekaran et al., 202BH0S selects the stakeholdercteate a new

block (Saleh, 2021) in a randomized w@&ggarwal & Kumar, 2021)Having the

right to create a new block depends on the amount of stakensédéhd ofthe
computational powerZhang & Lee,2020) There are validators in the PoS
mechanismrather thanminers. The participants stake their money for a-pre
determined period to become a validator and create a block. Having a higher stake
means areater chance of being selecteda validatoand developing a new block
(Aggarwal & Kumar, 2021)The puzzle in PoS is the number of coins and stakes
(Zhang & Lee, 2020)The selection probability also depends on the length of time
intervalin which coins are stakdéggarwal & Kumar, 2021)Figure2.16 illustrates

the working principle of the PoS consensus mechanism.

Await for a next
round
competition

addrass of NO
node A

te a block SHAZ56 block hash i ‘\f;‘ YES A t

create a blocl coin age of A= create a new

e - ¢

‘ timestamp header ] algorithm “.block hash / targg./ block
input output

previous
block hash

Figure2.16. The workingmechanism of Po&hang & Lee, 2020)
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2.2.3.11 DelegatedProof of Stake (DPoS)

Instead of creating blocks themselves, in delegated proof of stake, the nodes vote to
select delegates who will produce blo¢keang & Lee, 2020) The weight of votes

depends on the coins staked by the voters; the more coin staked, the more weight of

the vote (Aggarwal & Kumar, 2021)I n t hat way, the voter:
computational power. DPoS like a parliamentary organization. The consensus is
reached based on the stakehol derso6 votes

block, a new election will be plannédhang & Lee, 2020)

NO

( \

. Y
MNodes Vote an »| Candidate ote over 509 ES Delegated
holding stake nodes = nodes O

3

4

Ofi] creates a
block

b

a new block Verified by

Figure2.17. The working mechanism of DPq2hang & Lee, 2020)

A

Delete Ofi]

2.2.3.12 Distributed Ledger

It is a new way of doing business, managing personal data, and tracking products.
BC is the one form oDL technology. ADL is a kind of database located across
different locationgChowdhury et al., 2019nd is shared and synchronized with a
network based on a consensus. To illustrakeapsarecord ofthe whole ownership
history of an asset. It makes the transactfmndicly known ensuringhe network

is against malicious attacks. In other worddDla is a security measure f@C
technology(Raj, 2021)
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2.2.3.13 Smart Contracts

BC has crucial code pieces, which &mown as smart contracts. The ni@ned

codes permit a new sovereigenvironmentthat enhances encrypted logic.
Connectedly, there is no need for a trustable third party in case of using a smart

contract (Erol, Ar, Peker, & Searcy, 2022). Smart contracts are a kind of deal that is

prepared (encoded) in a computer environment and e€atobed on th8C. When

previously agreed criteria are met, they are executed automatically. It has some
advantages, such as reduced contract execution costs, increased speed, and improved

quality of work(Raj, 2021)

pragma solidity @.8.7;

contract VendingMachine {

}

// Declare state variables of the contract
address public owner;
mapping (address =»> uint) public cupcakeBalances;

// When 'vendingMachine' contract is deployed:
// 1. set the deploying address as the owner of the contract
// 2. set the deployed smart contract's cupcake balance to 180
constructor() {

owner = msg.sender;

cupcakeBalances[address(this)] = 100;

}

// Allow the owner to increase the smart contract's cupcake balance
function refill(uint amount) public {
require(msg.sender == owner, "Only the owner can refill.");
cupcakeBalances[address(this)] += amount;

}

// Allow anyone to purchase cupcakes

function purchase(uint amount) public payable {
require(msg.value »>= amount * 1 ether, "You must pay at least 1 ETH per cupcake");
require(cupcakeBalances[address(this)] >= amount, "Not enough cupcakes in stock to complete this purchase");
cupcakeBalances[address(this)] -= amount;
cupcakeBalances[msg.sender] += amount;

}

Figure 2.18. A smart contract determing the working principle of a vending

machine(Ethereum.org, n.d.)
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2.2.3.14 Block and Blockchain

Each block is connected to the next one with encryption tech to resist the alteration

of data. Blocks include a cryptographic hash value offthener block, a fresh

timestamp, and transactiolataor other needed data. The chain of blocks is formed

when multiple blocks are connectedC is a kind of database or a growing linear list

of data records named blocks. It iDa that builds consensus on the history of
transactiondMahmoud et al., 2019)Initiating a new transaction or any record

means adding aew block to the system. Before adding a block to the queue, the

maj ority of the minersd ver (Raasekaraniebn pr e

al., 2022) The verification prerequisites depend on the type@f

Figure 219 andFigure 2.® are preseted here to demonstrate the general view of

block andBC concepts.

Latest BTC Blocks / Chain of Blocks Block Number
. /
Number Hash Miner Mined TxCount Nonce Fill Size Total Sent Total Fees
759968 15m 33s 2679 1728635258 133.50% 1399797Bytes 30,066 BTC 013BTC
42m18s 2230 3709844287 138.07% 1447756 Bytes  6,881BTC 0.048TC
759966 44m 41s 2359 470549622 - 16068% 1684827 Bytes  3,381BTC 0.06BTC
759965 45m 425 3392 1523288075 19975% 1465360 Bytes 30,570 BTC 0:198TC
759964 1h 45m 11s 348 406048676  14444% 1514592 Bytes 29,410 BTC 0.098TC
759963 2h10m 43s 299 3178951792 1158% 121397Bytes  264BTC 0.018TC

Figure2.19. List of blocks and their detai(8lockchain.com, n.d.)
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Bitcoin Block #759,967

Mined on 10/23/2022, 15:00:50 View all Blocks

This block was mined on 10/23/2022, 15:00:50 by Binance Pool. A total of 6,881.10 BTC ($131,798,823) were sent in the block with the average transaction being 3.0857 BTC
($59102.73). Binance Pool earned a total reward of 6.25 BTC $119,710. The reward consisted of a base reward of 6.25 BTC $119,710 with an additional 0.0382 BTC ($731.67) reward paid
as fees of the 2,230 transactions which were included in the block.

Details

The root node of a merkle tree, a
Hash 00000-367¢0 [ descendant of all the hashed 1,447,756
Depth 1 pairs in the tree 0x252a6000
Capacity 138.07% Merkle Root as-cb ]
Distance 1h 42m 3és Difficulty 35,610,794,164,371.65
BTC 6,8810976 Nonce 3,709,844,287
Value $131,798,823 Bits 386,393,970
Value Today $131,838,183 Weight 3,993,499 WU
Average Value 3.0856940090 BTC Median Time Oct 23, 2022, 2:32:54 PM
Median Value 0.01363572 BTC Minted 6.25BTC
Input Value 6,88114 BTC Reward 628822393 BTC
Output Value 6,887.39 BTC Mined an Oct 23,2022, 3:00:50 PM
Transactions 2,230 Helght 759967
Witness Tx's 181 Confirmations n
Inputs 7,668 Miner Binance Pool

" binance/790 BSEW5>Dz>mmA| whGpt;| hXEJ

S:El:uls ;fsizms BTC cobase Em’m""l% EEEEEHE: 'liiw "
Fees Kb 0.0000264 BTC
Fees kWU 0.0000096 BTC
Fee Range 1-152 satfvByte
Average Fee 0.00001714
Median Fee 0.00000624

Figure2.20. Details of a bitcoin block #759,9@&femarked in Figure 29 with a

red box (Blockchain.com, n.d.)

A block includes the Dbl ock numhluesra previ ou:!
timestamp, a nonce value, Merkle root hash vathe,difficulty target value
(Rajasekaran et al., 2022nd more details which can be seefkigure 220. The

hash value can be thought of as a unique digital fingerprint of the added value to the
block. Any alteration in the data leads to an automatic change in the hash value, and
the chain will be disrupted. In other words, it is impossible to change rdaiaei

block or remove any block from tH&C without invalidating later block§Xiao et

al., 2020) The impossibility of removing any appended block fromBRss called

BC finality. The difficulty of forming the same chain again is the underlying factor
for data immutability irBC. BC records are protected against attacks thanks to the
under 51% rul€Chen et al., 2021)herefore, a permanent record of data is possible
with BC technology Documents and entries stored in blocks are open to anyone and
can ke checked at any time to establish data valifiidizbasi, 2021)
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Both the background process of péepeer transactions and the addition of a new
block to the existind3C environment are illustrated iFgure 221. Minerscollect
unconcluded transaction requests, and subsequently, they guess an arbitrary number
called a nonce to solve the cryptographic puzzlaelthe puzzlés solved a new

block will be generated and sent to the network for other fodea p pIf othe a |
nodes verify the new block,will be added to th8C, and all nodesnthewebwill

also add the block to their copy of tBE€ (Raj, 2021)

There is a similarity between the Internet &€ The Internet is a medium for the
digital flow of information, andBC is a medium for the digital exchange of value
units. BC is adigitally distributed network and ledgexhich makes it possible to
transkr assets securely without any central authority. The value transferred can be

tokenized currency, land title, votes, and sqAggarwal & Kumar, 2021)

Verified

’ —l transaction
form a verified
block
—
y |/
& ——————
Requested transaction . .
: Verification

Transaction broadcasted to P2P — A validati
requested network ’ ' and validation

— NN A
NN verifiod

block

Transaction
completed Verified new block added to the already

verified existing blocks to form blockchain
Figure2.21. Transacon flow inthe BC network (Rajasekaran et al., 2022)

The origin ofBC is financial circles and passing through the business environment
(Raj, 2021) Similarly, there is an established view regardB@ s usage ar ea
mainly finance and cryptocurrency. However, the only thing to recordB@a

technologyis not cryptocurrency transactiofidahmoud et al., 2019jt is possible
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to expand the use dBC in severalindustries such as supply chaienergy
managementhealthcare, asset trackinpe Internet of Thingandsmart building
(Zarrin et al., 2021)

2.2.4 Classification of BlockchainTypes

The type oBCis important in terms of thBC6 s ¢ oergiseuature afid working
way of BC network) and utilization. In other words, the level of transparency and

centrality of theBC is affected by the permission type and related acaeds

modification rightsonthe datan theBC( B° c k e | et al ., 2021)
( Classification of
Blockchain /
—— !
( Permissionless ) [ Permissioned )
! _ N S
Public ) ( Private ) [ Consortium )| Hybrid

Figure2.22. Classification oBC types(Rajasekaran et al., 2022)

Permissionless Permissioned

Private
Controlled by one authority

Public Hybrid
No central authority Controlled by one
authority with some
permissionless
processes

(J ()
(e]ol=]
CC

- -

Consortium
Controlled by a group

Figure2.23. Classification oBC types(Wegrzyn & Wang2021)
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As can be seen irgure 222 andFigure2.23, BC is classified into two main parts,

which are permissionle®C and permissioneBC. Public and private blockchains

differentiate in terms of who is allowed to participate in the network, control the

consensus protocol, amdanagethe shared ledgddayachandran, Praveen, 2Q17)

The differences and similaritibgtween these two are listedTiable 22.

Table2.2. Comparng permissionlespermissionedlockchaing(Xiao et al., 2020)

Compared Topics and Explanations

Governance

While permissionless BC can geverned pblicly, permissioned one cg

be governed by a private authority or a consortium.

Participation

In permissionless BC, it igdeto join and leavehe network. However

thepermissioned oneequires authorization.

Node Identity

While the node identity is peudonymousn permissionless BC, it i

revealed in the permisgiedone.

Transparency

The permissionless BC is open to transparency, while the permisg

one may be both closed or open in this regard.

Network Size

While permissionles BC has a drge (thousands or momember}
network size, the permissioned one has a sfeaishundredsmembery

network size.

Network

Connectivity

Permissionless BC has aw level of network connectivityand the

permissioned one has high network connectivity (mostly fully conneg

Network

Synchrony

While permissionless BC hassyachronous /partially synchronoug
networks, the permissoned one hastiplly synchronous/synchronot

networks.

Transaction

In permissionles8C transaction capacity is atow level (tentens) and

Capacity in permissoned ond is atahigh level pft. thousands

Some application examples fpermissionles8C are cyptocurrency,
Application | smartcontracts publicrecordsand Dapp In addition some applicatior
Examples examples for permissioned BC amégi-bank clearing, business contisc

andsupply chais.
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2.2.4.1 Public Blockchain

Joining the publidC and usingBC functions are open to everybofigaj, 2021)
Anyone can reach and participate in the netw®ekticipants capoin andquit the
network at any time without any approval or permission as long as they have a valid
account addres(Rajasekaran et al., 2P2nd Xiao et al., 202Q) These types of
blockchains are fully decentraliz€du & Li, 2022). There is no prerequisite to have

a previous connection with the ledger or to have permission to joBiGheetwork

(Raj, 2021)

Permissionless

node

Peer-to-peer
connection

Figure2.24. Representation of publBC netwak (Perera et al., 2020)

The blocks are publicly visible. Since a copy of B@is distributed to other users,

in case of any alteration in the data can be detected easily using other copies of blocks
(Rajasekaran et al., 2022)espite being a participaim BC networks, voting power
directly relates to oneb6s network resource
wealth, and computation powgéXiao et al., 202Q) Similarly, thefinancial return

from BC is direcly proporional to the contributiorio the consensus proce$3u &

Li, 2022) The purpose of the publBC mechanism is to increase the number of
participants in thdC and nodes taking place in the consensus process as much as
possible. Thus, as participation fretnetwork increases, the number of nodes having

a copy of theBC will also rise. As a result, the security of the network will be
guaranteed automatically. However, despite storing the data using a hash mechanism
and distributing it to all nodes in the tm@rk for security, public institutions,

organizations, and companies may consider using p@ilicand storing their
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confidential data on the network risky. Keepers may break or leak th€Wstgs&
Doj ant e k.innhjssit@ga@oh, & privat®8C form can be utilized to not share

confidential data with alhetworks

2.2.4.2 Private Blockchain

Its application scale is smaller when it is compared to the pBRlidt can be used
in a company or a smaller organization. A permissionagament component is
needed to authorize participants within the system in private blockdpairet al.,
2016) Only authorized, permitted nodes can acce8taetwork and the recorded
data on theBC (Rajasekaran et al., 2022jowever,every node ented into the
network has to obey the rulestbE consensus protocol.

Unpermissioned
node

Peer-to-peer
connection

Private
4—blockchain

Permissioned

Figure2.25. Representation of priva&®C network(Perera et al., 2020)

The entrance into the priva&C is realized with an invitation. Thus, a safe data
record environment is established between the network particigaista &

Doj ant ek InRigure22®, th&8lgptopoperatess a mining nodand the RPI

3b+ runs as a mmal node that shares dafthe creation of a block is very fast,
thanks to the permission criterion limiting access taBB@enetworks. Additionally,

the transactions cannot be seen by all nodes in the network, only permitted nodes can
see them. Identifyig any node engaged in the transaction is easier. Since the number

of nodes permitted to make transactions is limited, despite the enlargement of the
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network, the speed and efficiency BC are not affected by this situation. The
structure of privatdC is centralizedRajasekaran et al., 2022herefore opposite

to the original emergence aim of tA€ concept.

