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Foreword

This is the graduation report for the magteygramof Construction Management and

Engineering at the Eindhoven University of Technology. This research is conducted for the
engineering company dinfra and in particular department RAMS and Contract Management.
lv-Infra is a specialized engineering and dasffice for the civil infrastructure systems. The

main activities of Ivinfra are on the one hand drafting contracts for the civil infrastructure

clients and on the other hand drawing design challenges for the contractors. In the recent years,
departmenRAMS and Contract Management observes the increasing importance of resource
efficiency or the circular economy in the society and in particular by the clients of civil
infrastructure systems. Various clients, from regional to international, strive éurces

efficiency since it creates more value for governments as well for the society and business.
Following this, the question arose what the impact is of the circular economy on the design and
engineering process of civil infrastructure systems. Toigaight into the possibilities a

preliminary study in the form of master thesis was started. With great pleasure | chose this
challenging topic as graduation research to complete my master. Together with the company's
supervisors, the following researcheqgga t i ons have been formul ated:
circular economy be integrated into the engineering and design process of civil infrastructure
systems?0 This research is conducted under th
Han(TU/e), Pieter vaGelder (TU Delft), Arno Willems and Antal Hartman-hfra) and Sten

de Wit (TNO).

Finally, | want to thank my supervisors Bauke de Vries, Qi Han and Pieter van Gelder for their
input and guidance during my graduation period. | am also gratefulltdrby, especially to

Arno Willems and Antal Hartman, for their valuable guidance for the practical side of the
research. In addition, | would like to thank Sten de Wit for his contributing and his commitment.
| would like to thank all the other persons wiewve contributed during this study. Finally, of
course | would like to thank my parents, my wife and my family because of their support
throughout my academic career.

Javad Alizadeh
RotterdamJanuary 2016
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1. Thesis Outline

This graduatiomesearchs conductedor the Engineerin@€ompany Ivinfra. The goal of the
research is tonvestigatevhetherthe principles of circular econonz@an be integrated into
the engineering and design process ofcilag infrastructure systemd.his chaptehighlights
the outline of theesearchParagraph 1.ihtroduceghe need for aesource efficient
economic systenPRaragraph 1.8efinesthe research problem atiteresearclgoals which
arefurther concretized by meamf the main and sufpuestionsParagraph 1.8escribes the
planand the procedures the research as reseasggproach and research desigmally,
paragraph 1.4 represemtseading guide to help the reader to fathom the process and

streamline the experience.
1.1 Introduction

The current econommystem of industrial countries is a linemonomianodel of resource

use(EMF, 2012) It means companies extract and transpEsburcesrom different

countries, add energy and labour to manufacture a material and product and sell it to an end
consumer, who then discards it when it no longer serves its purpose or because it is outdated.
This model of resource useksown as the LinedEconomy ( E) 6arak®, make, di s
economy(EMF, 2012) An importantcharacteristic of the linear economy is that economic

growth is depends on input or in other words selling products. This rimdarmaation,

matters enegy andlabour araused to make products that should be sold to make profit. The

more products are sold, the more the economy growth.

In recent yearghe economic growth based on linear economy is increashiyiered due to

the huge demand foesourcesEMF, 2012) According toUNEP (2011) the use of natural
resources such as water, energy, raw materials and fertile land is growing. idpialjy

businesses around thwrld feelsqueezed between rising and less predictaides in

resource markets on the one hand and stagnating demand in many consumer markets on the
otherhand(EMF, 2012) Prices and volatility become moresiableand they are likely to

remain high as middleclass populations grow and urbanize, resource extraction moves to
harderto-reach locations, and the environmental costs associated with the depletion of
natural capitaincreass (EMF, 2012) While resource demand in the world increases, the

linear economic system entails significant limits and resource lsgsbsas: resource loss as



waste in production chain, resource lassnebf-life waste,and resourcss as Energy.
Furthemore lineareconomy creatasnbalances that weigh on economic growth. One of the
major limitations of linear economy is that it maifbcuseson selling products and it does
not maximize the benefits oésourcesifter the product has been sold. The enamoducts are
sold, the more the economy growResulting involatility and increasingrice riseof natural
resourcesAccording toMcKinsey (2013}he arithmetic average of prices in four commodity
subindices (food, nofiood agricultural items, metaland energy) stood at a higher leiel
2011than at any time in the past century [Figure 1].

Shéfp price increases in commodities since 2000 have
erased all the real price declines of the 20th century

McKinsey Commodity Price Index (years 1999-2001 = 100)
260

240 World Warl
- 1970s
200 oil shock
180 -
World War 11
160
140
120

100

80 Turning point
60 in price trend

40
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Figure 1 Increasing sharp price sins 2000

According to(EMF, 2012) currentimbalancesuch agesource scarcity, price squeezes, and

volatility are likely to get worse before they get bettee to the following factors

- Demographic trends and increasing resource demand due to growth of middle class
population It is expected that the middtdass consumessill increase withthree
billion by 2030, led by economic growth in India and China and other rapidly
growing emerging market economi@scKinsey, 2011)

- Infrastructure needshighinvestment to use newly discovered reserves.
Tapping the newly discovered reserves will require heavy investment in infrastructure
and new technology. According to McKinsey meeting future demands for steel, water,

agricultural products, and energy wouddjuire a total investment of around USD 3



trillion per year(McKinsey, 2011)it is an amount roughly 50% higher than current
investment level$EMF, 2012)

- Political risks and limited opportunigBgo use remaining resourceslitical events
canalsohave an impact on commodity supply as result trigger or worsen resource
scarcity and push up prices and volatility levels. About 80% of all available arable
land on earth lies in areas afflicted by political or infrastructural isguemsit 37% of
the worll Opsoven oil reserves, and 19% of proven gas reserves, ale@sedin
countries witha high level of political riskEMF, 2012)

- Globalized market and awareness of local market about the material price and as
result inceasing higher material price. Thegional price Bocks can quickly become
globaldue to the increasing ease of transporting resources globaltiewrapid
integration of financial marke(€EMF, 2012)

- Climate andhe risksof changes of ecosysteiccording to the Environmental
Protection Agencychanges in climate could affect snow cover, stream flow, and
glacial patternd and hence fresh water supply, erosion patterns, irrigation needs, and
flood management requirementsgdahus the overall supply of agricultural products
(EPA, 2014)

Circular Economy

In 2010,the Ellen MacArthur Foundation (EMF) introduced tb@ncept ofCircular

Economy CE) in which theeconome growth isdecoupled from theesource useln the
sensef resourcesdecoupling means using less resources per unit of economic output for
more people and reducing the environmental impact of any resources that are used or
economic activities that atendertakefUNEP, 2014 [Figure]. The mission of EMF is

to accelerate the transition to the circular economy and to move the busaretibes

society towards a resource efficient or circular economic systetoKinsey, 201)
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Figure 2 Decoupling natural resource use and environaiéntpacts from economic growtbUNEP, 2011)

In a circular economy, the resources are used as long as passiliiee maximum value
from them are extracted whiles in wmadthen the products and matds are recovered and
regenerated at the end of their life cyalRAP, 2012) As indicated byEMF (2012, CE

can providemorevalue in tte field of environment, econonand societyr in other words
the three pirs of sustainable developméBtundtland, 201Q)To achieve this goathe

circular economy strategy aedcular economyrinciples arentroduced

CEis meanwhilesupported by multiple national and imational governments, European
Commission, NorGovernmentaDrganizationsNNGO'S), banks, universities atite global
market leaders of different sectors and industries such as Philips, the Coca Cola Company
Renault Royal BAM Group, Royal DSM Group/odafone Kingfisher, Unilever, IBM,
H&M, lkea etc More and noreregional, nationaand international authorities have high
ambition regardaircular economyFor example, in 2010, the Europeanr@mission has
stated that they have the ambition to presetitcular economy stratedy transform Europe
into a more cometitive resourceefficient economyEuropean Commission, 2014lso the
European Committee f@tandardizatiofCEN) and European Committee fltectro
TechnicalStandardizatiofCENELEC)haveindicated that they wikupportthe development
of globally relevant standards relatedhe circular economy policig€EN and CENELEC,
2015).The launch of CE signals the rise of the topic gr&dransition towards circular