Node3 \
Raspberry Pi 3b+
“”
Node4
Node2 _
Raspberry Pi 3b+\ * / Raspberry Pi Sb\

Nodel Node5
Laptop -Fi Router Raspberry Pi 3b+

RPI nodes

Figure2.26. An exemplary scheme of a priva®€ (Chen et al., 2021)

In a privateBC system, it is possible to permit only the related nodes to access
recorded data. Additionally, the privaB& makes it available to include only the
selected parties in the consensus process among the permitted node. As a result, a
multi-layer and securéata record environment is formed between the included
partiest Ust a & Dojantekin, 2018)
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2.2.4.3 Consortium Blockchain

As seen inFigure 2.23, consortium blockchains are a kind of private blockchains
(permissioned), but there is maingle owner. Consortium blockchains, or as
mentioned in the literature, federated blockchains, are managed by more than one
organization(Voshmgir & Kalinov, 2017)Consortium blockchains make it possible

for participants to@mplete some important, confidential works privately while other
works remain publicly visibl¢Rajasekaran et al., 202Z)rganizations can prepare

their way of communication and can make the desired data visible to related
participantgPerera eal., 2020) Mostly, the banking sector is using consortiB@
Preselected sets of nodes supervise the consorf@mconsensus protocols
(Voshmgir & Kalinov, 2017)

Unpermissioned
node

Peer-to-peer
connection

Consortium
connection

Consortium member

\ network
‘ Permissioned
node

Figure2.27. Representation of consortiuBC network(Perera et al., 2020)

Oneshould bea member of any of the consortium membaetworksto access the
ledger Therefore, the consortiuBC is also permissiongdRajasekaran et al., 2022)
Additionally, a consorttn BCcan determine each nodeds

information in the ledgefPerera et al., 2020)

Table2.3 includesthe public, private, and consortium blockcheomparison.
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Table2.3. Comparng public/private consortium blockchas(Zheng et al., 2017)

Property Public Consortium Private
pert Blockchain Blockchain Blockchain
Consensus All miners Selected set of nodes | One organization
. Could be public or | Could be public or
Read permission Public o e.pu e or o e.pu e o
restricted restricted
. Nearly impossible
Immutability Could be tampered | Could be tampered
’ to tamper
Efficiency Low High High
Centralized No Partial Yes
Consensus process Permissionless Permissioned Permissioned

2.2.4.4  Hybrid Blockchain

As seen in Figure 23 hybrid blockchains are located at the intersection of
permissionless and permissioned blockchains. The hyB€dis close to the

consortiumBC, but the hybridBC integrates the best features of both blockchains.
The scalability of a hybridBC is better since the verification of transactions is

distributed to a group of authorized no@dRgsjasekaran et ak022)

2.2.4.5 Summary of Blockchain Section

To sum upBC is a distributed system. It provides a stable service to nodes that do
not completely trust each other. In general terms, the transaatiergathered by
nodes to build a block encrypted via public keyessage authentication codes,
signatures, and hashing algorithm to supply adequate security. Subsequently, the
approved block igoined to the chain after the verification process, and the
transaction is completed. Mentioned topics aboutBRenetwork areexecuted

within the borders of the consensus protocol on which all nodes agree. All these
works can be completed without any intermediary third party withiB@eetwork.

In addition, all these works can be completed dependably and se@nelgt al.,

2022)
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225 Application Domains of Blockchain Technology

Based on the successful use of this new tech in the cryptocurrency environment,
some other sector leaders also asked about the usabiBt¢ tfchnologyin their

sector. One other factor positively affecting the diffusioB@Gfinto other sectors is

BCO6 mherent relation to monetary issues. As a result, its usage gradually spread to
other domains or sectors. Several studies were examined to invediGate
application areas in the literature. As seeffrigiure 2.28 and Figure 2.29 BC has

various usage arsa

Figure2.28. BC application areafRajasekaran et al., 2022)

Figure2.29. Application areas of thBC (Monrat et al., 2019)
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2.3 Circular Economy andBlockchain Intersection

Both CE andBC are new concepts and are frequently mentioned as different bodies
in the literature. Keepinghaterialsand productswithin productive use as much as
possible in &E-based system is crucidh a CE ecosystem aterials and ducts

are effciently looped back into the value chain upon their ehdse this promotes

thereduction and eliminatioaf waste(Erol et al., D22).

However,forming business models based®©g will require systemic changes and
numerous obstacles to overcorfRitzen & Sandstrom, 2017Material flow,
traceability, and collaboration among suppliers are particularlyciar in
acceleratingCE adoption (Erol et al.,, 2022) Similarly, the main obstacles ®
circular economynclude financial constraints, such as high investment prices and

linear lockins, and a lack of technology optiofi3e Jesu& Mendonca, 2018)

Additionally, several conditions must bsatisfied to mainstream theCE and
overcomeobstaclesincludingthe design and productioof circular product, new
business models, the ability to reverse cycles to recycle or reuse materials, and
underlying system conditions. The needed underlying system conditions are
fundamentally related to technological fields providing information sharing and

collaborationinfrastructurl B° c kel et al ., 2021)

As a disruptive technolog®BC is a distributed platform that can lessen the effects

of challengegowards the proper adoption tfe circular economy (Erol et al.,

2022) BC technologycan satisfy the needed infortitan technology infrastructure

for the successful implementationtbtEeCE( B°® c kel et al ., 2021)

Moreover,BC has the advantages of decentralization, fault tolerance, cryptographic
security, data integrity, and authentication, which esgentiato the CE's digital
transition. In short, the blockchainification of CE might make specific
implementatiorrelated difficulties easier since it assures data ownership, data
sharing, transparency, privacy, and property rights between compdttonsar &
Chopra, 2022)
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On the other hand, the blockchainification of CE also brings some barriers affecting
its practicality and scalability. The barriers t@&-basedCE include policy and
regulatory challenge<ultural and organizational challengesnsensus and smart
contractrelated challengesscalability issues,data managementdata storage
capacity,dataanonymity data privacy, securityfinancial challengesand finally,

lack of skilled workforce regarding this new conc@fiamar & Chopra, 202).

2.4  Integrating Blockchain and Circular Economy in the Construction

Industry

According to the literature, for mainstreaming CE, a number of conditions need to

be met, including designing and producing circular products, developing new
business modelseversing cycles, and ensuring that the underlying systems are in

place to facilitate recycling and reusing mater(aB ° c k e | e The reéded, 2021
underlying systems are fundamentally related to technical fields that supply a
platform for collectingstoring, sharing, protecting, and managing information and
providing secure collaboration. Literature suggests that BC technology can provide

this necessary underlying information technology infrastructure for the CE's
successful implementation. It is wrdtood from this perspective that BC is a
promising technology that can be used beneficially in managing information er data

related topics (Ckelated data) for the successful usage of the CE in CI.

CE tries to preserve the utility and value of any congmt or product. BC
technology helps this process by providing data related to any building component's
provenance or current situation. The predictive maintenance or recovery process can
be executed based on these data. As a result, any disruptibe structure's

functionality can be prevented.

CE aims to minimize waste; therefore, reusing building materials from all fields of
any building is a requirement of CE adoption in Cl. Connectedly, a database

including all recovered or reusable constructiontamnals can be beneficial in
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successfully using CE in CI. The BC has a critical role in this scenario. The data
management in the database can be executed more easily and securely with the

integration of BC in the process.

In addition, CE requires tractippwnership, and waste responsibility. In the linear
economy model, ownership and waste responsibility are also transferred when any
product is sold to any consumer or user. CE tries to track all participants'
responsibilities through any product's lifectsy process, starting from the initial to

the final. In the construction context, when any building, buildgigted material,

or component is sold to other users, CE aims to track the ownership, roles, and
liabilities (e.g, the carbon footprint of any@duct) of all responsible parties through

the entire life cycle process of the mentioned valeer example, the root
responsibility should be tracked if any component includes any toxic ingredient from
its production process. BC technology helps witk thacking process by providing

data security, privacy, immutability, and transparefidye useof BC increases the
enduses0 knowl edge about the construction or
or structure.BC also may help in the managementsapply chain data of ClI

transactions.

Moreover, technological developments in the construction industry, RFID
technology, 3D printers, BIM, digital twins, automation, and robotics) also facilitate
the adoption of BC and CE in the industry. Theseneldyies help to create or
collect data from the buildings or their components. Hence, as the technological
developments diffuse in the Cl more, the amount of data generated through the CI
related processes increases.g( data in BIM projects, planningofware,
procurement data, raw material data, data related to the current situation of buildings

and building materials).

Besides, the diffusion of fabrication and modularization concepts in the Cl increased
the capability of constructors to trace all psses in detail, from the provenance of
resources to the end user and the current situation of final products or building

materials. In addition to the mentioned processes, BIM models of the structures also
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generate datae(g, heat capacity, thickness, igbt, strengthandvolume). As a

result, a vast amount of data is generated in Cl. Based on this vast amount of data
production, somedatarelatedproblems arise. For example, confidentiality, security,
storage, and data transparency are some of thenedMVien, issues related to trust,

data ownership, data sharing mechanism, and property rights are additional

problems.

As a response to all these problems mentioned above, integrating BC into the ClI
provides some solutions. BC provides inclusive, transpareliable material and
information traceability regarding materials’ current state and provenance.
Additionally, BC provides cryptographic security, privacy, and immutability, in a
decentralized environment. It includes smart contraatsl provides the
infrastructure for automatiorAs a result of mentioned properties, it forms trust

between competing CI participants.

Yang et al(2020)statal thatEthereum, Hyperledger Fabric, and R3's Corddhare
three main blockchain platforms. Hyperledger Fabrit Bthereum can be used in
any domain while R3's Corda is suitable only for financial use purposes.
Accordingly, Ethereumand Hyperledger Fabriplatforms can be utilized ithe
construction domainln addition to being one of the most mature blockchain
platforms, Hyperledger Fabrits the first to enable the execution of smart contracts
in several generglurpose programming languagg@sg, Node.js, Java, and Go).
Additionally, Ethereum introduced the smart contract concept to the literature and
smart contacts form the core athe applicability of BC in Cl.It usesthe PoS
consensus mechanism aisdsuitable for both public and private BC applications.
The commonly used script language in Ethereum is ®plfdr smart contract
coding (Yang et al., 2020)The private BC may be selected if the company owner
wants to keep the firm's data private from all participaatsvever, in that case, the
original purpose of BC usag&hich is openness to every participantill be

damagedand a trusted thirgarty, entity comes again
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As an alternativethe public BC will be selected, and all data will be agato all
participants.If there is private information belonging to the firthe owner may
hesitate to use this type of BlD that case,ie hybrid BC which isa combination
of private and publimones may be a solutionin the hybrid blockchain, ertain
individuals within the company can determine whicnsactiorwill be pubic and

which will be limited to a small group of members.

From a broader perspectiveetnumber of studieggardng the integration of BC
enabled CE in the Gk very limited in the literatureAdditionally, the existing
studies in the literature foced on narrow topics like construction and demolition
waste, construction supply chain, usage with digital twins, and plastic waste
recycling. Therefore, the literature lacks a general view of BC aneh@&pted CI.

As it was mentioned in the previous segtimdividual and joint adoption &E and

BC in a general perspectiveRasvarious enablers and barrikmsallengeswithout

particular to any sector.

Although theCE andBC were associated individually with ti@&, their collocated

usage in th€l lacksin the literatureThe relation between the Cl, BC, and CE based

on the studies in the literature can be seen in Figure 2.30. This figure is prepared by
using VOSviewersoftware. Bockchainandconstruction relate@05 studie8§ t i t | e s
were used amput. The separated position of the circular economy can be seen

easily.

The mentioned challenges in the literature can be summarized as follows;
political/governmental challenges, economic challenges, social challenges,
technological challenges, dataated challenges, BC performance challenges,

lifecycle complexity challenges, environmental challenges, standards and
compliance challenges, and finally, organizational challenges. These challenges

have been investigated within the scope of this study.
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Figure2.30. General view of BC, Cl and CE studies in literature

When it comes to the enablecollected from the literaturethe list can be
summarized as followsJsing blockchairbrings enhancedryptograghic security,

data integrity and authentication, data ownership, data sharing, transparency,
privacy, and property rights, incréag the trust between thel€s competi ng
participants (Hunhevicz & Hall, 2020and Shojaei et al., 2021)Improved
communicatio, innovative business models, new regulations and incentines,

educating industry stakeholders can be added to the list of enablers/drivers.
Moreover, there is a possibility of increasing competitive advantage for construction

firms in the case of adopting CE and BC technologies.

These enablers and barrieadfect the adoption behaviorof CI participants
Thereforeunderstandingnd being aware dhese enablers and barriersaigritical
issuein the adoption of CE and BC in the.@lthe CI participants are aware of the
BC and CE concepts, they would think abbaw they could adopt these concepts

in their works, and so they would investigate the enablers and barriers of adoption.
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A detailed investigation of awareness levels of CE and BC concepts in the
construction sector, as well as their enablers and bawiadoption in that industry,

has not been conducted.

Thereforethe objective of this study is fidl that gap. Additionally, the enablers
and barrierswhich were notdentified inthe Cl literature areassociated witlthe
construction fieldvithin the scope of thistudy. The approach and methodology are
explained in th@extchapter.
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CHAPTER 3

METHODOLOGY

In the previous chapter, a comprehensive literatewveew study was carried out on

BC, CE, and their usage in tli&. TheCEandBC are explained in detail. Next, brief
information is given about the application domairB@f technology including the

Cl. Finally, thepositionof BC and CE integration into theCl in the literature is
depicted.The need for identifying the enablers and barriers of CE and BC in the ClI
is presentedThis chapter explains the design of the methodology based on the

literature reviewand the survey study.

3.1  Details of the Methodology

This research examines the factdraltenging and enabling the transition to B@
and CE-adoptedCl. To understand this transition process in detail, the importance
of factors (enablers and barrierg}rievedfrom the literaturevas requested to be

evaluated by professionals in tBéand several constructienelated sectors.

The thesis methodology includes sevenst€pe roadmap of the methodology can

be seen in Figure 3.1.
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( Literature review )

Determination of barriers Determination of enablers
and preparation of barriers list and preparation of enablers list

Synthesising barrers and enablers with TOE framework
and preparation of final enablers and barriers lists
(TOE: Technolgy-Organization-Environment)

Designing the questionnaire

Receiving permission of The METU Human
Researches Ethics Committee for the suvey

Conducting the suvey study and consulting
participants for the study/survey process

Collection of questionnaire results
and analysis process

Figure3.1. MethodologyRoadmap
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3.1.1 Determination and Categorizationof Barriers and Enablers

This section explains the details of StepStep2, and Step3, which are about
determning andcategorimg enablers/barriersand preparingthe final enabler and
barrier lists.

Stepl: The literature was reviewed to determine enablers and barriers a€Both
andBC technologyusage in general anah particula, to the Cl.

Step2: The lists of specified barriers and enablers were prepared. Eatberiers
from the literature were named shhrriers. Nextsubbarrierswere grouped into
categories of barriers.

Step3: Since @ablers and barriers must be identified and categosizgdmatically

the developedlists of barriers and enablers wemynthesized regarding the
Technolog- Organizatim-Environment(TOE) framework (Oliveira & Martins,
2010) As a result of this process, the final lists of enablers and barriers were

prepared.

3.1.1.1 Details of Literature Search Process

The details ofthe literature search processe demonstrateth Figure 3.2.The

literature review process was carried out by searching the predetermined words in

the web of science database. The keywords searcheevefa ficircularity, 0
fisustainability fblockchain f@construction a n & ufi | d i nTpeéeach thasans
words and not mi ss any r eluasttead namdbu dly t y @
ficircularity,0 wh i ¢ hsusdaime aftirdularfdo wer e e X a sutaine @ . Th
ficircular, @ n @ | @ ¢ k ovbrdsiweré accepted as the backbone words of the
researchand t he t e conmssuctiom | athidIi dvas degivied through

the search processcoffser aebiudkaciethigd ds f c
wo r uwld, MAEC, dabuilt, darchitect éstruct, éhous, éhome dfacil*o ,

fisite @assembly écivil, émodularo
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Key Words

circulanty, sustamability
blockeham, construction. building

Database
Web of Science

Document Type
Article
Review article
Early Access

Book Chapters

Web of Science Categories

Computer Science Interdisciplinary Applications
Green Sustainable Science Technology
Ceonstruction Building Technology
Engineering Multidisciplinary

Engineering Civil

Management
Busingss
| Search-3 | | Search-4 | | Search-5 | | Search-§ |
1 % 1 mE 1 £3
Sustain® Sustain* Circular* Cirlar® Calar” - fuchiteet) st Archiec
. L . . Build* Hous*| | Buld* Hous*
Construction Buldng Consfruction Building Comstruction  Home||Construction  Home
7 1% ares i*
Blockchain Blockchain Blockchain Blodduin  |lon’  geeliont ) Tl
Civil* Modular AEC||Cwvil* Modular A.Ea

Duplicate articles were removed

Reading the titles, abstracts and keywords of remaining papers
Outside of scope papers were removed

Reading full papers regarding;

Investigation of whether blockehain and circular economy were used together
Examination of whether blockchain and circular economy were used together in the construction sector
Collecting challenges barriers, and enablers in uging blockehain technology and eircular economy individually
Collecting challenges,bariers, and enablers of using blockehain technology in application of circular economy on construction secior

Addition of blockchain specific papers

-gatherad from the reference list of previously investigated articles
-collected as a result of blockchain related technical terme

Addition of circular economy specific papers
-gatherad from the reference list of previously investigated arficles
-collected as a result of circular economy related technical terms

Figure3.2. Literaturereviewproces
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Additionally, if they were related to ththesis topic, some articles from the
referencesi$t of the investigated articles were also included in the study. During this
process, many original websites and many other search engines like Mendeley,
Scopusand Google Scholar were also utilized. Tharsh steps and queries written

to the web of science search enganeexplained below.

Search 1: Sustain*, construction, and blockchain terms are searched. The following
formula was entered into the web of science database to examine mentioned words

togeher.

fiSustain* (Topic) AND construction (Topic) AND blockchain (Topic) and Article or

Review Article or Early Access (Document Types) and Construction Building
Technology or Computer Science Information Systems or Engineering Civil or
Green Sustainable #mce Technology or Computer Science Interdisciplinary

Applications or Engineering Multidisciplinary or Business (Web of Science
Categoriesd

Search 2: Sustain*, building, and blockchain terms are searched. The following
formula was entered into the websafience database to examine mentioned words

together.

fiSustain* (Topic) AND building (Topic) AND blockchain (Topic) and Article or
Review Article or Early Access (Document Types) and Green Sustainable Science
Technology or Business or Management or Comp@cience Interdisciplinary
Applications or Engineering Civil or Construction Building Technology or

Engineering Multidisciplinary (Web of Science Categories)
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Search 3: Circular*, construction, and blockchain terms are searched. The following
formula was entered into the web of science database to examine mentioned words

together.

ACircular* (Topic) AND construction (Topic) AND blockchain (Topic) and Article
or Review Article or Early Access (Document Types) and Construction Building
Technologyor Engineering Civil or Green Sustainable Science Technology or
Management (Web of Science Categodies)

Search 4: Circular*, building, and blockchain terms are searched. The following
formula was entered into the web of science database to examine reéntiorls
together.

fiCircular* (Topic) AND building (Topic) AND blockchain (Topic) and Article or
Review Article or Early Access (Document Types) and Green Sustainable Science
Technology or Management or Engineering Civil or Construction Building
Technologyor Engineering Multidisciplinary or Business or Computer Science

Interdisciplinary Applications (Web of Science Categodes)

Search 5: The following formula was entered into the web of science database to

examingthewords mentionetbgether.

ficircular* blockchain construction (Topic) OR circular* blockchain build* (Topic)

OR circular* blockchain AEC (Topic) OR circular* blockchain built* (Topic) OR
circular* blockchain architect* (Topic) OR circular* blockchain *struct* (Topic)

OR circular* blockchain hos (Topic) OR circular* blockchain home (Topic) OR
circular* blockchain facil* (Topic) OR circular* blockchain site (Topic) OR
circular* blockchain assembly (Topic) OR circular* blockchain civil* (Topic) OR
circular* blockchain modular (Topic) and Articler Early Access or Review Atrticle
(Document Types) and Green Sustainable Science Technology or Management or
Business or Computer Science Interdisciplinary Applications or Construction
Building Technology or Engineering Civil or Engineering Multidiscipiyn@Neb of

Science Categorieg)
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Search 6: The following formula was entered into the web of science database to

examinethe wordamentioned together.

fisustain* blockchain construction (Topic) OR sustain* blockchain build* (Topic)
OR sustain* blockchain AECTopic) OR sustain* blockchain built* (Topic) OR
sustain* blockchain architect* (Topic) OR sustain* blockchain *structur* (Topic)
OR sustain* blockchain hous* (Topic) OR sustain* blockchain home (Topic) OR
sustain* blockchain facil* (Topic) OR sustain*dakchain site (Topic) OR sustain*
blockchain modular (Topic) OR sustain* blockchain assembly (Topic) OR sustain*
blockchain civil* (Topic) and Article or Review Atrticle or Early Access (Document
Types) and Green Sustainable Science Technology or Managentunsiness or
Computer Science Interdisciplinary Applications or Construction Building
Technology or Engineering Civil or Engineering Multidisciplinary (Web of Science

Categoriesd

3.1.1.2 Details of TOE Framework

The TOE (Technolog¥rganizatiorREnvironment) famework wagormedby Louis

G. TornatzkyandMitchell Fleischelin 1990(Oliveira & Martins, 2010)According

to the TOE framework, three particular determinants affect the adoption of any
technology in anorganization (Baker, 2010) To illustrate, technological,
organizational, and environmental factors determine theadopton and
implemertation dynamics oftechnological innovation in a businesk the
technological context, blotinternal and external technologies are considered,
including currenapplicationsand equipment within the company, as well as external
technologies availableAn organization's context includes measures such as its
scope, size, and management struc#ineorganization's environmental context can
be defined as the environment in which it operates, the industry in whiatsiits

competitors, and what deals it has with the governif@inteira & Martins, 2010)
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The TOE modl was used to demonstrate the adopticglextronic data networking,
e-business inter-organizational systems, and open enterprise system
Manufacturing, health care, retail, wholesale, and financial services have all used the
TOE model to explainnovation adoptin. Technological changes, organizational
changes, and environmental changes all influence the way an organization identifies,
searches for, and adopts new technol¢Bgker, 2010) Therefore,the TOE
frameworkwas usedas a systematic wan this studyto classify thebarriers and
enablers (adoptiofactors) of blockchain an@E adoption

3.1.2 Survey Study

This section gives brief information about the remaining part of the thesis in 4 steps:
Step 4, Step 5 and &t 6, and Step 7These steps contain the preparatiand
application process dhe survey study, the structure thfe conducted surveyand

theanalysis of survey results.

Step4: A survey was condiiedto determine the importance of each predetermined
barrier and enabler in the transition to 8€ and CE-adoptedCl. A survey was
conducted by using final lists of enablers and barri€h® surveypreparation

process includes the following steps.

- Initially, a survey draft was designed and proposed to three professionals to
receive feedback regarding the content and cohesitire efirvey draft.
- Based on the commentke needed editions were completeahd the final

form of the survey was prepared.

The tageted set of participants includes experienced persons irCkhand
constructiorrelated sectors, such as academicians, engineers, architects, and
consultants. In the first step of the survey, the participants were asked to enumerate
their personal opinins using & to 5 Likert scale regarding the importance of each

barrier and enabler in the transition to Bfeé andCE-adoptedCl. In the second part
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of the survey, the aim is to evaluate the effects of the main enablers on the main
barriers listed in the literature. The participants were asked to share their personal
views using a 0 to 5 Likert scale regarding at which level the enablers in thetaerat
alleviate the barriers regarding the transition toBkksupportedCE. As a result,

the survey's final results were presented using descriptive statistics.

Step5: The permission of the METU Human Researches Ethics Committee was
received forthe survey study (Permission protocol numbef0970OD T UK A E K
2023).

Step6: The survey was distributed to the professioaala connection linkia E

mail, LinkedIn, WhatsApp SMS and Instagranplatforms

Step7: The survey results were collected via the previously sent link. Then the

survey results were analyzed afiscussed

In this chapter, the design of the methodology was explained based on the literature
review and the survey study. The methodology usethenthiesisandthe survey
detailswere explained. In addition, the properties of the TOE framework and its

usage areas were examined.

The next chaptedemonstreesthe literature review findings completed within the
rules mentioned in this chaptéhe findings of the survey studdndthe discussion

of thefindings
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CHAPTER 4

FINDINGS

This chapter includes thesultsof the literature revievand survey studyn the

enablers and barriers of blockchain and circular econwithyn the construction
industry.First, this chaptecategorizeshese enablers and barriexscording to the
TOE framework Then this chapter presents tl@@nductedsurvey findingsand

relaed discussions

41 Enablers andBarriers

411 Barriers

Synthesized barriers are categorized according to the TOE framework. Firstly, the
technological context is handled. Within the technological cond&subbarriers

are grouped undetl barriers. The prepared lstlso depict the scope of the
technologial barries (whether the barrier is only related @E adoption, BC
adoption, or both The barriers in the technological context are as follows;
responding capacitselated challengesbusiness use case challenges, existing
infrastructurerelated challengs, BC limitations and requirementglated
challenges, dateelated issues, traceability, transpareranyd immutability issues,

BC compatibility, availability, and interoperability challengeBC complexity
related challenges, ownership and liabilityuss, contractual uncertainty issues,
BIM and BC integration challenges. For detailed lists and more information about

subbarriers, please see Appendix

Secondly, the organizational contexeiaminedWithin the organizational context,
30subbarriersare grouped undébarriers. The prepared lists also include the scope

of the organizational barrie(@hether the barrier is only related@& adoption BC
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adoption, or both The barriers in the organizational context are as follows;

operational and supply chain risks which companies may face during the adoption

process, inertia in businesses to proposed changes, financial reselatssbissues,

lack of awareness and lonvapg t i ci pati on of company member
change, lack of organizational and business model readiness. For detailed lists and

more information about stibarriers, please see Appendix

Thirdly, the environmentalcontext is investigated Within the ervironmental
context47subbarriersare grouped undéibarriers. The prepared lists also include
the scope of thenvironmentabarriers(whether the barrier is only related @&
adoption,BC adoption, or both The barriers in thenvironmentakontex are as
follows; uncertain and insufficient regulatigriack of knowhow/proper vision and
incentives lack of supply chain supportustainability vs profit paradox lack of
awareness and understandmegardingBC and CE, resistance to chaeg lack of
community support and customer readin€dsharacteristicthe complexity of the
recycling process tracking difficulties of materials the environmental and
ecological burden oBC, gandards and compliance issuesr detailed lists and

more information about stibarriers, please see Appendix

41.2 Enablers

Synthesizednablersare categorized according to the TOE framewwvkhin the
technological contextl7 enablers/driverare listedIn addition, 7 enablers/drive

are listed in an organizational contekinally, in the environmental context, 5
enablers/driversare listed The prepared lists also include the scope of the
technological organizational and environmentiablersWhether theenablersare
only relakd to CE adoption,BC adoption, or both For detailed lists and more

information aboutnablers and driverplease see Appendix
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4.2 Enablers andBarriers

42.1 Responding Capacity

This barriens aboutthe ability, effectiveness, and feasibil{tfuang et al., 2022)f

CE andBC in solvingCl-related problems. It refers to the possible insufficiency of

BC6s technol ogi cal capabilities in ensuri
and so insufficiacy in forming trust between different sector segments. Since they

are new concepts, the immaturity and required time to be adopted appropriately
(Chaudhuri, Subramanian, & Dora, 2022; Santana & Ribeiro, 2022) are fundamental
challenges for bot@EandBC implementation in th€l. This immaturity negatively

affectsthe CEandBC's ability, effectiveness, and feasibility.

On the other hand, the ability and effectiveness of BC in adopting CE have also been
examined in the literature as enablers/driverattoption. The details are presented

under the following topics.

- The resilience ofthe BC network when one or more participaatg unable
to perform(Shojaei et al., 2021)

- UsingBC eliminates the need for a trustable third party for all transactions
and contributes to reducingransaction cost§ B ° h m8chwkatert et al.,
2022andRejeb et al., 2022)

- Provided decentralized environment, disintermediation, immutability
enhanced securityand privacy build trust for the sector participaatsd
increase interoperabilitfRejeb et al., 2022)

- Due to the immutable, tampeproof, and distributed data structyre
responsible production regarding CE becomes possibthi¢ed harmful
compoundsindreduced emission levéls B °© h m8chvkatert et al2022)

- Smart contracts provide automaion in contractual responsibilities and
increase the trust betwesectorparticipantgRejeb et al., 2022)
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- Technolgical advancementsn information sharing, collaboration, and
feedbackrich systems contribute to B&nd CE's increased responsiveness
(Khan et al., 2022ndRejeb et al., 2022)

- As big data and data analytics are used to create databases for reusable
components, blockchain has become more usable in the construction industry
for CE implementatiofCruz Ros et al., 202hndKhan et al., 2022)

- Enhancements in the utilization of technologies such as BIM, process
digitization, digital and 3D printing, the internet of things (loT), automation,
robotics, and Industry 4.0 in the construction seittorease the usefulness
of BC in enabling CE adoptidiiKhan et al., 2022ndRejeb et al., 2022)

422 Business Use Cases

RFID (Radio Frequency Identification) systems are tools used to identify objects
individually using radio frequencies. In tk#, the use bthis technology has been
examined limitedly for tracking components. The sector includestliversity of
products,ncluding concrete aluminum glass, woodandwater. RFID technology

can be a good enabler in adopting @teby making it capable dfacking the origin

of any member or product used in tBé& Therefore, extending the use of RFID
systems among supply chain partners and increasing the accuracy and effectiveness
of the system is a need and a challef@pntana & fbeiro, 2022)or the successful
adoption of theCE in theCl.

Additionally, tracking all construction activéts is a challenging issue with RFID
systems due to inherit properties of the industry. Despite its challenges in the
adoption process, ithsuld be noted that managing suctiaatvolume of product
movement can be simplified and made manageable by utilehgechnologyin

the CI activities. The BC platform can provide comprehensive, transparent, and

reliable material traceability and infoation trackingegar di ng t he mater.

sources and their current st§&hojaei et al., 2021)
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The CE requires the reuse of components, and most of the time, making building
residuals reusable is challenging due to material recoverability and composition
(Charef & Lu, 2021) In addition, technological challenges also existéparate
construction materials and recover them into the cycle again. Connectedly,
difficulties in disassembly operations and safety (Erol, Ar, Peker, & Searcy, 2022;
Dulia, Ali, Garshasbi, & Kabir, 2021) are important challenges for the adoption of
theCE in theCl. Additionally, the existing buildings were not desigfien the CE

point of view.

4.2.3 Existing Infrastructure -Related Topics

Current systems may cause some barriers to the successful implementati@Eof the
andBC in general (Huang, Zhen, Wan§,Zhang, 2022Magrini et al., 2021). To
illustrate, adoptind3C technologyrequires stable and fast internet access. In detalil,
the lack of existing technical infrastructure, bandwidth, and connectivity is a
challenge for the adoptio{ B ° h m8chwatert et al., 2022) Thus, BC
implementation in the supply chain faces challenges related to performance and
scalability(Huang et al., 2022)

This situation is valid for all sectors.The CI participants use the same
communication infrastructuneith other seairs. Hence, this general barrieraiso

in effect for using BC and CE in the.@\s a result, there is a need to develop existing
communication networkgTeisserenc & Sepasgozar, 202Ipnnectedly, sincBC

is an infant technology, rapid and continuous developments are expected of it.
Therefore, integratin@C with legacy systems is challenging due to its continuous
developmen{Rejeb et al., 2022)ntil it matures. Connectedly, technology update is

a necesary factor for a successfBIC-enabledCE application regarding being able

to access the data at any ti(@haref & Lu, 2021)
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4.2.4 Blockchain Limitations and RequirementsRelated Challenges

Adopting BC highly requires computing egqument (Teisserenc & Sepasgozar,
2021)and high computing power. AdditionallBC technologyrequires specific IT
(Information Technology) infrastructure that may affect supply chain members'
adoptionbehaviourand intent to se(Kouhizadeh et al., 2020Yloreover the limited
storage capacity @dC is anotherchallenge. Adopting BC-supportedCE requires

the entry of data received through the life cycle of construction projects. Most of the
time, the data collected from consttion projectsequirea high storageapacity to

be kept However, due to the limited storage capacity oBeless critical data are
stored out of th&C, while more critical data are anchored to B (Teisserenc &
Sepasgpar, 2021) As a final comment, it has to be noted that the mentioned

requirements are costly and need intensive investments.

425 Data-Related Issues

It is important to note th&C technologys still in its infancy, even thoughshares
information very securely and reliablpopulaBBC applications have suffered from
system failures and reblife attacks. As a result of these failures and attacksous
guestionswvereraised about theuseptibility of BC in other businesBameworks
including supply chainfKouhizadeh et al., 20207 o illustrate, public blockchains
in which a few individuals control most of the network's computing pcaver
susceptible to attackd51% Therefore, th@ossible insufficiency dBC in security,
privacy, and tampeproof data requirements for industries, including @leis a
challenge for adoption. These data requirementssetrbecause of theensitive
content of information stored in tH&C (e.g., companies' customer informatipn
(Rejeb et al., 2022)

In addition, data reliability, accessibility, availability, and management are essential
factors for the acceptance and use of sustainable approaches in condi@icien
& Lu, 2021) However, false and incomplete data entry in the BC environment
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causes issues in the authentication and trustworthiness of théTdatserenc &
Sepasgozar, 2021The nature of the ClI is prone to such false oonmglete data

entry.

The false information entry problem in the BC is the only challenge that has been
debated more in practice than in research and has been addressed more frequently in
practice. Therefore, an outside validation and certification procesgeagessary
(B°ckel efdr a sudcessful Eebabléd) CE.

4.2.6 Traceability and Transparency Issues

The construction supply chain lacks transparency and traceability due to the high
number ofsectorparticipants anghortperiocs. Therefore, shifbhg Cl throughthe

CE model requirestraceability, visibility, and transparency of information and
components(Teisserenc & Sepasgozar, 202By providing a decentralized
platform, BC technologyenhances supply chain transpageand empowers firms

to move towardshe CE model. HoweveralthoughBC aims to anonymize users'
identities througldigital signaturestransactional securityia cryptographystays as

a challenge.