business system



1.2 Researchproblem and research quesbns

The transition towards a circular economy is both a political visr@han economic strategy
for the global market leaderk the circular economgovernmentsvill focus onresources

and the purchasing and management of services, rather than focusing on being a supervisor of
personnel and providing services dire¢iBggers, 1997)or the civil infrastructure clients it
meangiaying servicemstead ofarrangingn detailhow something must be develop&ar

this dramatic change in the nature of government, na@janges artaken in contracting
system and management system of the governretits last decad@és contradng system
increasing use is maad service orientedantracting or Performance Bas€dntracting
(PBC)in which the governmentxpresgheir needsn terms of criteria, performance and
quality. Furthermoreuseis increasinglymadeof Systens Engineering $E) as ananagement
process in which the failures and mishaps can be minimized or avbatedyvil engineer
designers and contractatsmplies a shift from designing and building object to engineering
resourceefficienttransport serviceso far, civil infrastructuredesigners havgained

practical experience with performance based contracting and systgmeering process.
However circular economy is a nesubject Circular economy introduces a new way of
design systems. Stv-Infrais interestedn the impact of the circular economy thrar

design and engineering process

Research goahnd research question
The goal of this researdt to examine whethéhe circular economy principlesanbe
integrateinto the desigmndengineering process of tiaevil infrastructure systemn

particular the studis aimed to:

- Providinginformation about the circular economy concept, circular economy
strategies and principles.

- ldentifying thepotential impact of circular economy in the construction sector

- ldentifying the barries and the strategidésr applying the circular economy in the
designprocess of construction systems, in particular civil infrastructure systems.

- ldentifying theideal workflow to applycircular economy principles in to the design

and engineering process of civil infrastructure systems.

Subsequentlythe research objectivese expresseid the following main and sub quest®n

to help achieve the purpose of the research.



Research questioiiow can the principles of circular econoimg integrated into the

engineering and design process of civil infrastructure systems?

Question 1: To what extentoes the currergngineeringprocesf civil infrastructure
systemdliffers from the principles othecircular economy?

Question 2:  Whatis the potential impact of circular economy in il infrastructure
sector?

Question 3: Whichcircular economy criteria can be usadrder to designesource
efficientinfrastructure systems?

Question 4.  Which strategyan be used in ordéw integrate these criteria intioe design
proces®

Question 5 What is the ideal workflow to appbjircular economy in the engineering and

design process of civil infrastructure systems?
1.3 Research methodology

The study is based om analysis drelevant studies, th@eraturestudyand results from the
case study. The study is structured aroundtéesbelow. The relationship between these

stepsthe research conclusion and reecnemdations are shown in Figurén3hext page

- Aliterature review (step 1A)which identified and reviewed relevant literature
related tocircular economyThis is complemented dditional analysis (step 1B)
of the potential impact of circular econoragthe construction sectancludingthe
barriers and strategs to integrate the circular economy principles in to the design

process.

- Integrating (Step 2)circular economy principlesito the design process of divi

infrastructure system b&nalytic Hierarchy Process (AHP), applying to a case study.

- Creating the ideal workflow ( Step 3)that is needed in order iategratecircular

principles into the design processondil infrastructure systems.



Step 1A
Literature review and additional information,
[Chapter 2 and Paragraph 3.1]

Step 1B
Complimentary analysis
on the potential impact, design

barriers and strategies,
[Paragraph 3.2]

N

Step 2
Methodological approach,
Integration of the principles based

on AHP and case study,
[Chapter 4]

A

N4

Step 3
Recommendation,

Creating the ideal workflow,
[Paragraph 5.2]

;?-.
i

W ¥ i

Conclusion and Further Research
[Paragraph 5.1 and 5.3]

Figure 3 Relationship between project steps and the research recommendations



1.4 Structure of report

Theremainder of research is structured as fotow

Chapter 2 provides a summaryof the most important information related to the research
problem. Itrepresents the origin and definition of circud@onomy. Furthermoré,
indicatestheimportance otlevelpmentssuch as systems engineering as management
system angherformance based contracting as conitngcdystem in order to achieve the
circular economyAlso it briefly indicates how systesengineering and performance based

contract work.

Chapter 3 reviews the literature on the subject which forms a framework for the research.

This chapteconsistof three paragraphs including par agraph 3.1 ACircul e
C o n ¢ eppragoaph 3.2Circular Economy in the Civil Infrastructure Sectand

paragraph 3C &n dil uAd thedbeginning ofirst two paragraph the topic discussed in

the paragraph is outlineBoth paragraphs end up with a brief summary. Finally, the third
paragr aph, fotSsesamswesinigthear résearch questidn®, ands.

Chapter 4 describesand appliesthe methodological approachin order tantegrate

resource efficient design criteria into the engineering process of civil infrastructure system
based omlecision support system tA@alytical Hierarchy Poces§YAHP) and a case study
This chapter consists of 6 paragrapParagrapt.lintroducesthe AHP method as a multi
criteria decision support model. Paragraph 4.2 describgsdbesof AHP method.

Paragraph 4.3 represents the case sttidgh has been usedl this researchParagraph.4
discusses the results and thdsconclusion thats drawnby someof theresults Paragraph

4.5 mapsghe identified relation between criteria based on results. the

Chapter 5 reflectsthe importantondusions,recommendationandthefurther research
This chapter consists of three paragraphs. Paragrapndvitiesa concluding answetio the
mainquestion of this researcRaragraph 5.2 recommends an ideal workflow in order to
achieve a resource efficient desi@his is Simultaneouslthe answer for research question
4. Paragraph 5.discusses the possibilities for thether research anabssible pitfalls by
using AHP.



2. Additional information relating to the research problem

This chapter providesackgroundnformaion on origin and definition afircular economy
conceptlIn addition it introduce the developmermf instrumentsuch as systems

ergineering as management systana performance based contracting as contracting system
in orde to achieve a circal economyParagrapl2.1 indicateshe need for a resource

efficient economyAdditionally it points out the origin, definition and the principles of the
circular economyParagrapl2.2 describes the roll of systsmngineering and performance
based con#ct as strategic tools for the governments in orderdee thesociety and in

particular engineering community to the circular economy.

2.1 Resource efficient economic system

As indicatedn the paragraph 1,theeconomic growth of industrial emtries based on linear
economyis hampered increasingly. While the global demand for the resources is increasing,
thecurrent economisystenrequiresresources tproduceand sé products in order to

achieve growth. fle more products being sold, the mtlne economy growth. In other

words, the growth of the linear economy is mainly based on selling resources which become
increasingly difficult to obtain. As a resuf resource scarcityresource priceand volatility

in economic growtlincreaselt indicatesthere is no longer balance between economic

growth based on linear esomy and global resource demahdaddition,at the saméme

the linear economy entails significant resource and energy losses. The linear economy is
mainly focusesonthe inpu (take, make and sell) andesmot benefit the maximal value of
resources at the output, for example by efficient recycle or reuse of resources at the end of
life cycle. In 2010,Ellen MacArthurFoundation EMF) introduced the concept f Cir¢ular
Econony 0 as an alternati ve f oisaBritiskredisterade ar e c onc¢
charity and iis sponsored and supporteg multiple national and international gawments,
European @mmission, norgovernmental manizationsbanks, universities anchore than
100global market leaders of different sectors and industries such as Philips, the Coca Cola
CompanyRenault, Royal BAM Group, Royal DSM Group, Vodafokegfisher,Unilever,

IBM, H&M, lkea etc.The mission of EMF is to accelerate the transitiocitcular economy
andmovingsociety towards the circular economic system.i<&een as prosperous

economic solution to the growirglortage of key rawaterials. According tevorld



Economic Foruminthrepori Towar ds a Ci ,ralmout b08 billiok aowichbe my 0
earned by otherwise dealing with circularly use of raw materials in the Eurojpéam

(World Economic Forum, 2014Also TNO (2013) indicates that potential afotilar

economy for the Dutch economy is over 7 billion and more 5000 jobs could be

createdBelow the origin and different definitiorts circular economyareindicated.
2.1.1 Origin

The idea of CE was sketched kkgnneth E. Boulding n  h i sEcanaice of the i

Coming Spaceship EadliBoulding, 1966)Boulding was a BritsAmericans economist,
systems scientist, and interdisciplinary philosopher. Boulding was president of numerous
scientific institutions sch agsiAmerican Economic AssociatianiiSoceety for General

Syst ems Re s\meaticarcAsspdtianiod thefiAdvancement of Scienzéde was

also thefounder of numerous ongoing intellectual projectsgonomicsandsocial science

and cofounder ofiGeneral Systems ThearyKeyfitz, 1996) After the creation of the ideaf
circular eonomy by Boulding, it was further refined by Walter Stahel. In 1976, Walter
Stahel and Genevieve Reday sketched the vision of an economy in loops (or circular
economy) and its impact on job creation, economic competitiveness, resource savings, and
waste pevention intheir researcheporttothece ur opean commi ssi on AThe
Substituting Manpower for Energy In 2006 thepromoting plan of circular economy as a
five-year plamas national policy in Chinstarted(Zhijun et al. 2007)In time, circular
economyconcept habeen mainlydeveloped and refined by the following schools of

thought:

1-iRegener at i v e bydehs T. byte an Afnérigan professor of
landscapearchitecturin 1970, Lylecreateghe idea that all systems, from amiture

onwards, could be orchestrated in a regenerative manner. In other words, that processes
themselves renew or regenerate the sources of energy and materials that they (kisyme

2012) Thisidea is described in his bodiRegenerative design for sustainable developtnent

2-6 6 Per ma €19710tbu BilleMllison, Australian biologist and ecologists, and David
Holmgren, an Australian environmental designer, ecological educator and lmrit870

they coined the term 66permacul turedd, defin

! "Cradle to Cradle | The Product-Life Institute”. Product-life.org. 2012-11-14. Retrieved 2013-11-20.

10
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of agriculturally productive ecosystems, which have the diversity, stability and resilience of
natur al ecosystemsod. Per ma dgtionalsustairabled r aws el en

agriculture and modern innovations and princigieglF, 2012)

3APer f or man c el978,dyWatiem§taihnel $wisgehitect and industrial analyst.

In 1976 he sketched the vision of an economy in loops and its impact on job creation,
economic competitiveness, resource savings, and waste prevention in his research report to
the European Commissioi, T HPetential for Substituting Manpower for Eneig(EMF,

2012) This research was eauthored with Genevieve Redaylvey. In 82, Stahel

published the bookJobs for Tomorrow, the Potential for substituting manpowerrfergy’'.

In 2010, he introduce the second edition of his hpeftormance econonfjirst edition was
introduced in 2008) In this book circular economy is seen as part of performance economy
andperformanceefers to the quality anguantity ofstocks (resourc¢sMeasuring the

guantity and quality of resource (resource management) is seen asmhfgest factor for a

CE policy(Stahel, 2006)

4-ACradl e t o ChyHMidhketRraurfgdr@efnpan chemist and visionary, in

association with an American architect Bill McDonougheyd evel op t he 06Cr ad|
Cradl ebdbd concept mh990 Theephrbsi cradleta dradi@iteelf was o c e s s
coined by Walter R. Stahel in the 1970s. Tradle to Cradle framework focuses on design

for effectiveness in terms of product flows with positive impact, which fundamentally

differentiates it from the traditional design focus on reducing negative impacts. This concept
addresses not only materialgtlalso energy and water inputs, amilds on three key
principles: f-\Wasectueentsaauiacons AfCed cedr at (EMRK i ver sit
2012) In 2002ty pu bl i s hGradle to Gradle:lRensaking the Way Wakd

Thing.

5fABi omi mi c rbydaning Behyug, anmerican natural sciences writer and

innovation consultants h e p u b | i s Bi@ndmicty:Hreovdtieandnkpirgdl by Natuse

in1997 She defines her approach as O0a new disc
then Iimitates these designs and processes to
a better solar cell i's an examplnea.t uSheed .t hi nk

Biomimicry relies on three key principled:) Natureasmodest udy nat ur eds mod

http://www.productlife.org/en/majompublications/performaneeconomy

11
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emulate these forms, processes, systems, atdgis to solve human probleni) lature

as measureise an ecological standard to judge thstanabiity of our innovationsg)

Nature as mentorwiew and value nature not based on what we can extract from the natural
world, but what we can learn froin(EMF, 2012) She also has authorBbther books on

ABi omi during1983d 199Q

6-A 1 ndust r i althe $udyof noateryaband energy flows through industrial systems.
Focusing on connections between operators wi
aims at creating closddop processes in which wasteas as an input, eliminating the

notion of an undesirable kyroduct. Industrial ecology was popularized in 1989 in a

Scientific American article by Robert Froschand Nicholas E. Gallopoulos. Frosch and
Gallopoulos' vision was "why would not our industsgstem behave like an ecosystem,

where the wastes of a species may be resource to another §abtiie2012) Industrial

ecology is concerned with the shifting of industrial process from linear (open loop) systems,

in which resource and capital investments move through the system to become waste, to a

closed loop system where wastes can become inputs for new prdédiesds/ , 2006)

7-A Bl ue E&@2000pbyGunter Pauli, 8elgian businessmahie published the book

66t he Blue Economy66 which was originally a
commercial bookn 2010 The report, which doubles up as
describes 6100 innovations that can create 1

provides many examples of winning So«8buth collaborative proje@sanother original

feature of this appach intent on promoting its hands focus(EMF, 2012)
2.1.2 Definition

Thereare different definitionor the circular economyfollowing, a number otlefinitions

Ellen MacArthur Foundation: fiThecirculareconomy refers to an industrial economy that

is restorative by intention and design. It aims to enable effective flows of materials, energy,
labour and information so that natural and social capital can be rebuilt. It seeks to reduce
energy use per unif output and accelerate the shift to renewable energy by design, treating

everythinginte economy as a (BEMRRMAbl e resourceo
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Waste and Resource Action Plah fiA circular economy is an alternative to a traditional
linear economy (make, use, dispose) in which we keep resources in use for as long as
possible, extract the maximum value from them whilst in use, then recover and regenerate

products and materials at the end of each serviae life

Report to the EuropeanCommission regard circular economy A éircular economy
represents a development strategy that enables economic growth while optimizing the
consumption of natural resources, deeply transforming production chains and consumption

patterns and rdesigning imlustrials y s t @Eungp@an Commission, 2014).

Wikipedia: fiThecircular economys a generic term for an industrial economy that is, by
design or intention, restorative and in which material flows are of two types, biological
nutrients, designed to-ente thebiospheresafely, and technical nutrients, which are

designed to circulate at high qualtythout enteringth® i os pher eo

EMF defines <circul arecoaomy hlawever, daassitienioa i i ndust r i
circular economyaffectsnot onlytheeconomic systerof an industriacountrybutalsoit the

society and environmerit this respect the definitiomsed inthe report to the European
commission is more appropriate that indésathat circulaeconomy introduces

aevelopmat stratega In additionthe definition used by WARP is more focused on material
uselInthisresearchth f ol | owi ng d@rtulamreconomyimiroduces used: i
development strategy that optimizesumat and social capital by creating an effective closed
system for materials flow, energy flow, labour flow and information éldw the sense of

natural capital, it enables an economic growth while optimizing the consumption of natural
resources by: reading energy use per unit of output, reusing energy by means of cascading,
using more renewable energy, reducing material use, using materials as long as possible until
the maximum value from them is extragtwhilst in use and by reusimgcovering,

regererating and recycling materials to make products and materials at the end of each

service life.

3 http://www.wrap.org.uk/contetwrap-andcirculareconomy
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2.2 Moving towards a resource efficient construction sector based on SE and
PBC

Today 6s g wilshift themceustogesourcesmnd the purchasing amianagement

of servicedased on circular economiyor thisdramatic change in the nature of government,
majorchanges artaken Forexampleuse iscreasingnadeof acontracting gstem that is
outcome basedith clear performance standard hisstateof-the-art contractingystem

refers to the Performance Bagedntracting PBC).In addition,useis madeof a

management process that avdaitures and mishaps. This management process refers to

Systens Engineering $E).