In addition, data privacy issues can aris®{@+based iter-firm data management

and control contexts. Informatidmelongingto company assets and resources may
be considered confidential and sensitive. Therefore, sharing d&& ¢an bea risk
(Rejeb et al., 2022)in other wordsBC can increase transpamnand solve the
problem of supply chain traceability. Still, it can also share crucial information that
companies may be hesitant to share with others. Sharing infornieneparerty

for sustainability poses a severe conflict witk pinotecton of conpanyknow-how

and intellectual property rightSimilarly, transparent information sharirlgads

firms to lose theicompetitive advantage. For instance, some businesses might not
want to share specific sustainability performance data and methodologies
(Kouhizadeh et al., 2020)
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Therefore, here is resistance to a high level of transparency among supply chain
actors; for example, product content transparency is a critical issugolemerting

CEto see the properties tife producs (Charef & Lu, 2021)However, firms may

not volunteer t o s hAsaeesult, thadeterminatiah ofcabh 0 s
appropriate level of transpargnwithin a network of partiegs acritical challenge

in the use oBC for the CE. (Kouhizadeh, Zhu, & Sarkis, 2020; Wang, Singgih,
Wang, & Rit,2019). This situation is valid f&Zl companiess well.

4.2.7 Blockchain Compatibility, Availability, and Interoperability

Challenges

Under this topic, some areashere BC application in theCE has shortfalls are
discussed item by item. All challenges mentioned below can be facedBthen
technologyis applied inCl.

-The tools and applications are needed B& to increase its conveniemcand

comfort among uset$ovindan, 2022)

- BC has a low throughpuwhen it iscompared to centralized databases, so high
latency can be a problem BC adoption. To illustrate, a key issue with an integrated
ecosystem is @t BC could not be as resilient as needed in terms of latency and data
throughput A high number ofbusiness transactions made by companies regarding
CE practices may somewhat hind&€ performance. Therefore, low scalability and
high latency may raise concerns about the feasibili§®in the CE (Rejeb et al.,

2022) It has to be noted that if a system is scalable, the latency should not go up as
the transaction traffic on it increase

-Businesses prefer private (permitted) blockchains over public ones due to privacy
concerns and a reluctance to reveal sensitive information. However, this limits
transparency and visibility's primary benefits and advantages. This is a significant
chalenge forBC to be used irCE practices. Establishing specifiodesto protect
legitimateCE activities andimit maliciousmembersand potentially inappropriate
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behaviourmay drive businesses to select public ones to benefit full advantages of
BC (Rejebet al., 2022)

- The ability to integrate different information systems, applicatiansl devices
within and across the enterprise to access, share and share stakehoideatlath
interoperability. Interoperability issues are mainly related to theompatibility
between existingolder) and new systems. The valueB& could be limited, and its
adoption could be hampered if the systems of variOlsstakeholders are not
aligned. BC's full benefits can only be realizedhen the platforms used by
bushesses are interoperablacreased interoperabilityeduces the time between
circular economyprocesses, speeds up ordering, transferring, and paying, and
ensures that products move on time efficier({fRejeb et al., 2022)

-The complexity ofBC is anotler challenge for adoption in theE. It may be
difficult to grasp new technology, and many problems would be fatéd using

BC can be preventedby continuing to usdraditional information systems and
databaseBNang et al., 2019Many people are also unaware of its complexities and
implications(Hunhevicz & Hall, 202Q)This also makes it challenging for the whole
supply chain to embrace the technology since it introduces numerous new concepts,
such @ public key, private key, and cryptograptijuang et al., 2022Moreover,
implementing blockchains may overcomplicate the current supply chain architecture
(e.g, process delay and ease of use problefRgjeb et al., 2022)Therefore,

adoptingBC may bein second place for éhClpartners regardinGE adoption.

4.2.8 Legal and Contractual Uncertainty Regarding Circular Economy

and Blockchain

Various factors influencing the implementation othe CE in the CI regarding

contractual topics are mentioned below.

-Ealy selection of contractors and manufacturers through planciegign and

construction stages regarding CE requirements. Contract modifications to
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incorporatethe CE perspective. Changes in the tendering and procurement phases
per CE perspectivéCharef & Lu, 2021)

-Choosing IPD (Integrated Project Delivery) and other project delivery methods
paving the way for aollaborativevork environmentintegratingCEinto contractual
requirements and assigni@de consultants to helwith the desigr{Cruz Rios et al.,
2021)

-Cost sharing among stakeholders to reduce the individual cost of maintaining the
CE repository(Shojaei et al., 2021)

-Circular Product Design: slowing resource loop, enforcing sustainable procurement
alignedwith the CE (Khan et al., 2022Cruz Rios et al., 2021pBmart contracts can

be used in sustainable construction material procurement peacd$e smart
contracts can be coded in such a way that the payments of procured products can be
executed if the products satisfy thastainabilityprerequisites determined in the

smart contracts automatically.

-The ehanced quality of lifeideas through sustainabtly increases clients'
motivation for a circular building from the initiation of the design proog&mters,
2020andB ° h meSchwafert et al., 2022 herefore, clients may change their

preferences in faww of contractors specialized in CE topics in domgion.

As seen in the aboygointedenablersCE adoption requires changes in the way of
working and causes some shifts in the roles and responsibiliti€s pértners.

Connectedly these changes cause contractual uncertainties regdidgption.

Similarly, when BC technologyis integrated as a catalysh CE, it brings some
changes as welRs a disadvantag&C adoption has disrupting effect on existing
contractual conditions. MoreoveBC impacst the Cl participant®  w aworkiogf
due tosmart contracts. The smart contracts which emergedB(tadoptionwould

automate contractual responsibilities agindrease the trust betwe@h participants.

However, a lack of regulatory or institutional support for the effective enforcement

of contlacts is a challeng® the successful applicationf BC. There are legal
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insufficiencies regarding the use of smart contracts as Wae#lrefore, randated,

clearand,complete directions are need@gbuhizadeh et al., 2020)

In addition, sinceBC is a newtechnology, it is not well known, and there are few

BC and smart contract developerfierefore BC technologymust be supported by
predefined standards, regulations, and effective governance structures to prevent
conflicts and clarify actions.

4.2.9 BIM and Bl ockchain Integration Challenges

BIM representsligital innovation inthe constructionindustrysinceBIM is at the
heart of data managemenmtformation sharingand collaboration By integrating

BIM and BGbased intelligent contracts (iContracts)is possible to eliminate the
trustproblemin data transactia An iContract would rely on angeneratea lot of

data transactions, aC is a possible solution to eliminate the trpsiblemrelated

to that dataMcNamara & Scpsgozar, 2020)BIM Level 1 and Level 2 have a
centralized structure and are prone to cause the formation of data silos, while BIM
Level 3 is more collaborative but stiflorkson centralizedlatabasegleisserenc &
Sepasgozar2021) Therefore, BC-basedicontracts can successfullpombine
contractualinformation with BIM Level 3 (McNamara & Scpasgozar, 2020h
addition, the security and transparency ofitifermation producedhrough digita

BIM models can be increased BZ integration. Henceyith the integration of BC,
thecredibility of construction projecend the collaborative work conditigmovided

by BIM can be improvedFigueiredo et al., 2022From the CE perspective,
ensuring @ta accessibility and availability regarding assets and materials is
important forthe successful execution @E (Charef & Lu, 2021)Thereforeusing

BC toenhane the security and traceability of dateeated in the BIM environment

is critical for adoptinghe CE in theCl.

Despite the mentioned advantages of usifig some challenging topics also exist.
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-Unclearroles and responsibilities / Lack of enforceabilita ftindamentabbstacle
sinceit is difficult to determinevhois accountabléTeisserenc & Sepasgozar, 2021)
To illustrate, who owns the model; who has the right to nma&difications; who
has the right to distribute; who will be accountable for altgrationsor problems
how to protectcopyright anddigital intellectual property; difficulties in risk and
reward allocatiorfTurk & Klinc, 2017)

-A high computational power is needed to add the data generated in the BIM

environment on thBC (Figueiredo et al., 2022)

-The data value chain in ti& is fragmented in data sil@nd this situatiofimits
collaboration and data sharing. To iliae, thedata produced in theIM modd is
currentlykeptin data silos containing different models and versions. In addBiGn,
technologyhas some issues regarding storage and scalability to run the BIM model
entirely on theBC environment as a decealized application(Teisserenc &

Sepasgozar, 2021)

4.2.10  Operational and Supply Chain Risks

The CE concept and BIM application in th€l require cros®rganizational
collaboration and coordination among sector particip@@stechnologypaves the

way for collaboration regarding data context. However, hurekated topics
establishing croserganizational collaboration and coordinatiare challenges for
adoption(Erol et al., 2022)In addition, the mentioned organizational collaboration
and coordination may not be achieved when it is handled from a global perspective.
There are several reasons for it, such as poor information technsystgms,
information sensitivity, poor planning of activities, poor supply chain management,
supply chain inefficienciegTeisserenc & Sepasgozar, 202Bnd integration
competition among supply chapartnes (Bressanelli etl., 2018) Anotheritem

that confuses sector participants is an increased risk of codependency for different
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organizations or firms when adoptiBg in the CEenvironment(Upadhyay et al.,
2021)

Moreover, uncertaties regardingguantity, mix, quality,time, and place ofthe
products which are at theandof-use and quality degradation fear regarding @ie

are importanichallengs for the adoption of th€E (Bressanelli et al., 2018nd

Dulia et al., 2021)To illustrate, the uncertainties in mentidrfeelds decrease the
economic profitability and cause problems in the capacity planning of companies.
As a note, illegal disposals diminish the number of collected materials for recovery

and form a challenge f&@E application(Bressanelli et al., 2019)

Finally, the current building stock was not designed consideringQBeand
deconstruction perspectiveConnectedly, applying CE principles under this
conditionrequires much morgime andan intensive laborforce for the applicant
company This will increase the cost dhe activity and lead to delays in the
previously planned work schedylelghaish et al., 2022Therefore, the adoption of

CE principles will be hampered.

4.2.11 Inertia in Business to Change

A suitable environment and opennessharge are needed for a possible transition
to BC and CEadopted CI. However, the Cl is closed to any change in the way of
working. In other words, any change in the industry diffuses very slowly, and the

industry has an inertia to change.

SinceBC has a dcentralized structure, for the transition B@supportedCE, the
companies should change their organizations from a centralized one to a
decentralized oné B ° h m8ctvkatert et al., 2022)Additionally, they should
review their business model from dar to circula and revisit their way of
production or servicingRejeb et al., 2022All these required changes mean a shift

in corporate culture, which is not an easy decision and may hamper the transition

idea. Unfortunately, all these mentioned changed being open to changes have a
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cost for firms, workers, and supply chain partners of the compéldpesihyay et
al., 2021)

Moreover,a change irthe business processes is required to be executed before the
new technology implementatiofsantana & Ribeiro, 2022) o be tried the new
system, the business process should be prepared. Connectedly, the lack of
organizational policies to adoC technology(Santana & Ribeiro, 2022)auses

some challeges in preparing the business process before ado@i@emabledCE.

Disruptive technologies like BC require a preparation process for the desired change
in the way of workingDespite the mentioned challenges and inertia in the business
adopting disruptive technologies like BCalso an opportunity and an enabler for
devdopment. During the BC adoption proce$sms can create an innovative
business modelvhich increasesoperational efficiencieg¢Rejeb et al., 2022nd
Kanters, 2020)

4212 Financial Resources and CosRelated Issues

As mentioned in the previosection digitd technology adoption cannot be thought

of without operating, adoption, investment, and increased energy costs for all sectors
(Feng et al., 2022)ncluding theCl. Adoptingthe CE may cause a time mismatch
between revenues and cofBsessanelli et al.2019) Since being a new market,
revenue uncertainties, high investment costs, and lack of appropriate business
models hinder the adoption of tB&-supportedCE. Although theCE proposes to
develop economic values thanks to eliminating waste and sawagroesdue to

the mismatch between income and expdgBsessanelli et al., 2019and revenue
uncertainty, there is little evidence of financial benefits in the short period. This
situation is an important challenge for the adoptminthe BGenabled CE

perspectivédKouhizadeh et al., 2020)

Considering the issues mentioned above, any sector participant, includi@g, the

will feel unwilling to take the initiative anchakeinvesinentsin new,high-cost and
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unprovertechnologies. The mentioned unwillingness causes a scarcity of successful
commercial applicationg B ° h m8chvkatert et al., 2022)Connectedly, the
scarcity of successful business models and-lifealexampleswill reduce the
knowledge of sector partiagymts on costs and resources to implenf&avindan,

2022)

As a final note, the higher price difference between virgin and recycled products is
a major challenge for adoptigulia et al., 2021)In addition, due to uncertain
demand for recovered products and insufficient market demand, the secondary

materials market does not support @ perspectivgErol et al., 2022)

4.2.13 Lack of AwarenessRelated Challenges

Lack of shared goals, such as a strategic orient@anvedi & Paul, 2022and a
corporate strateggMojumder & Singh, 2021)elated to overcoming green issues
among different partners, is a challenge @& adoption. Connectedly, thBC
concept also requires -gtetail investigations in other field&ouhizadeh et al.,
2020) including integratindC with the CE. This is because the adoptionBE is
not tested in differenCE activities(Rejeb et al., 2022)he integration oBC and
CE has some points that reqaiiclarification. Hence this situation possibly affects

the adoption practices of riskverseCl participants.

Several organizational barriers prevent organizations from adopBy
technologies, includingexisting organizational policiesand culture, lack of
knowledge ana@ppropriatenanagemertiehavioursand a lack of collaboration and
coordination(AlShamsi et al., 2022)The lack of management is important since the
managers execute the adoption decision. Implemeri@gn the CE requires
knowledge ad managrial support(Rejeb et al., 2022)The lack of management
shows itself as management unwillingne@¢han et al.,, 2022) immature
management practicéPwivedi & Paul, 2022) unavailability of top management

(Rejeb et al.,, 2022)and slowdecisionmaking and implementation processes
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( B° h mBchvkatert et al., 2022All these managerial issues negatively impact
the implementation process ofBC-supportedCE. The existence fomentioned
managerial arguments is not deniable in @eegarding the adoption of tH&C-

supportedCE.