2.2.1 PerformanceBasedContracting (PBC)

Since the 1990§BChasbeen heralded as one of the most effective instrunfi@nisoving

thesociety towards a resouredficient orcircular economy and creating a museded

resource revolutiofiTukker, 2013. For the governments, PBC makes possible in dader
expresgheir needsn terms ofrequirementsperformance and qualitpnother terms for

PBC are Performance Based Acquisition, Product Service System, Performance Contracts,
Performance Based Agreements and Outcomes or Output Based Coittrpetsormance

based contract is a contrdlat focuses on the outputs, qualibdaoutcomes of service
provision and may tie at | east a portion of
extensions to their accomplishment ( Mar t i n, 1997 ;)TidscéhBactmgnd NI GF
systenmclearly spek out the desired end result exped of the contractor, but the manner in

which the work is to perforns left to the contractordiscretion.In these contracts,

contractors are given as much freedom as possible in figodhigow to best meet clieidts
performance objectivéCIPS andNIGP, 2013.

PBCholds great promise to reduce costslevmcreasing service qualitfhese contracts
ensursthe clients that systeim designed, builaind operated so that it accomplishes its
purpose safely in the ost costeffective way possiblesorsideringfunctional and
operationaperformance, cost, schedule, and riBBCis a preferredontracting systenm
capitatintensive industries such as civil infrastructure where the systems and subsystems

require high availability and are expensive taimtain
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(Mirzahosseinian, et al., 201T)o achievehigh system functionalityise is made of RAMS

functional performanceriteria Below RAMS is described.

RAMS requirements

Reliability, Availability, Maintainability and Safety (RAMS) are the most important quality
andfunctionalperformancerietriawhich are used to define, to determine, to measure, to
asses and to monitor the functional performancgystems ( Rijkswatersat, 2010).

However,in recent years RAMS has been expanded by aspects such as: Security, Health,
Environment, Economic and Politic (RAMSSHEERAMS engineering is an enlarged
engineering discipline thatas originated from the concegitsafety and reliaility. RAMS
engineering was firstly introduced by the aerospace industry to evaluate the reliability and
safety of aircrafts in th&930s (An, 2005; Ebeling, 201®ince the 1980s, with the rapid
development of systems engineering, RAMS management basabgely adopted to

effectively define, identify, assess and control all potential threats affecting the achievement
of the functional and operational objectives of a system. RAMS management has developed
as a distinct discipline of systems engineerimgeithe early 1990s with the established
engineering concepts, methods, techniques, measurable parameters and mathematical tools
(Villemeur, 1992Park, 2013)RAMS engineering ia significant disciplines and decision
making factor in engineering systerssice system functionality and operation performance

are the primaryequirementsnterest of systems

RAMS management is an engineering discipline that integrates reliability, availability,
maintainability and safety characteristics appropriate topeeational objectives of a system
into the inherent product design property through systems enginéesarig 2013) The goal

of RAMS is to achieve the systems safety, availability andeifsttiveness in the
management aspect ordtiondBak, 2@&L8).drslond term gperatienr m o p e
systems such as civil infrastructure systeRBMS analysis can be used in different life

cycle stage of the infrastructure system in order to defimagssure, to asses and to monitor
the functional and opetiah performance of systemA.decreasing of functional and

operational performance of the infrastructure systesindead tdor example: the frequent

delay of the transport service, the increase of total ownership cost, and even the continuous
increase of the potential damage for humans and environments caused transport .atgidents
avoid such effectsn the civil infrastruture systemdR AMS management is applied (1) to

defining RAMS characteristics, such as reliability, availability, maintainability and safety,
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proper to RAMS requirements and operational contexts, (2) to assessing and controlling the
potential threats, suas faults, failures and errors, that affect the quality of infrastructure
services and (3) tprovisionthe controlling means, such as failure prevention, fault tolerance,
fault removal and fault predictiofPérk, 2013 Since thanfrastructure systenae originally
developed to function and opera®perly, much attention has been paid to RAMS

management from the early development phase.

Resourceefficient requirement

In addition to RAMSperformancethe government can require performance with respec
resource efficiency by optimake of materials or reducing waster example,d stimulate

reuse and recjiag of materials in the construction sector, Waste Framework Directive

(WFD)* requires member states to take apgessary measurestoashie 6a mi ni mum
t ar of @0Rodby weight) of C&D waste by 2020 for preparationrésuse recyclingand

other material recovery, including backfilling operations usingmarardous C&D waste to
substitute other materials. By using such regulationgakiernmentstimulate the

contractors to take into accouwmaste reduction bgptimal use of materials construction

projects. Chapter,3liscussesnore aboutheresourceefficiencyin the constructiorsector

2.2.2 SystemdEngineering SE)

As mentioned beforggovernments will increasinglyse ofSE to avoid failures and misshape
by developing systems by contractors. For example, Rijkswaterstaat (a part of the
DutchMinistry of Infrastructure and the Environmghis introduced three guidies2007s,
2009s an®013s tantroduce SE to the market and to stimulate the us&oh Sivil
infrastructure sectdiRijkswaterstaat, et al., 2013)here are mangefinitionsfor the term
ASystens Engineering. As defined byDefenceAcquisitionUniversityfi S y ssEngineering
is an interdisciplinary engineering management process that evolves and verifies an
integrated, lifecycle balanced seff system solutions that satisfy customer needs
(Department of Defence, 200Ihe holistic viev of SE is a process whidbcuses on
analyzing and eliciting customee@&ds and required functionaliarly in the development
cycle, documenting requirements, then proceeding with design synthesis and system

validation while considering the complet@plem, thesystem lifecycl€Oliver, et al., 1997)

“Directive 2006/12/EC revised by Directive 2008/98/EC
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Originally, theneed for systems engineering arose with the increase in complexity of systems
and projectsin turn increasing the possibility of component friction, and therefore the
unreliability of thedesign(Yassin et al., 20038raha et al.2007).There are threkinds of

systems engineerin@roduct Systems Engineerirignterprise Systems Engineering, Service
Systems Bgineering(Cheeckland, 1999)Civil infrastructure has to do with trengineering

of service systems. Cheekla(i®0) defines service systesas a system which is conceived

as serving another systg@heeckland, 1999According tothe International Council on

Systems Engineering (INCO$E i a is a/cerstauchor collection of different elements

that together produce results not obtainable by the elements alone. The elements, or parts, can
include people, hardware, software, facilities, policies, and documents; that is, all things
required to prduce systemtevel results. The results include system level qualities,

properties, characteristics, functions, behavior and performance. The value added by the
system as a whole, beyond that contributed independently by the parts, is primarily created by
the relationship among the parts; that is, how they are intercona¢d€DSE, 2010)

However, thavay in whichs system is definedependent on the interests ardponsibilities

of the observer.

In general SE is dividedo themanagemerdndtechnicalprocess The goal of the
managementrpcesss to organize the technical efton the lifecycle, while the technical
procesdncludes assessing available informatidefining effectiveness measurescteate a
behavior mdel, create a structure modekerform tradeoff analysis, andreate sequential
build & test plan(Oliver, et al., 1997)The most important element in systeemgineering is
the explicit documentation of informatiolm this process, theoenmunicatio of the
documented information is absolutely essential to prevent errors and tloé fedlstre. Due
to this,transparency and explicit methods of working are absolutely essential
(Rijkswaterstaatet al., 2007)Systems thinkings the fundamental principle of systems
engineering. System thinkimgovides gotential solutionso acomplexproblemsfrom a
holistic perspectiven whichtheproblem is viewed in the context of the larger wholeis
fundamental principlensurs a structured way of developing and managing a projeat

repeatable@nd transparent way.
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2.2.2.1 Systems Engineering Process

The Systems Engineering Process (SEP) is a comprehensive, iterative and recursive problem
solving process which applied sequentially-thgwn by integrated teantDepartment of

Defence, 2001)The goal of SEP is to transform needs and requirements into a set of system
product and process descriptions, to generate information for decisiorsraakieo provide

input for the next level of developme(epartment of Defence, 200Ihe design process

based on SE progresses through distinct levels or stages:

T AConcept | evel: which pr o@sualedescribedsnyast em ¢
concept study),

1 System level, which produces a system description in performance requirement terms;
and

1 Subsystem/Component level, which produces first a set of subsystem and component
product performance descriptions, then a sebofesponding detailed descriptions of
the productsd charact er i @Oepartmentof Pederce,nt i al
2001)

According to Department of Defence (2001) the configuration baselines are called the
functional baseline for the systelmvel description, the allocated baseline for the subsystem/
component performance descriptions, and the product baseline for the subsystem/component

detail descriptions [Figure 4].

Concept Studies
]

*

DESIGN DEFINITION
* System Definiiton

(Functional Baseline)

DESIGN DEFINITION A .
* Preliminary Design

(Allocated Baseline)

DESIGN DEFINITION  pegail Design

(Product Baseline)

Figure 4,System Engineering developmentgh (Department of Defence, 2001)
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Systems Engineering Activities

Systems engineering process has tliveelamentahctivities Requirements Aalysis,
FunctionalAnalysis and AllocatiomndDesign Synthesi@Department of Defence, 2001)
Figure5 maps the relation between three activitiésllowing the three activities are

explained.

System Analysis
and Control
(Balance)

wOmOOAT

Requirements ‘\.

Analysis

Requirements
Loop

- CcoZ-—

Functional Analysis |
and Allocation

Design
Loop
Verification h 4

Il Design Synthesisl

PROCESS OUTPUT

Figure5: The Systems Engineering Proc@B@spartment of Defenc001)

Requirements analysis the he first step of the systems engineering process. Requirement

analysis is a process to analyze the customer requirements or process inputs that define what

the system must do and how well it must perform. In this stage the engineering team must

ersue thatrequirements are understandable, unambiguous, comprehensive, complete and
concise. fARequirements analysis must clarify
constraints. Functional requirements define quantity (how many), quality (haly,goo
coverage (how far), time |ines (when and how

(Department of Defence, 2001)

Functional Analysis and AllocatiairAA) playsan important role in the systems engineering
process. As given by Dep arAnaggsmand AlbotatioDe f e n c e (
facilitates traceability from requirements to the solution descriptions that are the outcome of
Design Synthests. T livity gransfarm the functional, performanaeterface and other

requirements that were identified through regoients analysis into a cohereesscription of
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system functions that can be used to guidedtidee syntlyerisactivitydthat follows.
(Department of Defence, 200BAA translate the customer requirement in function and it
allow better understanding of what the system has to do, in what ways it can do it, and to
some extent, theonflicts associated with\eer-level functiongDepartment of Defense,

2001) In this stage,Unctions are analyzed by decomposing higher level functions identified

through requirementnalysis into lowetevel functiongDepartment of Defence, 2001)

Design synthesi@is the process of defining tipeoduct or item in terms of the physical and
softwareelements which together make up and detfirgeitem. The result is often referred to
as the physicarchitecturgDepartment of Defence, 200Bach part must meet at least one
functional requirement, and any part may suppuhy functions. The physical architecture
is thebasic structure for generating the specificationstaselined (Department of Defence,
2001)

Systems Engineering’rocess
Systems engineering based on the tee importanaspects including:eparation of
specification and designerification and validationthe life cycleapproach Rijkswaterstaat

et al., 2007)Followingthese three aspect are explained briefly

Separation of Specification and Design

The starting point for developing a system isghablem definition andoreparation of
specifications includes the survey and analysis of requitear® functiongRijkswaterstaat,

et al., 2007)The goal of the project is tinfd a solution fothe problem for example

resolving the traffic congestion between two area. The problem statement is described in the
p r oj mimarydexjuirement. To achieve the project objectivesystems engineering

process subsequently proceeds on the basis of two prooasses) in parallelthe

specification process and thesign proces@Rijkswaterstaat, el., 2007)[Figure6].

Verification

Selection

Reducuction

Requirements Loop Design Loop

Y Y YV Specifications l | Design

Process Requirements Functional Analysis Generate Develop Prepare Process
Input Analysis & Allocation Options Variants Design Output

Figure 8 The angineering process in public works and water manage(Rgkswaterstaat, et al., 20Q7)
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As i ndicated by Rhgghkaoithetreguiremeatsaanaly$i?pCeds)s
transl at e treguirementa ikte rheadurdbéersystém requirements and functions.
The functions aréherefore transformed into requirements during this phase and, where
necessaryrequirements are translated into more detailed requiremetite @asis of the
design choices mad¢Rijkswaterstaat, et al., 20Q07h addition to the functional
requirementsthe system is expected to meet other requirements asuailas

environmental requiremengs apart of theperformance requiremenfeducing waste and
optimal use of resources can be a part of this requireiiat.analyzing the requirements
the functions of system aren the basis diunctional analysis and allocatigmansformed

into subsystems artd prepare a specification that documents the requirements that the
relevantsubsystem is expected to m@eijkswaterstaat, et al., 2007he functional analysis
and allocation process done by following the next stegRijkswaterstaat, et al., 2007)

A the detailed specification of all of t
A derive the subsystems (function enablers) from these functions
A create structure and coherence among these subsystems

A link the requirements frorthe requirements analysis to these subsystems

The inputs intdhe functional analysis and allocatiare thesystem functions that h&s be

nt

he

designedd et er mi ned on the basis of the contractdi

These main functions can be further decomposed or used for desiNdrfgnctions
(Rijkswaterstaat, et al., 200'After thefunctional analysis and allocatiaf system and
subsystems, the functionsedichsolutionindependsat subsystem igansformed into a
physical solutiorbased subsyste(Rijkswaterstaat, et al. 20Q7ip this process, design is

derived from the described requiremeantsl (sub)system functioiiRijkswaterstaat, et al.

2007) In this stagethe designpracs s produces the design choi ce

requests and objectives, and therefore provides the transition from problem to skiution.
order to achieve the best design soluttbe,design process is subdividatb athe following
stepg(Rijkswaterstaat, et al., 2007)

Generateoptions fi t he objective of the options gene

determine the possible solutions for a system and to produce a limited number of feasible

options on thabasis that will be subjected to further investigation. The generation of options

is defined as the consideration of all possible solution directions for the system. In order to be

able to produce a comprehensi vigacteptable t hat
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solutions, it is important that the initial survey of options be determined without any
consideration of value whatsoever and to stimulate otitesibox thinking during the options
generation phase. This can be accomplished on the bdsmmgtorming sessions, for

example. The generated options are subsequently reduced to a limited number of feasible
solutions that are then developed further into variants. The reduction of the collection of
conceivable options into a set of feasible amics accomplished by way of an elimination
process based on one or more requirements and preconditions. Put another way: only those
options that are inherently capable of meeting all of the requirements are transformed into

variants. The entire processdiso ¢ u m e(Rijksevatevstaat, et al., 2007)

Developvariants A t he objective of the variant deve
design choice for the system under consideration that best meets the requirements and othe
criteria. Further development of the variants is necessary in order to bring the options judged

as being feasible to a level of detail that allows the variants to be mutually compared on the

basis of the specified requirements and criteria. It is impbtitet, in addition to the

specified requirements, other criteria such as environmental impacts or costs are allowed to
play a role as well as part of the assessmen
Value is an abstract concept and essentiaftyesents a measuring stick that allows the
specified requirements and 6érequestsdéd, and t
Once the variants are developed in further detail, it becomes possible to calculate the impacts

of the variants inelation to the assessment criteria. A score matrix or a-tfideatrix is

used to allow the variants to be compared. The different assessment criteria are assigned a
weighting factor. The variant with the best score (or that represents the highesisvalue)

ulti mately sel ected 4Rjkswaterstaas e &l.u2007)on f or t he
Prepare designfin this stageéhe design selected as the solution of the system is developed

in further detail during this phase. Thejugrements or functions attributed to the subsystem

is developed in further detaluring this phase. The requirements or functions attributed to

the subsystem qrocess are defined in specific terms at the desired level ofcdetalil

(Rijkswaterstaat, et al., 20Q7)

In order to work out the design in further detailprequirementandsub-functionsare
derivefrom the main requiremengnd main functionsThis process is repeated until a design
emerges that isuitable forproductiorfconstruction)The specifications and the design often
merge at the lowes&tvel. In that case the specification and design chunks can also be
considered as@ o mb i n e dRijkswatersthad, et al., 200 Bigure 7shows the
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combination of the specification, design and production processesl on the system

engineering Vmodel. This model indicates the process fleith a descending line

representing the further detailing of thgecification and design processd an ascending

line representing the productipnocesslt alsoillustrates the relationship between the
contracti nrge qquitrheome ntysd,s t he st akehol dersdé an

to be desiged andoroduced.