At that point, the importance of enterprise knowledge trainmg.,(educating
designers, building owners, supply chain partreardengineers) conseforward for

the implementation dC in theCE (Khan et al., 2022)Employee commitment and
management commitment will be increased, and the failure of the adoption process
will be diminished(Rejeb et al., 2022)ith the education since they would have
background regarding th€E and BC concepts. Mainly, manager education
regarding theCE and BC yields more beneficial results since a better knowledge
management and decisiomaking procedure would be achievékherefore, top
management commitmetd the adoption of CE and BC can also be accepted as an
enabler since it lead® better knowledge management and improved decision
making(Rejeb et al., 2022)

4.2.14  Lack of Organizational and Business Model Readiness

Centralized organizational structures such as centralized databases, digital twin
solutions, 10T manageme(iieisserenc & Sepasgozar, 2024nd a strong industrial
concentratioron linear business modgBressanelli et al2019)are the prominent
challengego the adoption of 8C-enabledCE for the Cl. Almost allcurrentmicro

and macro indicators lik&DP and company turnoveate are based on a linear
economymindsef aiming to maximize throughput and salekwever the CE
requires moving from a volumgriven economiwiewpointtoward a more holistic,
economic, environmental, and social perspec{Beessanelli et al., 2019)The
current position of theCl matches the aim of a purely linear focus. Therefore,
changing thidinear focus to a circular one forms a challengdlierCEadoption in

the Cl such asthe profit versus sustainability paradox which also hinders the
adoption oBC-basedCE innovation( B © h m8ohwkatert et al., 2022)
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In addition,BC ard CEimplement#éion requiresorganizational readinegShojaei

etal., 2021)To illustrate, developinBC and CEnnovation requires the willingness

for sustainable development and the motivation to transform each company branch,
including financial and human resourcds, implement relevant applications

( B° h m8chvkakert et al., 20224 division for demountable modules and storage
should be hired. A new budget division may be required. New roles will be created,
and skilled persons will be needed regarding@Bsand recovered materials. New

and reclaimed materials databases should be prepared. Forming and managing

collaborative platforms is a neé@haref & Lu, 2021)

Connectedly,BC and CE implementation require intra and irt@rganizaional
relationships(Shojaei et al., 2021)This requirement may cause the paradox of
simultaneous competition and cooperation between different organizations. Even
though profits are higher when firms move together, sharing marketing strategies, or

private subjects, design skills are the mainesgUpadhyay et al., 2021)

Besides all of thes&8C technologyutilization in thebuilding sector is still a new
concept and, in its infancgShojaei et al., 2021 onnectedly, it ibard toadoptBC
for the entire supply chain because of the ladknofwvledge about its intricacies and
ramifications. Therefore, uncertainty exists regarding wheB@rtruly fits CE
requirements. Additionally, there is no clear answer to the questioBC'lgally
necessary’ B °© h m8ohvkatert et al., 2022)

As a fimal note, the challenge which organizations face is keeping up with the
evolution of technology; in other words, tracking the continuous development of new

technologies and upgrading them is very diffi§ilban et al., 2022)

4.2.15 RegulationsRelated Challenges

Since it is a new topicthere areno settled regulationsfor implementing the
technology(Rejeb et al., 2022 herefore, for the successful adoption Bibased

CE, there is a need for new regulations, including contemporary topics such as
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digitalizaion, reuse and repair, and decentralized business models. Uncertain,
insufficient regulations and compliangterol et al., 2022hinderthe adoption oBC

in theCE. To illustrate, smart contract technology is the cord@©find integrating

BC into the CE requires smart contracts inevitabowever, as part of 8C
ecosystem, smart contracts amstructedbn rulesdefined bysoftware engineers

and calers They determine the applicatiq@schitecture, and design of the network.
The result may cause seakecompliance problems in the industry and compliance
with regulationgRejeb et al., 2022)Connectedly, when regulations or institutions
support the effective enforcement of contracts through exchanging goods and capital,
smart contracts will become palpr among CE practices. Bxplainthe actions of

the participants and prevent confli&tC utilization at the intefirm level requires
predefinedcodes standardsand governance structur@&ouhizadeh et al., 2020)

Considering the@incertainties mentioned above and insufficiencies and lack of clear
incentives/governmental support, it is seen that the current regulations lack to
persuade construction societies over the woedardingCE and BC adoption
(Elghaish et al., 2022)

Currently, regulations and codes impede the reuse and repair of building
components. There is a lack of information regarding salvaged materials'
availability, quality, and quantitgElghaish et al., 2022)Vhen the regulation topic

is thought within theCl, adding CE in building codesdxecuting a compulsomglan

for building disassembly), reachiagonsensu® use the CE concepgtndpreparing
clearguidelines about differer@E strategies can help in the adoptiétejeb et al.,
2022)

4.2.16  Policy DecisiorMakers and GovernmentRelated Challenges

Lack of proper visiorin terms of goals, objectives, targets, and indicators for the
circular supply chairfDulia et al., 2021)s a challenge for the adoption of tG&.

The lack of proper vision is caused by politickcisionmaker® lower level of
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know-how in the CE (Erol et al., 2022) The lack of adequate vision afZE
experienceof policy decisioamakers results in a lack of policymaker support and
clear incentivesq.g, funding and relevant regulations) B8€-basd CE adoption

( B° h mBahvkatert et al., 2022 he policy maker support includes education of
workers regardin@3C and CE, increased obligation regarding sustainability and
transparency topics, a sufficient amount of funding and relevant regulations
( BnhtneckeSchwafert et al., 2022gncouraging people to change their purchasing
habits towards more environmentally friendly produiEsol et al., 2022) The
mentioned barriers negatively affect ks transition towar8C andCE. Educating

Cl participans, obligating sector participants to use sustainable products starting
from design, and funding th@l regardingCE-friendly activities can advance the
adoption of theCE.

Finally, existing policiestaxation systems, and incentives do not align withGke
paradigm(Bressanelli et al., 2019 particular taxation policies have an important

role in adopting th&E in the Cl. To illustrate, increasing demolition and carbon
taxes, landfill fees, raiisg taxes on new constructi@ctivitiesand reducindevies

for adaptive building, and retrofitting existing structures instead of demolition can
accelerate the adoption of tl¥E process. In additionincreasinglevieson virgin
materials, allocating puis funding to circular design and construction, and
incentivization to use prefabrication and modular design can also speed up the

transition process.

4.2.17  Lack of Supply Chain Support

Lack of supply chain support is a challenge @& adoption. This challengexists
because of the limited number GE-adopted companig8ressanelli et al., 2019)

In other words, if one company wants to change its business model to a circular one,
it will face difficulties in finding partner firms to make circular product traide
example. Due to this problem, the firm selected circularity may lose its market share
( B° h mBabhvkater et al.,, 2022)it is called the sustainability versus product
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paradox. Sustainability is not an indicator of success. Therefore, thereasaisk

behaviour This situation is valid for construction companies as well.

4.2.18  Sustainability vs Profit Paradox

In the CE, volumebased economics must be pushed asidiavour of a more
holistic approach that encompasses economic, environmental, and soceins.
Therefore,BC-enabledCE innovation is hindered by tensions between profit and

sustainability objective@ressanelli et al., 2019)

In addition, theCE aims to extend the usable life period of the materials and products
as a design requirement fast practices. Based on these practices, predictive
maintenance studies needed to be compl@szssanelli et al., 2019Based on the

data recorded on BC, these predictive maintenance processes can be completed
successfully, without any data lostowever, he mentionedredictive maintenance
studies cause a lower produitculationratio than in the linear economy, called
market cannibalizatio(Bressanelli et al., 2019This situation decreases the profit

of product suppliers, hence forming a cbafie for the transition to tieE.

4.2.19  Changing Settled Habits and Ideas

TheCl inherently accepts and applies changes slowly. Therefore, changing cultural
habits in theCl and changing people's mindsets is a hufdlang et al., 2019)The
recycling and reusingf building materials are narrowed down to particular facilities
since he CE concept is not widely used in ti@d. Moreover, these efforts are also
narrowed down to specific branches, such as steel structures or masonry materials
(Shojaei et al., 2021)Connectedly, difficulties in changing the linear mindset, in
other wordslinear lockin (primarily due tansufficientawareness and commitment

of top management and workers) is a challenge for adotitel@QE (Bressanelli et

al., 2019)in theCl. Due to the difficulties in changing settled habits in@hgethere
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is a lack oftommunity support and customer readiness regardinghifteéo aBC-
basedCE.

4.2.20  ChallengesDue to Cl Characteristics

The structural fragmentation of the indusand lack of industrgpecific procedures
cause challengé®wivedi & Paul, 2022andTeisseren& Sepasgozar, 2021) the
CE and BC adoption processCIl. The main sign obeing afragmented industris
the excessive number of competitive comparied professionsrunningin that
industry This sign matclksthe CI propertiesAny construction project has multiple
processes and requires the involvement of muliolepetingorganizations and

professiondaving conflicting interest® be complete@Nawi et al., 2014)

Connectedly, his competitionis the main challenge for theust in Clrelated data
sharing and governance and, thereforeollaboration coordination and
improvement culture in the industr@n the contrary, the adoption of blockchain
requires an improved dasharing mechanism in its origin andnhanced
collaboration and coordinatio.herefore, BGenabled CE adoption Cl may face

the mentioned challenges.

In addition, incorporating building materials in CE is a lalmbensive process
(Shojaei et al., 20203tarting from the demolition stag®loreover, wenall the
products have to be sent back to the producers or specialized firms for refurbishing
or remanufacturing, CE will significantly increase transportation d@stssanelli

et al., 2019)

Next, itemlevel tracking is a need foine successful adoption of CE to calculate the
real effect of Cl activities on the environmeAithough using BCin item-level
trackingcan be beneficialor the ease of CE adoptiowhen product diversity is
taken into accounthe difficulty and cost of implementing such a system for a
construction projedbecomeanimportantchallerge (Santana & Ribeiro, 202Z)he

mentioned difficulty is due t@ lack of information about a product's lifecycle
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(Santana & Ribeiro, 2022)he loss of user control over the prod(Btessanelli et
al., 2019) and incompletrokeninformation flow across phases of the product
lifecycle (Teisserenc & Sepasgozar, 20Zhere isan interruptiorproblem withthe
information flow due to the long service life of buildingiseircomponentsand the
existenceof multiple professions likegesign, construction, operatianaintenance,

andrenovationthroughout the life cycle of structuréShojaei et al., 2021)

The design forthe deconstruction principle is an important topic in the adoption of
CE in Cl. Most of the existing buildings were not desigfeddeconstruction
Therefore, there is darkness regarding the provenance of materials used in the
existing buildingsMoreover, eenthoughthe design othebuilding was performed
suitable for deconstruction, there is no absolute rule that prochit#sted from a

existing buildingwill be reusedShojaei et al., 2020)

Finally, it isn't easy to standardize and transport salvagdéding components.
Similarly, since salvaged building components are not well documented in terms of
their availability, quality, and quantity, value estimation of salvaged building
materials is a challenging topiReusing salvaged materials in the néesigns is
disregarded by designedse to qualitydeteriorationConnectedlythese mentioned
challenges form barrieit® the adoption of CEdoption in Cl. Especially, lack of
documentation and data hindeBC adoption in CI(Elghaish et al., 2022nd
Bressanelli et al., 2019)

4.2.21  Environmental and Ecological Perspective

Despiteits ability to leverage sustainability practic&C technology also has a
sustainability tension as its operation is very enanggnsive leading to
considerable environmental impgé&touhizadeh et al., 2020)n other words,he

CE's goals of benefiting the environment, reducing energy consumption, and
promoting renewable energy are in opposition to blockchsigrsficantelectricity
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consumptior{Rejeb et al., 2022)n addition the following topics are also mentioned

in the literature as barriete CE adoption.

- Limited use of biodegradable materiaiscircular supplies is a challeng®
the success of C@ulia et al., 2021)

- Product recovery lacks validity in terms of environmental bengits| et
al., 2022)

- There may be some inefficiencies regarditige eccefficiency of
technological and ravation processgsnostly in recycling)Bressanelli et
al., 2019)

- Recycling and reusing construction materials rastricted to isolated
activities of specific establishmern({8hojaei et al., 2020)

4.3 The Survey

This section demonstrates tlemographics of participants and the survey results,
respectively. In total, 29 professionalsparticipated inthe survey. While 20
participants completed the survey study, 9 answered the questionnaire partially

leaving outthelast four questionsThe suvey form is presented in Appendix B.

43.1 Demographics of Participants

Figure 4.1 presenthé pofessions of survey participantslost participants ar&éom
the civil engineering and architecture fieldand four participants arérom other

disciplines.
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Profession Details

Business Excellence
Industrial Engineering
Mechanical Engineering
Electrical Engineering

Architecture

E
E
E
E
=]
civit engineering |

m # of Participants

Figure4.1. Thep ar t i @rofesasiost s 6

Figure 4.2shows thatnost of the participants work in design/engineering and

consultancy companies and universities.

Company/Institution Details of Participants Work
Management Consultancy
Chemical Manufacturing
Contracting

University

m # of Participants

Figure4.2. Thecompanyinstitutiondetails ofthe participants

Table 4.1 depictdhiedistribution of partipp ant s 6 d,andTablet412 presenss
thar experience levelsThe majority of the participants v more tharfive years
of experence.
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Table4.1. The departments gfarticipants

Departments # of Participants
Business Intelligence 1
Contract Management 1

Tendering 2
Planning 2
Design 12
Education and Research 8
Progress Payment 1
Management 1
Procurement 1

Table4.2. Experience levels of participants

Experience Levels # of Participants

Less than 5 years 4
5-10 years
10-15 years
15-20 years
20-30 years

More than 30 years

w O W | ©
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4.3.2 Survey Resultsand Discussions

4.3.2.1 CE andBC Knowledge Level

Figure 4.3 depicts the sector experience and BC and CE knowledge levels expressed
by survey participantshe participant set includes four members stating that they

do not know BC. On the other hand, each pandict knows CE. While three
members in the group expressed that they know BC very well ( at level 5), any
member expressed that they know BC very well (at level 5) foAGéitionally, it

is seen in Figurd.3 that the sector experience does not haveeatdelation tahe

CE and BC knowledge of participants. There are participants with more than 30 years
of experience and no knowledgéBC. Additionally, there are members with less
thanfive years of experience ardjood level of BC and CEnowledge Moreover,
participantsd average knowledge |l evels (O
BC. ThereforeCE is better known than BThis situation is parallel to the position

in theliterature.

Experience and BC-CE Knowledge Level Relation

ALt

0
_ <5 <5 <5 5 55 55 5 5 5 5 51015 1515 20- 20- 20- 20- 20 20- 20- 20- 20-
Experience (years) 10 10 10 10 10 10 10 10 10 15 20 20 20 30 30 30 30 30 30 30 30 30

mBCKnowledge 2 1 4 1 1 3 5 1 2 0 5 4 1 1 2 3 0 2 11 4/ 2 1 1 0 1 0
mCEKnowledge 2 3 4 1 3 3 4 2 3 1 4 4 1 3 2 1 3 4 2 4 3|2 2 2 3|1 2

Knowledge Level
N

-

»30 >30 >30
5 3
2 3

B BC Knowledge M CE Knowledge

Figure4.3. Shows thesectorexperience and BCE knowledge okachparticipan

Figure 44 showsparticipanté ans wet be f ol | Atwhanleyel/ipwe st i on;
well do you think blockchain can support the circular econanB&rticipant®
responsewho stated that they havdével BC or CE knowledge are excludedm
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Figure 44. While only two participants reflect a moderate (level 3) level, seven
participants think that BC supports CE at low levels (teind 2) However,nine
participantsbelieveBC supports CE at a high level (levebnd leveb). It is clear
thatthe participantsvith a wide range of perspectivadended the conducted survey.

At What Level BC Supports CE

BC Supports CE at the Level of

4_

M # of Participants

Figure4.4. Shows at whialevel BC supports CE

In addition, the participants with-)/5 levels of CE and BC knowledge expressed
that BC supports CE dhe rate 0f2.14/5 on average. On the other hand, the
participants with (34-5)/5 levels of CE and BC knowledge stated that BC supports
CE atthe rate 0f3.5/5 on average. Hence, the survey results show that participants

with higher CE and BC knowledge levels thin€ Bupports CE at a higher level.

Apart fromthe topics mentioned abgweve participants stated that they encountered
CE or BC-oriented practice in their professionalds The first e isa CErelated
practice aboutetrofitting and repairing existingpuildings instead of demolishing
and reconstructing thenThe second one is also about CE concernsusing
unnecessargesidualrebars during construction instead of sending them to garbage.
The third one pointsto academic studies. Thedrth is R&D work related to
developing products and solutions for circular construction methods regarding
precast concrete buildings desigrteddisassemble and reuseucturesThe final

one is aboutesearch on blockchain and smart contract technologies
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Regarding thee five answers, CEelated activities are executed more frequently in

practicethan BCrelated activitiesin addition, although the BC and CE concepts are

used individually in the construction industry, they are not used together in practice.

Thisfinding is similar tothe literature.

4.3.2.2

The

Enablers and Barriers

f ol

OWi

ng

guestion

wHow woald yoe ekpresso t he Cl

your perception regarding the effects of the following barraard enableron the

successful usage of blockchain/circular economy concepts in the construction sector

on a 1 to 5 Likert scalefto assess theirviewB.ar t i ci pant s o

that they have-level BC or CE knowledge are exclud@the answerso the bariers

responses

are discussed in three topics which are technological barriers, organizational,barriers

and environmental barriers. Additionally, the answers for the enablers are discussed

in theenablers topic.

4.3.2.2.1 Technological Barriers

Survey participants
barriers are presented below Table 4.3 and Figure 3. The completelist and

definition of technologicabarrierscan be found iTable 4.4.

Table4.3. Number ofparticipantgereffectiveness oéachtechnological

barrier
TechnologicaBarriers
BT1 BT2|BT3 BT4|BT5 BT6 BT7|BTS BT9 BT10 BT11 BT12
§ NAl1|1]o0|1|0]0|2|21]|1|01|1]1
@| 1 |/3/0|0|1|4|1)1]/]0]J0)]0]1]0
@ 2 |1 (314|213 |2|2]3]|1]2
£/ 3|6|4|6|5|6/6[6|7|8|5]7]3
Sl 4 |8|12/8|6|6|9|9|8|6| 9| 9/ 8
W5 |22 |6|4|3|alo0|3|a] 4] 21]Tces
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The data in Table 4.3 are depicted RHigure 45. Figure 45 showsthat most

participantsthink the technological barriersffect the successful usage &C/CE

concepts in the constructiamdustrymoderately level 3) andhighly (level4). The

very high effect level (leved) isin third place after level3 ard 4.