Client Request - Validation of Needs

Stakeholder Contracting

Requests a
Au th Oﬂty Verification/Validation
Req uirements (Requirements/User Requirements)

fe System System \ B Inspection & Testing of the Design Completed

quirements N -

Specification, Design j System
: A

Verification/Validation
(Requirements/User Requirements)

\
\'.> /[ Subsystem\ . L
Design j |~ ’
Verification/Validation
(Requirements/User Requirements)

Inspection & Testing of the Design

Subsystem
Requirements
Specificatiol

Validation

Client Request

Component
Requirements g Component

Specificatiol

Completed
Component

Validation

‘erification/Validation
(Requirements/User Requiremems),’

Decomposition Client Request Integration

Element
Requirements
Specification,

Element
Design

Validation

Figure 7 Integratedv-model of systems engineering procégsjkswaterstaat, et al., 20Q7)

Verification and validation

Since asystem design is prepared on the dasithe specified requirementse design is
verified and validatedo determine whethehe design meets these requirements and the

c | i eValidadian expresthe act of provingind monitoringvhetherthe produced system
meet t he c lonwgstempsabsystengqamdecempsenent level. Verification means
the act olshowing or checking whethdhe praluced system respect the design
(Rijkswaterstaat, et al., 20Q0Thspection and testing are the commonly used terms for
verification and validationfiln this respect, inspection and testarg carried out on the basis
of the design, while the requirements must ultimately be vedifiegkswaterstaat, et al.,
2007) [Figure 7].
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The Life Cycleapproach

Systems engineeri ng i sFirktdascaude the systéms éngineermgc | e a
approachapplies taall phases of theystemlife cycle. Second, this comes to the fore in the

way in which life cycle considerations aneluded in advance and explicit in the design

process as a mandatory elentgRijkswaterstaat, et al., 2007he repetitive execution of

specification, design anproduction during the life cyclis graphically depicteth figure 8

Use, Operation
and Maintenance

Concept

Production

Development

Figure 8 Execution of specification, design and productioming the life cycldRijkswaterstaat, et al., 20Q7)

During design stage, the RAMfquirements play key role inorder to make anaking life

cycle tradeoffs, hence RAMS requirements refers to tluactionality of thesystemDue to

this, it is importanto devote a greatdealaft t ent i on t o t he systembs
during the specification and desighases by analyzing timeatters that can affect the

functionality of the syster{Rijkswaterstaat, et al., 200./Aigure 9positions the RAMS

requirements.

Functional and Performance Requirements

J ‘l’ ¢ L 'l' Failure (Reliability)

Availability

Fulfilled Not Fulfilled

Maintainability

Safety

Figure 9 RAMS requirementgRijkswaterstaat, et al., 20Q7)
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Theoverall barin figure 9represents the system during uge. indicated byRijkswaterstaat,

fi e blue portion represeritse system operating in accordance with all requirements and the
red portior e pr esents where this iIs not the case.
phasecould be the result of a failure (lack ofieddility) or because maintenance is required.
Both situations can lead to reduced availability of the sy$Rijkswaterstaat, et al., 2007)

By using design alternatives and materials that require low mainterlaacsavadbility
can be reduces.
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3. Theoretical framework

This chaptereviews the literature on thresearclsubject whictforms a framework for the
researchThis chapteconsists of three paragraplta r agr aph 3.1 ACircul ar
C o n c enpdrtant aspects of the circular econaomgluding circular economy principles,

circular economy strategy and circular economy loops. In addition, it indicates how circular
economy can be measuredrdgraph 3.2 Ci r cul ar Economyured n t he ci
se ¢ t haghlightsthe importance of construction secioithe transition to aircular

economic systenAlso it indicates the barriers and strated@sthe designers order to

design according to the circular economy principles. Finpllyagrap3 . 3 A Concl usi on

gives an answer tilve research questiotis2, and 3.
3.1 Circular EconomyConcept

This paragraph highlightdhe circular economy concept including the fundamental principles,
strategies deployed to date as well as theegn¢  cufar edonomy loopsSection3.1.1

introduces the circular econorpyinciples.Section3.1.2 describethe strategy and the way

in which circular economy will workSection3.1.3 indicates he concept of &606¢ci
economy | oops 006 wldasstuhtransigon to a resbuerog efficient ecanonsy.u ¢
Section 3.1.4 shosv4 ways in which circular economy create value. 3.1.5 indicates how the

circular economy can be measured

3.1.1 Circular Economy Principles

As indicatedby EMF (2013, the circular economy is based f@w fundamental principles
These includedesign out waste, build resilience through diversity, rely on energy from
renewvable sources, think in systermsdwaste is food. Below a brief explanation of the
principlesis indicated.

Designout waste

According to this principleproducts should be designed by ntten to fit withina material

loop (EMF, 2013) As statedby EMF(2013 waste does not existhen the biological and
technical component s aledasignédbyintention ta fitwithina of a p

biological or technical materials cycle, designed for disassembly gmadpesing. Design
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for assembly, design for reuse and designdbrrbishment are examples of design waste out

principle.

Build resiliencetrough diversity

Modularity, versatility and adaptively atiee most importarfieaturesof this principle (EMF,
2013). This principle ensure the flexibility of systems for the future changes and needs.
According to EMF (2013),iderse systems with mamodes, connections and scales are
more resilient in the face of external shoaksl changethan systems built simply for

efficiency.

Shift to renewable energy sources

This principle aims to use renewable enesggh asolar energyenergy from soibndor
wind powerfor producing materials @ystemshroughthe supply chainAccording to EMF
(2013), using renewable enengduce the need for fossiluel based inputs and capture

more of the energy value of {products and manures.

Think in systems

System thinking isa process of understanding and it has roots idGlkeeralSystems

Theorydthat was advanced hydwig von Bertalanffyin the 1940s and furthered Rpss

Ashbyin the 19504Senge etal. 1990Accor di ng t o YyStemsthirking(isla9 9 0) ,
discipline for seeing wholes. It is a framework for seeing interrelationships rather than things,
for seeing patternsof chamg r at her t h a nnthetoatext of ciraulareqpsomyg t . 0
@ystems thinkingrefers tothe system theorgnd in particular selfegulating systems or

systems seltorrecting through feedbactkat can be found inature, including the

physiological systems of our body, in local and global ecosystems, and in 8liavadan

human learning processggiel et al, 200).Self regulatings the property ofystemsn

which variables are regulated so that internal conditions remain stable and relatively constant
Self regulating comes back in living organism for example the self regulating process of
human body thainaintains the bodgtability of the internal environment in response to

changes in external conditions. In this proadkbody internal processesom cell to body
organ,operateas a wholdo keep the conditions within tight limits to allow these rieas to
proceedThis automatic control system is daeoughfeedback in whictthe systenieed

backinto itsef or in other word®utputs of a system are routed back as inputs asfoart

chainof causeandeffectthat forms a circuit or loop (Fro@010). According tofi Self-
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regulating mechanisms have existed since antiquity, and the idea of feedback had started to

enter economic theory in Britain by the eighteenth century, but it wasn't at that time

recognized as a universal abstraction and sdtdidue aname ( May Bystenis9 8 9 ) .

engineering is partly an example of application of system theory in the field of engineering

that integrates more disciplines and specialty groups into a team effort in order to function as

a whole EMF (2013) defins systemthinking asfithe ability to understand how parts

influence one another within a whole, and the relationship of the whole to th@ parts

According t oSyEMFe n(2® 1t3hi,n ki ng usuarhalojty r ef er s

of realworld systemsvhich arenonlinear, feedbackich, and interdependent. In such

systems, imprecise starting conditions combined with feedback lead to often surprising

consequences, and to outcomes that are frequently not proportional to the Such systems

cannotbemanagde i n the conventional, Olinear® sense
c

more frequent adaptati(BMF208. changing i rcums

Waste is food

The phr ase ,@ownadsby Braumgart ahddviw@bBough, summarizes the circular
philosophyand desig out waste principle (EMF, 20L2According to this principl¢he
biological nutrienttan be cascaded fproducts of materials. It exprethge ability to
reintroduce products and materials back into the biosphere througbxiojrestorative

(EMF, 2013) On the technical nutrient sidmaterials can be up cycled, recycled and reused

for the same of otligoroducts or systems (EMF, 2012

3.12 Circular Economy $rategy

In the circular economtghe econont growth isdecoupled from the resourase In the

sense of resources, decoupling means using less resources per unit of economic output for
more people and reducing the environmental impact of any resources that are used or
economic activities thatre undertake(UNEP, 2011)[Figure 10] Another term for

recourse decoupling& 6 r e cfofuir s id@N&R, 2@ DH Circular Economy is a

practical and proven implementation of resource efficietrcdifferent literatures such as

UNEP (2011) and WRAP (2012jetermresourcesfficiencyis used as a substitute term for
circular economyAlso in this report both circular economy and resource efficiencysae.
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Figure 10 Decoupling natural resource use and environmental impacts from economic JotN&ER, [2011]

In the circular economghe economic growths based on renting resourcasselling service

ratherthan selingpodutThiss ifidea refers to agbandhe O6f unc
sometimes put underthewiderot i on o f 0 p e wHich alsm adwocates aTe0 N 0 my
localisation of economic activity Clift et al., 2011)According toreportdonefor the

european commissigiCircular economy strategies are schemes ensuring that upstream

decisions in the value chain are coordinated with downstream activities an@ é€tdrs

2014) Circular economy strategyonnect produceyslistributors, consumers and recyclers,

link incentives for each of these actors, with an equal distribution of costs and benefits. It

aims to inspire innovation throughdtie whole value chaimather han relying solely on

waste recycling at the end of value chains. Accordinbeaeporto the European

Commission 2014) circulareconomy strategy is based ontwo piliara c | udi ng t he o6t
cradle to cradle &6 pr iThecragldtecradlepinciplerdferstd r i a |
the product design for durability , disassembly and refurbishritempress that that

businesseshould apply the principles of edesign to all their products, i.e. use as little
nortrenewable resources, elimite as many toxic elements and hazardous materials as

possible, use renewable resources (at or below theirafategeneration), increase thiée

and reuse potential of products, and facilitate, at the conception stage, the sorting and final
recoveryof product§EU, 2014). Furthermore, it change the model of consumption from

buyer to user (EU, 2014). Industrial symbiosis expresesssector approach and

cooperation between actors unaccustomed to cooperate (e.g. between product designers and

recyckrs), along the whole supply chain gfraduct, inorder to optimise its lifeycle (Eu,
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2014) It is the sharing of services (e.g., transpW)IF et al., 2012)utility, and by product
resources among industries in a territory, creating synergiesdretwsinesses for

economies of scale. The spatial clustering of collaborating companies is highly important as it
makes the interconnecting of links in the supply chain and the exchange of residuals between
links easier (TNO, 2013).

3.1.3 Circular Econamy Loops

Circulareconomy distinguishebe resourcemto two categories. Firstly, biological
materials from biological origin such as agricultural and forestry goods/commodities, bio
based wastes and residues, which are generallyoxamand renewabl® an extent as they
are limited by the availability of land, water and nutrients and can be returned to the
biosphere, where they act as nutridi®IF et al., 2012)Secondly, technical materials like
minerals, metals, polymers, alloys and hydrocarkervdtives (e.g. plastics), which are not
biodegradable andre based on finite resourd&MF et al., 2012)As seen in the figur#l,
each kind of material betwedmesetwee resource categoriesmesin a material loop Each

category has its own loopBelow the loops belong teach categories ansapped

1 Hunting and fishing
2 Can tale both DOST-Harvest and POSL-CONSUMAr WasLe as an inout
Source: Dllen MacArthur Foundation circular economy team

Figure 11 The circular economy loop<EKF et al., 2012).
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Circular economy loops for technical nutrients

According to Ellen MacArthuFoundation and others (201 there are four ways of

achievirg a circular economy for technical nutrients which are set out below in descending
order of the value of the outcome:

1- Reuse of goods:

1 Reuse of a product agdior the same purpose as in its original form with little
enhancement or change. +Jgoodasrhdawq. t he reuse
1 Reuse of productagaifor a different purpose than its original form with few or

negligible improvements (e.g. using tirestaat fenders).
2- Productrefurbishment or component remanufacturing

1 Product refurbishment: returning a product to good working condition by
replacing or repairing major components that are faulty or close to failure, and making
changes to update tlappearance of a product, such as cleaning, changing
fabric, painting or refinishing.

1T Component remanufacturing: A fAprocess of
subassembly or component level. Functioning, reusable parts are taken osedf a

productandrebuit into a new product (EMF et al., 2012).

3- Cascading of components and materials

As statedby EMF and others (20)Zascading issuccessive uses of a material across
different value stream#t refers to usefriendly, costeffective, andjuality preserving
collection systems; as well as treatment/extraction technologies that optimise volume and

quality.

4- Material recycling

Material recycling point outrey recovery operation by which waste materials are reprocessed

into products, mateals or substances whether for the original or other purpfiaacludes

the reprocessing of organic material but does not include energy recovery and the
reprocessing into materials that a(EMFeto be u
al., 2012). As reported by EMF and otehrs (20i2cycling can be divided into the following

types:
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1 Upcycling:iiconverting materials into new materials of higher qualitg increased
functionalityo ( EMF et al ., 2012).

1 Functionalrecycling:firecovering materials for the original purpose or for other
purposes, excluding energy recovery ( EMF et al ., 2012).

1 Downcycling:ii converting materials into new materials of lesser quality and reduced
functionalityo ( EMF et al ., 2012).

Circular economy loops for biolagical nutrients
Nextto thetechnical nutrientsEMF report (2012 highlights the following means available
to create a more circular economy in the field of biological nutrients:

1- Cascading of components and materials:

As with cascading use of techalenaterials, it involves using materials for other, higher
value, uses for constituent materials than material recycling of raw materialsit refers to user
friendly, costeffective, and quality preserving collection systems; as well as

treatment/extractiotechnologies that optimise volume and quality.

2- Extraction of biochemical

AAppl ying biomass conversion {olunmemutshges and e
value chemical products, or levalue highvolume liquid transport fuél and thereby

generatng electricity and process heat fuels, power, and chemicals from biomass. In a

Obi orefineryé such processengpraduckortgpeoibi ned t o
e n e r(BMF @t al., 2012).

3- Anaerobic digestion:

Aprocess i n whi c hdownmiorganio mategatsnsuch as $oodscraps k

manure, and sewage sludge, in theesite of oxygen (EMF et al., 2012} his process

generates biogas (methane and carbon dioxide) and a solid residual. The solid residual can be
applied on the land or compestand used as a soil amendment, while biogas can be used as

a source of energy similar to natur al gas o660 (

4- Composting
ABi ol ogi cal process during which naturally o
fungi), insects, snails, drearthworms, break down organic materials (such as leaves, grass

clippings, garden debris, and certain food wastes)simildike material called compost.
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Composting is a form of recycling, a natur al
(EMF et al, 2012). Compost can be used as atooic ingredient in agricultural fertilizers,
(EU report, 2014).

Energy recovery and landfilling

Energy recovery and landfillinig thefinal option in material loojn which products would

consist of energy oevery, dter options with cost and resource savings have been exhausted

or can no longer be chosen by economic actors due to the quality degradation constrains
Energy recovery can be defined as a process
useabl e heat, eEME 23, iitlroughyombustior, gasificaiion(pyrolysis,
combustion of biogas from anaerobic digestion, or landfill gas recovery. Finally, landfilling

(i.e. disposing of waste in a site used for the controlled depasalidfwaste, onto or into

land1)is considered as the last eofdlife solution for noarecyclable waste According to

EMF,A c i r c ul wauld teytocextractrtlye maximum value from used products and

mat eri al so, b e c anagatveextemalitie$ sudh kit immact onrlaadautgee s
including the societal burden associated with siting@®i@nd gr eenhouse gas
(EMF, 20D) .