Table4.4. The most common level of effect of technological barriers

Technological Barriers

Level of Effecton the
successful usage of
BC and CHn theCl

BT1- Responding capacity of BC and CE

Moderate/High

BT2- Problems inhegntin the construction sector Moderate/High
BT3- Existing infrastructureelated problems Moderate/(Very)High
BT4- Blockchain limitations and requirements Moderate/High
BT5- Datarelated issueffals€incomplete information | Moderate/High

entry, some cracks in security, pacy, confidentiality

BT6- Determination of the appropriate level of

transparency/resistance to a high level of transpareng

Moderate/High

BT7- BC compatibility, availability, interoperability,
scalability, and latency challenges

Moderate/High

BT8- Complexity of the blockchaircémplexity of the
technology to grasp)

Moderate/High

BT9- Ownership and liability issues (unclear roles,
difficulties, and responsibilities in protecting intellectu

property righs)

Moderate/High

BT10- Legal and contractual uncertainty regarding CE
and BC

Moderate/High

BT11- BIM and blockchain integration challenges

Moderate/High

BT12- Blockchain is a new technology, so it is not we

known, and there are few blockchain and groantract

developers

High/Very High
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Level of Effect

MNLA 1 2 3 =l 5

ET1

BT12 BT2

BT11 BT=

BT10O

BT4

BTO BTS

BTS BTG

BTS

Figure4.5. Number of participants per effectiveness of technological

barriers

Table 4.4 presents the list representingrttej or i t yds i deas

each technological barrier on the successful usage of BC and CE in.thaeCl

regardi ncg

barriers BT2, BT6, BT7, BT10, BT11, and BT12 are the prominent ones against the

successfuldoption of CE and BC in Cl. BT12 (blockchain is new and not well

known) is particularly significant because the majority states that BT12 affects the

adoption and use at high and very high leveiste, BT3 (existingnfrastructure

related problems) has to be also explained. BT3 affects the adoption and use at high

and very high levels, similar to BT12. However, an equal number of respondents

consider BT3 to be both vehyghly and moderately effective.

It is mentionedn the literature that BC can not guarantee perfect security and privacy

protection. On thecontrary some stated in the literature that the privacy and

anonymity of transactions in the BC environment are secured. In short, there is

confusion in the liteature about whether using BC is secure. In addition to the

literature, this survey study revealed the personal perceptions of Cl participants
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regarding the effectiveness level of this possible security crack in BC. The cracks
regarding security and privadg BC have been seen as highly and moderately
effective in the first place and lowly effective in the third place in the successful
usage of BC and CE in CI. The sharp increase in the effect level 1 fofcBacks

in security, privacy, confidentialityyan be seen in Figure 4.5. To sum up, this
situation shows participants' confusion regarding the effect level of cracks in security

and privacy provided by BC in the successful usage eé&tiported CE in the CI.

4.3.2.2.2 Organizational Barriers

The views of surveyarticipants regarding the effects tbe pre-determinedfive

organizational barriers are presented below in Tablard Figure 4.

Table4.5. Number ofparticipantgereffectiveness oéachorganizatioal

barrier

Organizational Barriers

BO1|BO2| BO3 BO4| BO5
§ NNAl L[ 1] 0] 0] oO
@ 1011111
o 2132|2212
2 3|5 |4|1]3]7
3 4198|687
i 5 2|5 11| 7] 4

Both Table 4.5 anéigure 46 depict thatmost participants think the organizational
barriers affect the successful usagd6fCE concepts in the construction indystr
highly (Ilevel4) orveryhighly (level5). Themoderateeffect level (leveB) isin third
place afterlevels 4 and5. Compared @ technological barriers, the weight thie
moderatdevel of effect is decrease@nd the weight othe high level of effect is
increasedBO1 represents operational and supply chain risks (e.g., difficulty with
establishing croserganizational collaboteon and coordination, risk of
codependency for different organizations or firms du¢htadoption ofa BC-
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enabledCE). Most participantsstatethat BO1 has a moderate/hig¥fect onthe

successful usage of BC and CE in the CI.

BO2 represents financial resourgetated issues (e.g., high purchasing,
implementation, material  costs, (upfront) investment of circular
economy/blockchain, and in retytmcertain revenuesyhe majority ofparticipants
stateBO2 has ahigh/very higheffect onthe successful usage BC and CEn the
Cl.

BO3 representthe lack of awareness (unavailability of management commitment,
absence of corporate strategfhe majority of participantseveal BO3 has a
high/very higheffect onthe successful usage BC and CEn theCl. Similarly, the
awareness level was mentioned as an important and unexplored factor in the
literature. Connectedly,the aim of this thesis study is abodétermining the
awareness levelsf Cl participants regarding the adoption of CE and BC concepts
in CIl. Therefore, the importance placed the lack of awareness level (BOBy
survey participantshows this thesis study's necesditythat sense, the results are

parallel to thditerature.

BO4 represents the inertia in business to change fteegibsence of organizational
policies to adopt blockchain and circular econorigst participantsstatethatBO4

has ahigh/very higheffect onthe successful usage of BC and CE in the C

BO5 represents organizational and business model readiness (infancy of current
models on blockchain and circular economy, lack of knowledge on intricacies and
ramifications). The majority of participants find BO1 as moderately and highly
important regardig the successful usage BC and CEn theCl.
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Level of Effect
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Figure4.6. Number of participants per effectiveness of organizational

barriers

4.3.2.2.3 Environmental Barriers

The views of survey participants regarding teiects of predetermined 13

environmental barriers are presented below in Table 4.6 and Figure 4.

Table4.6. Number ofparticipantgereffectiveness oéachenvironmental

barrier
Environmental Barriers
BE1 BE2 BE3 BE4 BE5 BE6 BE7 BE§ BE9 BE10 BE11| BE12 BE13
§ NNAloO|lo|1|12|12|0]|0|0|0O] O 1 2 0
©|1]/]0]0]0)J1]0]0J1]0]0) O 0 3 1
@l 210|2|1|2|0|1|2]|2]|2] 1 1 5 1
Sl13|6|1]lals5|2|3[3|7|8] 7| 21]3]T-s
8l4l6|7][9]6[13]11[9[7[5] 7 [12] 5 | 8
| 5|8|10|/5|5|4|5|5|4|5]| 5 4 2 5

Table 46 and Figure 47 depict that the majority of the participants think the
environmentabarriersaffect thesuccessful usage of blockchain/circular economy

concepts in the constructiomdustrymoderately (level 3), highly (level4), or very
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highly (level5). Themoderateeffect level [evel3) isin third place after leveld and

5.

Table4.7. The most common level of effect of environmental barriers

Environmental Barriers

Level of Effecton the
successful usage of
BC and CHn theCl

BE1- Uncertain and insufficientegulations/need for ne
regulations, including contemporary topics such
digitalization, reuse and repair, and decentralized bus

models

High/Very High

BE2- Lack of governmental incentives

High/Very High

BE3- Lack of supply chain support regarding the CE

BC integration

High/Very High

BE4- The sistainability vsprofit paradox (market barrie

andsustainabilityare notthe success indicatey

Moderate/High

BE5- Lack of awarenessinderstanding, knowow, and
proper vision of policy decisiemakers regarding BC ar
CE

High/Very High

BEG- Changing settled habitgleas/cultures (resistance

changing traditional processes)

High/Very High

BE7- Lack of community support and custameadiness

for circular economy and blockchain

High/Very High

BE8 CI characteristics (e.g., lack of indusspecific

procedures, structural fragmentation of the industry)

Moderate/High

BE9 represents the complexity of the recycling process

inefficient design routes for recovery products

Moderate/Higlvery
High

BE10- Lack of information regarding provenand

unfinished parts of materiatedcking difficulties of

materialshrough their lifecycle

Moderate/High
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Table4.8. The most common level of effect of environmental barriers

(Continued)

Environmental Barriers

Level of Effecton the
successful usage &C
and CEin theCl

BE11 represents the lack of awareness and uncertair
|l ife cycle thinking (uncsée

and quality assurance throughout the life cycle of a prog

High/Very High

BE12represents the environmental and ecological burdg
the blockchain (Energy consumption of blockchain, h

energy costs)

High/Low

BE13Standards and compliance issues (lack
standardization, legal disputes and compliance is
regarding blockchainral circular economy, illegal use

blockchain).

Moderate/High/Very
High

According to the participants, compared to BE1, BE2 is a more challenging barrier.

BE4is not seen as important as the previous .dr@sBE9, the moderate effect level

option takeghe first place, but the high and very high effect levels have the same

number of supporters behind the moderate efRL2 is seen as the least effective

barrier. In other words, according to ClI participants, it is possible for this barrier to

have adw effect ornthe successful usage of BC and CE in the CI
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Figure4.7. Number of participants per effectiveness of environmental barriers
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4.3.2.2.4 Co-evaluation of TechnologicalOrganizational-Environmental

Barriers

Level of Effect

N/A

BE13 14
BE12

BE11 12

BES

BE8

BE7

BE6

BES

BE4

BT3

BT4

BTS

BT6

BT7

BT8

BTS

BT10

BT11

BT12

BE2 BO1

BE1 BO2
BOS BO3
BO4

Figure4.8. Number of participants per effectivenesabifmentionedT OE barriers

The dominant position dhe high effect level (leve#) is seen Wwen all the barriers
are collected togethefhe modrate and very higievel effects seem to be equrml
the general viewbut the high-level effect hatwo spikes for BO3 and BE&vhich

themoderate effect does not have.

Based on the view in Figure84the prominent barriers can be listechdsst set as

follows;

- BES: Lack of awareness, understanding, kAwmow, and proper vision of
policy decisioamakers regarding blockchain and circular economy
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- BE11: Lack of awareness and uncertainty in life cylwleking (uncertainties
at the products end of life and quality assurance throughout the life cycle of
a product)

- BO3: Lack of awareness (unavailability of management commitment,
absence of corporate strategy)

- BT2: Problems inhemtin the CI

- BEG6: Changing settled habits ideas/cultures (resistance to changing
traditional processes)

As a second sgthe following barriers can be listed;

- BO1: Operational and supply chain risks (e.g., difficulty with establishing
crossorganizational collaboration and coordioa, risk of codependency
for different organizations or firms due to adoption of-8@bled CE)

- BES3: Lack of supply chain support regarding the circular economy and
blockchain integration (the presence of an informal system is a challenge for
thecircular economy and blockchain technology's successful usage)

- BEY: Lack of community support and customer readiness for circular
economy and blockchain

- BT6: Lack of transparency and traceability in the (construction) supply chain,
determination of the apppriate level of transparency/resistance to a high
level of transparency

- BT7: Blockchain compatibility, availability, interoperability, scalabilignd
latency challenges (lack of tools and apps for blockchain integration)

- BT10: Legal andcontractual uncertainty regarding circular economy and
blockchain

- BT11:BIM and blockchain integration challenges (e.g., difficulty in tracking
changes in BIM, lack of storage and scalability)

- BT12 Blockchain is a new technology, so it is not well knpamd there are

few blockchain and smart contract developers
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4.3.2.2.5 Enablers

The following questionfiHow would you express your perception regarding the
effects of the following enablers on the successful usage of blockchain/circular
economy concepts in the constiion sector® was asked to the participanis
understand their perspectives regarding the effect le¥gdsovidederablers. The
mentionedenablerdist in the questiortan be seen in AppendB question 12In
response,he following enablers argccepted as moderately, highty very highly
effective in the adoption and successful usage of BC and CE in CI.

- Advances in big data and data analytics enhance the usability of BC.
Connectedly, designing databases regarding reusable components for the Cl
helps to adopt CE and BC in CI. (Hig effective)

- Ability to use process digitalization, digital and 3D printititg internet of
things (IoT), automation, roboticend Industry 4.0 technologies ithe
construction domain. (Highly effective)

- Integrating circular economy in contractual requirements and assigning
circular economy consultants to helth design (Highly effective)

- Increased incentivization, creating tax deductions for circular design
strategies, raising taxes on virgin materials, allocapoglic funding to
circular design and construction, increasing taxes on new construation,
reducing taxes fathe adaptive building. (Very highly effective)

- Client's motivation for a circular building from the beginning of the design
procesgHighly/Very highly effective)

- Improved quality of life through increased sustainability thanks to

blockchainenabled circular econonfioderately effective)

In addition,Figure 49 showsparticipants' responsést he f ol | owDomg ques
the enablersaddress the challenges for transitioning into a blockctsipported

circular economy? At what levab The answers of participantgho stated that they

have Olevel BC or CE knowledge are excludiedm Figure 49. In Figure 49, it is

seen that nobody salted leveb; however, the majority of participants selected level
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3 and level. Therefore, it can be stated that althougheahablersdo notaddress
barriers completely at level 5) they may provide partial solutions to the transition

into a blockcha-supported circular econoniry CI.

Ability of Enablers to Address Barriers

Level of Ability to Address
1] w =Y (9,
| D

[

o
~
co

3 4 5

o
=
~

Number of Participants

Figure4.9. Theability of enablersto addresshe barriers

In addition, the participants with {2)/5 levels of CE and BC knowledge expressed
thatenablersaaddress barrierst the rate o2.295 on average. On the other hand, the
participants with (34-5)/5 levels of CE and BC knowledge stated tbaablers

address barrierat the rate of3.17/5 on average. Hence, the survey results
demonstratethat participats with higher CE and BC knowledge levels think

enablers address barriatsa higher level.

Moreover, here is a strong relatiship between barriers and enablers. Any barrier
hasthe potential to be converted into an enabler. For exartipddack of elucation

is a barrierto the adoption and impleentation of BC and CE in Cl. Thefore,
activities related to educating people can be seen as enablers. Based on this point of
view, the suggestions of survey paipants were asked in terms r@moving the

barriers taBC andCE adoption andisage in the construction industiyhe answers

are discussed in this atitkfollowing paragraphs=nhancing the knowledge legel

of participantsand making the stakeholderaware ofthe benefits of using these
technologies wersuggested to remove barrielsthe knowledge levalincrease

the benefits and disadvantages of adoption deasegarding CE and BC will be
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made more consciously and easilyAdditionally, the imporance of government
incentives vas stressed by participastlf the government provides the needed
incentives, the initial investment and implementation costs may be diminad
sector stakeholders fintprofitable to adopBC and CE in their works

Another participant suggesbrganizingworkshops with the participation of all
sector contributorsincluding material producers, desiggecontractors, logistic
firms, and users of CI outputsThe main objective of this workep would beto
discuss how to apply BC and CE and their necessitighaenCl Within these
workshops the demands and wishes of sector participants should be determined.
Next, a progren with a realistic schedule should be prepared by an organizhtion

is in contat with governmental authorities to prepare and improve regulations
regarding BC and CE usage in ®loreover, adding the CE and BC conceptthe
standards and codes is suggested as an enabike &afgption of these concepts in

Cl. Additionally, two participants see eduitag people and new regulations the
main enablersAs mentioned in the literature for other industribgse enablersre
valid for CI as well. Educating people, especially top managegarding BC and

CE topics would increaséé accuracy of decisions made by them awotkease the
tendency to adopt these technologies sincedoesionmaking authority belongs to
them

Finally, andas mentioned in the literaturehanging settled habits is a major hurdle
to adpting new technolgies. Connectedly, one participant states that Cl comes
behind all technological enhancements aeds the comfort zone of people and
companies and their settled habits as the main reason for this sitddterafore

the participansuggestslisturting this comfort zonas an eabler for the adoption

of CE and CE in CI

Perceptiors of participantgegarding the effects @nablers on barriewereasked
and the answermare presented in Figureld, and prominent answeeseexplained
as follows.The question and the barrier and enabler informadiwh explanations

can be seen in Appendi question 13.
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Effects of Enablers on Barriers
Barrier-A
a5

4,0

Barrier-I Barrier-B
-

e Enabler-1
e ENabler-2

Enabler-3

Barrier-H Barrier-C

Enabler-4
— Enabler-5
= Enabler-6
e Enabler-7
e Enabler-8

— Enabler-9

Barrier-G Barrier-D

Barrier-F Barrier-E

Figure4.10. Showsthe interaction between enablers and barriers cARE

BC adoption

Table4.9. Thelist of enablers mentioned in Figure 4.10

Enablerl | More immutable, secure, and private data thanks to B

Enabler2 | More transparent supply chain traceability

Enabler3 | Improved communication (information sharing), so mq

collaboration and trust

Enabler4 Enhanced innovative business models thanks to BC

Enablet5 Low transaction costs

Enabler6 | Technical effectiveness of BC (operational efficiencies

smart contract,omation)

Enabler7 | Existence of improved new regulations and incentives

Enabler8 | Exercising and educating stakeholders (designers,

building owners)

Enabler9 Decentralization and disintermediation
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Table4.10. The list of barriers mentioned in Figure 4.10

BarrierA | Political/Governmental challenges

BarrierB | Economic and social challenges

BarrierC | Technological challenges

BarrierD | Data related challenges

BarrierE | Blockchain performance challenges

BarrierF | BIM and blockchain integration challenges

BarrierG | Environmental/ Ecological challenges

BarrierH | Ownership and liabilitieselated challenges

Barrierl Organizational challenges

Enabler-1, enabler-2, enabler3, enabler6, and barrier-D interaction:
According to survey participantsmore immutable/secure/private data
environment more transparent supply chain traceahilitymproved
communication (information sharing), so more collaboratich tamst and
finally, technical effectiveness of Bave high effect in solving problems
related todatarelated challengesto illustrate, Cl participants think that
more immutable (resistant to tampering), secure and private data
environment provided byBC has a high effecin solving datarelated
challengeslike possible inefficiencies in providing datanmutability,
security privacy, confidentiality and availability. In addition, the
immutable secure and private dagsvironment provided byBC paves the

way for more transparent and traceable supply chains. Thergfetack of
transparency and traceability problem regarding CE adoption can be solved
by BC adoptionHowever, determining the correct level of transparedata
ownership and liability issuesmay cause problems among the sector
participants. At this pointenabler3 and enable6 take place and may
provide a solution to the mentioned problems in the previous sentence.
Enabler-6, thetechnicaland operationakffectiveness of blockchaimge of

smart contractand increasechutomation) paves the way for enabi8¢
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improved communicatign collaboration, coordination and trust
Connectedly, this enhancedmmunicationcollaborationcoordinationand
trust environment may solve theletermining the correct level of
transparency, data ownershgnd liability issues

Enabler-7 and barrier-A interaction: Survey participants think that
enabler7 has a high effect in solving problems related to bawiemhe
existence of improved new regulations and incentivag be highly efficient

in sdving existingpolitical and governmental challenges.

Enabler-6 and barrier-C interaction: CI participants state thathe
technicaland operationatffectiveness of blockchain (use of smart contract
and increased automatidmlps to overcome negatis&lesof technological
challenges like lack of techoal feasibility of blockchain usagend
immaturity of blockchain technology

Enabler-6 and barrier-F interaction: The survey participants strasatthe
technical and operational effectiveness of blockchain (use of smart contract
and increased automationave high effectén solving problems related to
BIM and blockchain integration challenges

Enabler-7 and barrier-G interaction: It is seen from the survey results that
the existence of improved new regulations and incentiveahgh effect in
solving environmental and ecological challenges.

Enabler-3, barrier -H and barrier -1 interaction : According to participants,
improved communicatigreollaborationcoordination and trusthave a high
effect in solving;the lack of clarity on roles and responsibilities in BC/CE
enabled system, Intellectual Property (I&)d knowhow access issues in a
more transparent environmenin addition improved communicatign
collaboration,coordination and trusthave a high effecton solving the
paradox of simultaneous competition and cooperation

Enabler-8, barrier-F, barrier-G, barrier-H, barrier-l interaction:
According to the participants educating stakeholders has déhigheffect

in solving BIM and blockchain integration challengesmvironmentaland
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ecological challengednertia in business to chandack of organizational

and business modetadinessnd,issues in a more transparent environment.

To sum up, e participantsstatethat most of the selected enablers and barriers from
the literature have lsigh/very high or moderateffect onthe successful usage of BC

and CE in the CIThere ishesitation when determining whether the enablers address
the barriers; none of the participants tlarikat the enablers have addressed the
barriers very well (at level 5\ he majority state that enablers address barrieais at
moderate or high levelAs a final note, as mentioned previously, every barrier
against the successful usage of CE and BC in CI can also be considered a good

candidatefor enabler.Additionally, some suggestions to alleviate the effects of

barriers are mentioned in the following Beo.

4.3.2.2.6 Some Suggestions to Alleviate the Effects of Barriers

Table4.11. T h e

|l i st of suggestions

Barriers

Suggestions to alleviate effects

Responding capacity of BC ar
CE (Technological capability
feasibility, immaturity,

uncertaintyrelated problems)

Staring research and development studies

supporing these studies, starg pilot
application projects, and encounag private
construction companies (tax reductions.)e

to try BC and CE applications more.

Datarelated issues (false

incomplete information entry
some cracks in security, privac

confidentiality)

Increasing the use of technologies enhan

data production, collection, and shari
automatically, witlout human interventio

like; RFID systems, sensors, and robots.

Determination of the appropriai
level of transparency/resistancy

to a high level of transparency

Simply selecting the suitable BC platform &
type (publieprivate, hybrid) for the needg
data

work may prevent transparen

problems.
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Table4.12. The list of suggestions to alleviate barriers e f f ect s

Barriers

Suggestions to alleviate effects

The complexity of thélockchain
(complexity of the technology t
grasp) Blockchain is a new|
technology, so it is not we
known. There are few blockcha

and smart contract developers

Organizing education programs regarding
for sector participants. Additionally, makir
BC usage easier may be another solut
Developing tools and applications to make
usage easier to increase its usefulness

comfort among the users.

Legal and Contractue
Uncertainty Regarding Circulg
Economy and Blockchaifboth
CE and BC ar@mew topics, with
contractu

the

some legal and

uncertainties  regarding

usage)

In the first phase, governmental regulatic
are needed to overcome this legal
contractual uncertainty. The followings are {
secondary items in solving contractual &
legal uncertainties. Making modifications
constructiorrelated contracts to integrate (
and BC concepts. Updating the procurem
and tendering phases of construction proje
regarding CE and BC concepts (integrat
smart contracts into processes).dikdy CE in
contractual requirements and assigning
experts to make easier the adoption proces
Cl participants. Choosing a constructi
project delivery method that adopts holig
project management like IPD to increg
environmeén which

collaborative  work

positively affects the CE adoption process.
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Table4.13. T he | i

st

of suggestions to

Barriers

Suggestions to alleviate effects

Operational and supplychain
(e.g., difficulty with

establishing croserganizational

risks

collaboration and coordinatiol
risk of codependency fc
different organizations or firm
due to the adoption of a B(

enabled CE)

For the difficulty with establishing cros
organizationakollaboration and coordinatig
problens, the proposed solutions are mak
organizational structures suitable for worki
together and integrating BC tm the daily
work environment. BC increases the tr
differe
organizationsand makes it possible for the

between  stakeholders  from
to collaborate and coordinate for the sa
purpose. For the codependency of differ
organizations or firms, finding the rig
balance between collaboration and coopeti

may be a solution.

Lack of

understanding, knowow, and

awareness

proper vision (unavailability o
management commitment
inertia in business to change, 4

lack of supply chain support

Exercising and educating ClI managers
stakeholders (designers and building owneg
Organizng public campaigns to increa
awareness. Architects, engineers,
contractors should be required to complete
and BC training as part of their professio
license requirements. To overcome the ing
in businesses and lack of supply chain sup
regarding the adoption of CE and BC in
education, incentives, and successful busir

examples may be triggering items.
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Table4.14The | i

st

of suggestions to

Barriers

Suggestions to alleviate effects

Existing  infrastructureelated
problemgBC requires stable an
fast internet access aj
bandwidth, and connectivity is
challenge in that sense. This a
prevents successful usage of |

in CE)

Making investments and enhancements
information and communication technology

reach desired service level.

Lack of governmental incentive

Initially, the policy decisiormakers should b
educated ancaware of these CE and B
concepts and their possikdelvantages whe
they are integrated into Cl. They should
convinced that adopting and using CE and
in CI Th

incentives should be claimed based

brings community benefits.

applicable projects comprising CE and [

adoption.

Within the scope of this chapter, the findings (enablers and barriers lists) gathered
from the literature review and the survey results are demonstaatediscussed.
Severakuggestions to alleviate the effects of barriers regarding CE and BC adoption

in Cl are presentedn the next chaptethe conclusions and recommendatidos

future studiesrepresented.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

This chaptepresentshe summary and conclusion of {ba&per Firstly, an overview
of the study is presented. @adly, the study's contribution is discussed. Next, the
limitations of the study ardiscussedFinally, the chapter concludes with future

researchiecommendations

5.1 Summary

The @nstruction industry Gl) is materialintensive and requiresonsiderable
material exploitation in its different phases and areas. Such a massive amount of
consumptiomresults insome undesired effects. The mentioned effects are the overall
summation of attempts made between periods starting from the cradle cditamyaim

to the gate. In this cradi®-gate process, a significant part of ellecutedvorks is

linear; take, make, and disposk Hence, thecircular economyQE) concept has
emerged to alleviate these undesired effects by shifting the linear protesses
circular ones. In this manner, the adoption and successful implementation of the
circular economic model are of great importance both in the general business world

and, particularly, in th€l.

The CI has a remarkable share in the emergence of undesired effects on the
environment. Therefore, a successshift to the CE in the Cl can significantly
contribute to meaningful reductions in gas emissions, mass material usage, waste
generation, and the exged rise in average global temperature. Connectedly,
technological advancements, especially the developmentslockchain BC)
technology have catalyst impacts on the adoption and successfulbymenof the

CE
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Therefore, the integration &C into the Cl over theCE has aconstructiveeffect on

the operation of the industry. On the other hand, integr&@gvith the CE raises

some batrriers to adoption and implementation. Chieas a remarkable share in the
emergence of undesired effects on the environment. Therefore, a successful
transition to theCE in the Cl can significantly contribute to meaningful reductions

in gas emissions, mass material usage, waste generation, axpéuted rise in

average global temperature.

Since thdBC-enabledCEis in its infancy suchawarenesshouldbe improvedefore

a wide range of industries, including Cl, can implementAitiditionally, as
mentioned earlier, the transition to tB&-enabkd CE has both challenges and
drivers. Hence, for a decent adoption and application ofBGesnabledCE,
interested stakeholders should be aware of this new concept and quietly understand

its dynamicge.g, barriers and enablers

Therefore, a literatureeview was performed to determine barriers and enablers of
BC and CE concepts. As a result of the literature review? $Bbbarriers and 29
enablers were identified. The identified barriers and enablers were categorized based
on the TOE framework. Addadnally, the 12 subbarriers were collected under 29

generabarrig titlesfor the sake of simplicity in the survey study.

The survey study was conducted to evaluate the awareness level of the construction
and many other constructigelated sector professionals in terms BE, CE
concepts, and their enablers and barriehg ideas of professionals were collected
regarding tle barriers and enablers filtered through the literature sdardily, the
determined barriers, enableesd survey results werdiscussedn the discussion
chapter regarding th&l perspective.

To sum up, on averagsector participants' awarenessdenegarding CE islightly
morethan BC.Theenablers and barriers mentioned in the literature are mostly seen
as effective regarding the successful implementation of CE and BC concepts in CI.
Based on the data gathered from CI participa®i and BC cocepts are mostly

used in academic studies and have not diffused to practice yet. Thesieatate
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thecost of implementation, lack of incentivization, and+dskerse behavior of sector
participants. Due to the lack of successful business examplesjdpton process
requires some trisdnderror and education processes, which are costly and requires

incentivization.

Finally, lack of sector awarened8C and CE experienced stakeholders, lack of
sufficient incentivization, inherent properties of Chdadifficulties in changig
settled habits are prominent barriers to the adoption of CE and BC in the CI.
Educating sector participants, increased governmental incerainegsew effective

regulations are thprimary enablerf the adoption of CE and Bi@ ClI.

5.2  Contributions of the Study

This research contributes to the current body of knowledge in several Tvays
general view of the collocated use of @& andBC in theCl is explained in detail.
Current awareness levels and perspectivescatiemia anthdustry professionals
regardingCE andBC adoption and usage in tk# areportrayedvia a survey study.
The barriers and enablers of usiB¢ and CE, which are grounded in the TOE
framework, help understand the dynamics of this adoption processthe

construction industry.

5.3 Limitations of the Study

Difficulty in finding a construction company that adopted both CE and BC in their
business models prevented the investigation of the topic on res. ¢dsnce, this

study was limited to exploring enablers and barriers through a survey. Moreover, BC

and CE are contemporary terms, and the knowledge about these concepts was low.
Therefore, a limited number of participants could be reached for the sumdy s

The survey participantsé kngandthdpsa | ev el
limitation of the studyegarding the survey questiorexjuiringa good level of CE

and BC knowledge
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54 Recommendations for Future Works

Empirical studies are needed to investigae enablers and barriers of usiBg-
enabledCE in reallife projects Moreover, since the construction industry is
fragmented in terms of company siZesg., small, medium, largeproject types
(e.g., cement production, building renovation, infrastructure construgtion
stakeholders (e.g., design consultancy, contracod ,geographical locatioie.g.,
Europe, USA)the effect of such factors would vary. Further research is needed to
observethe changes irthe enablers and barriers of adoptionder different

circumstances
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TableA.12. List of environmentabarriersto CE-BC (Continued)
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TableA.13. List of technologicaknablers/driverso CE-BC

fewer emissions)

Drivers /Enablers Scope Author
Virtualization CE (Khan, Shah, Yu, & Tanveer, 2022)
(Erol et al. 2022)
Information Communication Technology, (Khan, Shah, Yu, & Tanveer, 2022)
Information sharing, Enhanced collaboration, | CE-BC | (Rejeb, Rejeb, Keogh Treiblmaier, &
Feedback-rich systems Zailam, 2022)
Choosing IPD and other collaborative project | CE (Cruz Rios,F. GrauD. & Bilec M. 2021)
delivery methods
Big Data, data analytics, creating databases for | CE (Khan, Shah, Yu, & Tanveer, 2022)
ﬁ reugable components (Cruz Rios,F. GrauD. & Bilec M. 2021)
E Industry 4.0, process digitalization, digital and 3D (Khan, Shah, Yu, & Tanveer, 2022)
g printing, internet of things (IoT), BIM, automation, | CE-BC | (Rejeb, Rejeb, Keogh Treiblmaier, &
ﬁ robotics Zailani, 2022)
E (Rejeb, Rejeb, Keogh Treiblmater, &
> Zailani, 2022) (Bohmecke-Schwafert,
E Immutability, building higher levels of trust in the | BC-CE | Wehinger, & Teigland, 2022) (A
d supply chain ecosystem Shojaei, R. Ketabi, M. Rarzkenari et
Y al 2021)
g (Rejeb, Rejeb, Keogh Treiblmater, &
é Security, privacy BC-CE | Zailani, 2022), (A Shojaei, R Ketabi,
E M. Razkenari et al_2021)
= Decentralization —and increased level of | BC-CE | (Rejeb, Rejeb, Keogh Treiblmaier, &
= disintermediation Zailani, 2022)
Smart contracts BC-CE | (Rejeb, Rejeb, Keogh Treiblmaier, &
Zailani, 2022)
Enhanced interoperability BC-CE | (Rejeb, Rejeb, Keogh Treiblmaier, &
Zailani, 2022)
Responsible production through tamper-proof, (Bohmecke-Schwafert, Wehinger, &
distributed data records (less hazardous chemicals; | CE-BC | Teigland, 2022)
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TableA.14. List of technologicaknablers/driverso CE-BC (Continued)

execute.

Drivers /Enablers Scope Author

Sharing platform provision (no third party, | CE-BC | (BShmecke-Schwafert, Wehinger, &

trustworthy information) Teigland, 2022)

Low transaction costs BC-CE | (Rejeb, Rejeb, Keogh Treiblmaier, &

Zailani_ 2022)

Developing and implementing material tracking | CE-BC | (Cruz Rios F GrauD. &
) | technologies to increase transparency, supply chain Bilec M.,2021), (Rejeb, Rejeb,
é transparency and  ftraceability (tamper-proof, Keogh Treiblmater, & Zailani, 2022)
E distributed data records), Tracking complex supply (Bohmecke-Schwafert, Wehinger, &
g chains/products' lifecycle and their sustainability to Teigland, 2022) (Erol et al 2022), (A
g support reutilizing and reusing Shojaer, R. Ketabi, M. Razkenari et
= al 2021)
E The  blockchain  platform can  provide
= comprehensive, fransparent, and reliable material
g traceability and information tracking not only to the
a materials’ sources but also to their current state. By
S keeping track of the materials and products in each | CE-BC | (A. Shojaei, R. Ketabi, M. Razkenari
E facility and their current status, proactive planning etal 2021)
U | could be made for their recycling and repurposing
E in areas requiring such products.

Finding the right balance between economic, | CE-BC | (A. Shojaei, R. Ketabi, M. Razkenari

environmental, logistics and organizational criteria etal 2021)

more easily with the help of the blockchain network

Resilience even if one entity fails or 15 unable to | CE-BC | (A. Shojaer, R. Ketabi, M. Razkenari

et al 2021)
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TableA.15. List of environmental andrganizationaknablers/driverso CE-BC

sustainability

Drivers /Enablers Scope Author
Stakeholder engagement: exercising leadership and | CE (Ehan, Shah, Yw, & Tanveer, 2022) (Cruz
edocating staleeholders (e.g.. designers. building Fios F. Grav D_ & Bilec M _2021)
_ owners), supplier traiming
é Top management commitment, befter kmowledge | CE-BC | (Khan., Shah, Yu, & Tanweer. 2022) (Rejeb.
E management and improved decision making Rejeb, Keogh Treiblmaier, & Zailani, 2022)
g (Ercl, Peker. Ar. Turan, & Searcy, 2021)
z Organizational culture, corporate governance, and | CE (Ehan, Shah, Yu, & Taoveer, 2022)
: resources
E The resolve Model (Regenerate, share, optimize,
: loop, virtualize, exchange) is an operational tocl to | CE (Khan, Shah Yu, & Tanveer, 2022)
: guide organizations in terms of CE
5 Innovative business models, increased operational
E efficiencies / Innovation in explering new ways of | BC-CE | (Rejeb, Fejeb, Keogh Treiblmater, & Zailani,
~ working, new prodocts and materials or new 2022) (Kanters, 2020)
ﬁ business models
é Inteprating CE in contractual requurements and | CE (Cruz Fios F..Gran, D& Bilec M, 2021)
< assigning CE consultants to help with the design
Cost sharing among stakeholders to reduce the | CE-BC | (A Shojaer, B EKetabi, M. Razkenan et
mndividuoal cost of maintaining the CE repository al . 2021)
Circular Product Design: slowing resource loop. | CE (Ehan, Shah, Yu. & Tanveer, 2022) (Cruz
enforcing sustainable procurement aligned with CE Rios F. Grauv,D. & Bilec M 2021)
e Improved regulation. adding CE in building codes
: (mandatory plan for building disassembly).
g Eeaching consensus around the concept of CE and | CE (Rejeb, Rejeb, Keogh Treiblmaier, & Zailani,
% creating explicit guidelines about different CE 2022 (Cruz Rics F GrauD &
f strategies in all sectors Bilec M..2021)
E Incentivisation, increasing democlition and carbon
; taxes, landfill fees, increasing tfaxes on new
: construction and reducing taxes for adaptive (Rejeb, Fejeb, Keogh Treiblmaier, & Zailani,
: building, raising tfaxes om wvirgin - materials, | CE 2022) (Cruz RiesF. GrauD. &
: allocating public funding to circular design and Bilec M_.2021) (Ehan, Shah. Yu, & Tanveer,
E construction. Incentivization to nse prefabrication 2022)
E and modular design
= Client's motivation for a circular building from the | CE (Kanters, 2020)
: beginning of the design process
Improved quality of life through increased | CE-BC | (Béhmecke-Schwafert, /ehinger, &

Teigland, 2022)
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B. Survey Form

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

1. VOLUNTEER PARTICIPATION FORM FOR THE QUESTIONNAIRE
Ufuk SAHIN, a METU Civil Engineering Department graduate student, conducted
this research within the scope of the master's thesls under the supervision of Faculty
Member Dr. Giizide ATASOY OZCAN. This form has been prepared to inform you
about the research conditions.

What is the Purpose of the Study?

Within the scope of this study, it is expected that the mentioned factors in the
literature, which prevent and support the use of blockchain and circular economy in
the construction induslry, are evaluated by sector professionals.

How Do We Ask You To Help Us?

If you agree to participate in the research, you are expected to evaluate the impact
of the given factors on the use of blockchain and circular economy in the
construction industry on a scale of 1 to 5 and mark this choice in the field provided
in the survey. Participation in this study takes an average of 15 minutes.

How Will We Use the Information We Collect From You?

Your participation in the research must be entirely voluntary. In the study, no
identity or institution-identifying information is requested from you. Your answers
will be kept entirely confidential and evaluated only by researchers. The data
obtained from the participants will be assessed collectively and used in the thesis
study.

Here's what you need to know about your participation:

This questionnaire does not contain questions that may cause personal discomfort.
It does not contain a risk beyond the usual risks that are likely to be encountered in
daily life. However, if you feel uncomfortable during participation due to questions
or any other reason, you are free to stop and leave the study.

If you would like to receive more information about the research:

You can contact Ufuk SAHIN for more information about the research. E-mail:
©239176@metu.edu.lr. Thank you in advance for your participation in this study.

* 1. 1 have read the above information and participate in this study completely voluntarily.

Yes

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY
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2. Demographics

* 2. About your background
(] Civil Engineer
() Architecture
|:_. Mechanical Enginser
() Elsctrical Engineer

[ Other Fields (please specify)

* 3. About the company/institution you are working or you have worked for
(| Design/Enginsering Consultancy
) Contracting
() Management consultancy
() University

() Other (Flease Specify)

* 4. About your department in the company/institution
.".'.__. Procurement
.: Tendering
() site
'... ..-:' Marksting
() Design
':_.:' Progress payment
) Planning

() Other (Please Specify)

* 5. About your experience level
|:_. Less than § years
|:_n 5-10 years
(] 10-15 years
i 15-20 years
|: ") 20-30 yaears

[ More than 30 years
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* 6. Have you ever encountered circular economy or blockchain-oriented practice or project
at any step of your professional life?

Yes
Nao

If your answer is yes, please hriefly mention the aspects of the practice.

* 7. How would you rate your knowledge level in terms of circular economy froma 0 to 5
scale? (Please drag the pointer)

0 ]

-

* 8. How would you rate your knowledge level in terms of blockchain technology froma 0 to 5
scale? (Please drag the pointer)

] 5

J

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

3. Brief Explanation About Circular Economy and Blockchain technology

Circular Economy

The construction sector provides the needed foundation for the social and economic
development of societies. However, the sector requires intensive use of resources
such as concrete, aluminium, steel, fresh water and, wood throughout the
construction and, post-construction stages. As a result of high-level resource
consumption, the significant ratio of generated waste and emitted greenhouse gas
on a global scale belongs to construction sector-related activities. Connectedly, the
mainstream model used in the construction industry is the linear economy model
depending on extracting, producing, using and finally disposing of building
materials. To diminish this model's risks to society, the environment and the
economy; the applicability of the circular economic model has been started to be
examined. The circular economy suggests using resources in multiple cycles to gain
value and decrease waste and consumption of virgin resource materials instead of
demanding virgin resources continuously. It is restorative and regenerative by
design and aims to keep products, components, and materials at their highest utility
and value at all times, distinguishing between technical and biological cycles. This
new economic model seeks to ultimately decouple global economic development
from finite resource consumption. It enables key policy objectives such as

148



generating economic growth, creating jobs and reducing environmental impacts,
including carbon emissions.

Blockchain

In its simplest form, blockchain can be described as a transparent, independent,
immutable, and permanent database shared by a community across multiple
locations. It is a distributed ledger and has a decentralized structure. There is no
need for any intermediary third party therefore, it establishes the trust between
network participants. It stores any list of transactions in a peer-to-peer network. A
blockchain is a tool used to record and process transactions made in digital currency
or other values (for instance, services, and products). It is used to streamline and
control supply chains, construction processes, contracts, and payment approvals.
The construction sector can benefit from blockchain technology in contract
management, electronic document management (EDM), property management, and
BIM (building information modelling). The aim is to use blockchain to keep track of
all building materials and waste produced from the planning stage to the demolition
stage, ensuring a more efficient information flow and positive effects on the
environment and the economy.

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

4. Technological Barriers

* 9. How would you express your perception regarding the effects of the following barriers on
the successful usage of blockchain/cireular economy concepts in the construction sector?
Please use a 1 to 5 Likert scale for the evaluation.

1 -—-= very low effect

2 = low effect

3 -—> moderate effect

4 -—--> high effect

5 -—> very high effect

To illustrate, by selecting 1 (Very Low), vou express that BT1 (blockchain and circular
economy responding capacity)'s role as a barrier for adapting blockchain/circular economy in

the construction sector is Very Low.
NJA 1 (Very Low) 2 (Law) 3 (Moderate) 4 (High) 5 (Very High)

BT1-Responding capacity of blockchain and circular economy (technical capability, immaturity and time required
by many implementation activities related to technology adoption in the construction industry)

BT2-Problems inherit in construction sector (e.g., lack of accuracy and effectiveness of RFID systems and their
compaonents in real-life environments/ Technological challenges to separate construction industry-related
materials )
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BT3-Existing infrastructure (e.g., current systems not supporting reuse or smart demolition, and the need to
enhance communication networks to enable blockchain integration / Difficulty to reuse existing blockchain
network due to the one-off nature of construction projects)

T T o
BT4-Blockchain limitations and requirements (e.g., data storage limitations of blockchain, difficulties in
providing the needed high computing power for blockchain usage)

st

A

BT5-Data related issues (e.q., some cracks in security, privacy and confidentiality/insufficiency of blockchain in
security and tamper-proof data requirements for the industry/ false- Incomplete information being entered in the
blockchain )

p— L p— L — o

BT6- Lack of transparancy and traceability in the (construction) supply chain, determination of the appropriate
level of transparency / Resistance to a high level of transparency

L

Nt p— L p— — p—

BT7-Blockchain compatibility, availability, interoperability, scalability and latency challenges (Lack of tools and
apps for blockchain integration)

— — — -
9 [ } [ )
L NS L -

BT8-Complexity of the blockchain (e.g., Complexity of the technology to grasp)

T

A

BT9-Ownership and liability issues (e.g., unclear roles, responsibilities, difficulties in protecting intellectual
property rights)

Py o i = " Py
L) [ ) [ ) }
p— - p—

BT10-Legal and contractual uncertainty regarding circular economy and blockchain

— — \
L A
BT11-BEIM and blockchain integration challenges (e.g., difficulty in tracking changes in BIM, lack of storage and
scalability)
- o oy oy P .
i | |} | J | L)
b - p— _—y
BT12- Blockchain is a new technology, so it is not well known and there are few blockchain and smart contract
developers

P T £ N Fa

L he A p— o L L

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

5. Organizational Barriers
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* 10. How would you express your perception regarding the effects of the following barriers
on the successful usage of blockchain/circular economy concepts in the construction sector?
Please use a 1 to 5 Likert scale for the evaluation.

1 - = very low effect

2 e = low effect

You can select N/A i don't want to answer or yvou don't have enough idea.

To illustrate, by selecting 1 (Very Low), you express that BO1 (Operational and supply chain
risks)'s role as a barrier for adapting blockchain/circular economy in the construction sector
is Very Low.
NiA 1 (Ve low) 2 (Low) 3 (Moderate) 4 (High) 5 (Very High)
BO1- Operational and supply chain risks (e.g., Difficulty with establishing cross-organizational collaboration and

coordination, risk of codependency for different organizations or firms due to adoption of blockchain-enabled
circular economy )

B02- Financial resources-related issues (e.g., high purchasing, implementation, (upfront) investment, material
costs of circular economy/blockchain, and in return uncertain revenueas)

B03- Lack of awareness (unavailability of management commitment, absence of corporate strateqy)

BO4- Inertia in business to change (e.g.. absence of organizational policies to adopt blockchain and circular
aconomy)

BO5- Organizational and business model readiness (infancy of current models on blockchain and circular
economy, lack of knowledges on intricacies and ramifications)

EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

6. Environmental (Exterior) Barriers

* 11. How would you express your perception regarding the effects of the following barriers
on the successful usage of blockchain/circular economy concepts in the construction sector?
Please use a 1 to 5 Likert scale for the evaluation.

1 coeee = very low effect

2 = low effect
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To illustrate, by selecting 1 (Very Low), you express that BE1 (Uncertain and insufficient
regulations)’'s role as a barrier for adapting blockchain/circular economy in the construction
sector is Very Low.

NiA 1 (Very Low) 2 (Law} 3 (Moderats) 4 (High) 5 (Very High)

BE1- Uncertain and insufficient regulations / Need for new regulations including contemporary topics such as
digitalization, reuse and repair and decentralized business models

BE2- Lack of governmental incentives

BE3- Lack of supply chain support regarding the circular economy and blockchain integration (The presence of
an informal system is a challenge for the circular economy and blockchain technology's successful usage/
Availability of suitable supply chain partners)

BEA4- Sustainability vs profit paradox (market barrier, sustainability not being a success indicator)

BES- Lack of awareness, understanding, know-how and proper vision of policy decision-makers regarding
blockchain and circular economy

BEG- Changing settled habits ideas/cultures (resistance to changing traditional processes)
BE7- Lack of community support and customer readiness for circular economy and blockchain

BES- Construction industry characteristics (e.q., lack of industry specific procedures, structural fragmentation of
the industry)

BES- Complexity of recycling process, inefficient design routes for recovery products (Thers is no guarantes that
the building components or products designed for deconstruction will actually be reused)

BE10- Lack of information regarding provenance, unfinished parts of materials/ Tracking difficulties of mateials
through their lifecycle

BE11- Lack of awareness and uncertainty in life cycle thinking (Uncertainties at the products’ end of life and
quality assurance throughout the life cycle of a product )

BE12- Environmental and ecological burden of blockchain (Energy consumption of blockchain, high energy
costs)

BE13- Standards and compliance issues (lack of standardization, legal disputes and compliance issues regarding
blockchain and circular economy, illegal use of blockchain)
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EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

7. Enablers of Circular Economy/Blockchain

* 12, How would you express your perception regarding the effects of the following enablers
on the successful usage of blockchain/circular economy concepts in the construction sector?
Please use a 1 to 5 Likert scale for the evaluation.

| — = very low effect
j— = low effect

3 e = moderate effect
. [ = high effect
S = very high effect

You can select N/A if you don't want to answer or you don't have enough idea.

To illustrate, by selecting 1 (Very Low), you express that enabler-E1 motivates the sector
participants at a very low level regarding the transition to blockchain/circular economy
adopted construction sector.

N/A 1 (Very low) 2 {Low) 3 (Moderate) 4 (High) 5 (Very high)

E1l- Finding the right balance between economic, environmental, logistics and organizational criteria more easily
with the help of the blockchain network

E2- Enhancements in information communication technology, information sharing, collaboration and feedback-
rich systems

E3- Choosing Integrated Project Delivery method or other collaborative project delivery methods in construction
projects

[ 1
-

E4- Thanks to the immutahbility of the blockchain environment, building higher levels of trust in the construction
supply chain ecosystem

ES- Ability to make use of process digitalization, digital and 3D printing, internet of things (IoT), automation,
robotics, Industry 4.0 technologies in construction domain

Ef- Advances in hig data and data analytics increase the usability of blockchain f creating databases for reusable
components for the construction industry

E7- The blockchain platform can provide comprehensive, transparent, and reliable material traceability and
information tracking not only to the materials’ sources but also to their current state. By keeping track of the
materials and products in each facility and their current status, proactive planning could be made for their

recycling and repurposing in areas requiring such products.

E8- Advantages of using blockchain such as; decentralization, disintermediation, low transaction costs, security
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and privacy
P T Fat Fant Pt Ty
Lol i ] { )] [} ) 1 1 I
o ; s i - -

E9- Resilience of blockchain environment even if one or more entities fail or are unable 1o execute

' ': Iz' "\.: :- ™ ' -: :f' '\: :. ™

L - L I A L _—
E10- Thanks to disruptive technologies (i.e. blockchain), new innovative business models will be developed and,
it would be possible to increase operational efficiencies

T P T F
g —y p—_ - — p—_ p—_

E11- Integrating circular economy in contractual requirements and assigning circular economy consultants to
help for design
o I-z' '\: :.a' ™ 's :z' \. :.»' '-I

L L

E12- Improved regulation, adding circular economy in building codes (mandatory plan for building disassembly)
E13- Increased incentivization, creating tax deductions for circular design strategies, raising taxes on virgin
materials, allocating public funding to circular design and construction, increasing taxes on new construction,

reducing taxes for adaptive building
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E14- Incentivization to use prefabrication and modular design since it would be easier to track components
produced in a facility
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E15- Client's motivation for a circular building from the beginning of the design process
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E16- Improved quality of life through increased sustainability thanks to blockchain enabled circular economy
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EXAMINING BARRIERS-ENABLERS OF BLOCKCHAIN AND CIRCULAR

ECONOMY USAGE IN THE CONSTRUCTION INDUSTRY

8.

13. How would you express your perception regarding the effects of each of the following
enablers on each barrier?

[Columns from 1 to 9 -----> represent enablers]
[Rows from A to I -----> represent barriers]

Please use a 0 to 5 scoring format for the evaluation.
0 = no effect/ no relation

1 -——-= very low effect

2 = low effect

3 > moderate effect

4 -----= high effect

5 ----—-= very high effect
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