3.1.4 Creating value by circular economy loops

As indicate by EMFRand otherg2014)the circular economipopsare thesources of value
creation that offer arbitrage opportunities, i.e. ways to take advantage of the price difference
between used and virgin matais. This can be done in four ways including: the power of

inner cycle, the power of circling longer, the power of cascading use and the power of pure

inputs(EMF et al, 2014) Belowthe sources of value creation are briefly described.

The power of the innercircle

fiThe power of the inner circkefersto minimising comparative materials use

vis-avis the linear production system. The tighter the circle, i.e. the less a product has to be
changed in reuse, refurbishment and remanufacturing and the fasternsrto use, the

higher the potential savings on the shares of material, labour, energy and capital still
embedded in the product, and #ssociated externalities (such as greenhouse gas (GHG)
emissions, water and toxicity) ( Et&F2014)
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The power of circling longer

fiThe power of circling longer refers toaximising the number of consecutisxcles (be it

repair, reuse, or full remanufacturing) and/or the time in each cycle. Each prolonged cycle

avoids the material, energy and labour ofcregti a new product etalr compo
2014) [Figure 12]

The power of cascaded use

fiThe power of cascaded use refers to diversifying reuse across the value chain, as when
cotton clothing is reused first as secdrahd apparel, then crosses to tiiture industry as
fibre-fill in upholstery, and the fibréll is later reused in stone wool insulation for
constructio® substituting for an inflow of virgin materials into the economy in eachdcase
before the cotton fibres are safely returned to thephiere ( EdFE 2014)

The power of pure inputs

fiThe power of pure inputs, finally, lies ihe fact that uncontaminated material

streams increase collection and redistribution efficiency while maintaining quality,
particularly of technicamaterials, which in turn extends product longevity and thus increases
material productivitp (K 2014)

...the inner circle ...circling longer

bH_ &

...cascaded uses across industries ...pure/non-toxic/easier to separate
inputs and designs

D Qs

Figure12: Sources of value creation for the circular econp(&MF, 2014)
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3.1.5 How to measure

In 2015 EMF in cooperation with Granfaesign and LIFE introduced the report

ACi rcularity Indicatorso . I n this thatport a
assess how well a product or company performs in the context of a cEcolaomy The

developed indexes consist of a miadicator, the MateriaCircularity Indicator(MCI),

measuring how restorative the material flows of a product or comgranyand

complementary indicators that allow additional impacts and risks to be takextaoiont (

EMF et al., 2015). MCI can be e as decisioimaking tool for designey$ut might also be

used forseveral other purposes including internal reporting, procurement decisions and the

evaluationor rating of companieEMF et al., 2015)

MCI methodologyfocuses exclusively on techniaglcles and materials from nganewable

sources andn the product levet can be used in the design of new products to take

Circularity intoaccount as a criterion and input for design decisions. The indicators allow for
comparing di f feetr einftd veaen arniso )6 wlhf atther oduct
design level. They could also be used to set minimum circularity criteritefogners. This

can apply to new products as well as the further developme@nbddicts with the aim to

make thenmore circular. Aspects of product design tteat influence the circularity scores

range from material choices to new businasslels for the produ¢tEMF et al., 2015)In

addition, MClfocuses on the restoration of material flows at productangpanylevels and

is based on the following four principles:

i) using feedstock from reused or recycled sources

i) reusing components or recycling materials after the use of the product

iii) keeping products in use longer (e.g., by reuse/redistribytion)

iv) making more intensive use of products (e.g. via service or performance n{delIs)et

al., 2015)Based on MCI it should be possible to measures the extent to which linear flow
has been minimized and restorative flow maximized for its component matandlsow

long and intensively it is used compared to a similar indwsteyage product.

A The MCI is essentially constructed from a
massw of virgin raw material used in manufacture, the mas®f unrecoverable waste that

is attributed to the product, and a utility fact@rthat accounts for the length and intensity of

t he pr o dEM- et'als 20L53Fgorel3indicateshe associated material flowss
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statecbyE MF and ot h ayrpedudtthad i rianufactiired aising only virgin
feedstock and ends up in landfillattheenfl i t s use phase can be coil
product. On the other hand, any prodihett contains no virgin feedstock, is completely

collected for recycling ocomponent reusend where the recycling efficiency is 100% can

be considered a f yradticg, mdst praducts Wwilbsit Somewheced u c t . I n
between these two extremes and the Mi@hsures the level of circularity in the range 0do 1

(EMF, etal. 2015)

Waste from recycling process

Waste from
recycling
process

Recycled Material
feedstock Lifetime and func- collected for
tional units compared recycling
to industry average
(utility) considered

Virgin
. feedstock during us
_—
Manufacture Material going to

landfill/energy
recovery

Reused Components
Components collected for reuse

@ _________

Figure 13: Diagrammatiaepresentation of material flofWEMF et al., 2015)
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3.2 Circular Economy in civil infrastructure sector

This paragrapthighlightsthe potential impacbf the circular economy in the construction
sector including desigbarriers and strategieBaragraph 3.introduces the significant rotef
the construction sector in the transitiato thecirculareconomy.The literature discusdan

this paragraph giw that the constructiosectoris a priority sector for this transition
Paragrap!8.2indicatesthe potential impact of circular economy in the construction sector.
According to the literature revieeovered in this sectigmy effective and efficient @sof
construction materials different value such as reduction of life cycle costs van be created.
ParagraplB.3describes the circular economy design strategy and design principles for the
engineering of civil infrastructure systemszcording to heliterature discussgein this
paragrap, the main barriergy order to transithe construction sectanto the circular

economy and to achieve the maximal value form resourceslecthef resource efficient
design principleandinvolvements of stakehadérs in the design procedss a soluin, the

use of resource efficient design criteria during the design stage ansktloganintegrated
designprocessin which all stakeholders can be involved, is advisetally, paragraph 3.3.4

summarizeshe literaturediscussed iparagraph 2 as whole.

3.2.1 Introduction

The construction sector is an important economic engine with one of the largest users of raw
materials and energy. For exampeitch constructiomnd demolition sectaepresents an
important sharet.8% in 20130f the added value within the Dutch econowith building
production of 72 thousand million eur@sBN-AMRO et al.,2014). Dutch constructions

sector is more than 90% dependent or raw materials such as iron, aluminium, copper, sand,
clay, limestone and wood,together accounting for an about 260 million tons IABOLO

AMro et al,2014). From this, 23 million tons of thesetaréals ended up as waste, which is
responsible for 37% of the total waste stream ir\tetherlands (ABN AMRO et gl2014).

While Netherlands is one of theibpean countries with the highestise andecycling rate

of construction and demolition wastgth more than 95%, the recycling of it is suboptimal
(ABN AMRO et al., 2014)The recycling processing of this fraction is very energy intensive,
and t he mo st dowrcycled .n atthernwardst tiee current récycling is not a
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valuable form of €cycling As pointed out byABN AMRO and Circle Economy2014),
fimorethan 75% of construction waste is stony rubble, of which only 2% willJosed as a
replacement for gravel in new concrete. The vast majority of the gravel ends up in roads.
Neverthelss as much as 15% of all the Dutch waste that will be dumped or burned

originates in the sector. Nearly 20% of this

In addition the construction sector is highly dependence on fossil fuels and energy and it
producdarge amount o€0O, emission. The necessary eneagyl CQ emissions per

kilogram of most of these new and raw materials are relatively high, since the extraction and
processing of these materials are so complex. For example, Dutch construction
sector,between materialgteaction and the End of Life phase (EoL), is responsible for 4.5%
of the total energy use in the Netherlands, excludes energy use during the use $hase (U
2014). The climate impact of the sector is 9.6 million tong, @@ about 5% of the national
greenhouse gas emissionsofA this amounZ0%are released in the harvesting and
production phase for construction materials (ABN AMBIGl, 2014). This amount is
exclusiveCO, emissionduring transport#on of heavy building material which contributes
significantly in Dutch C@emissionfABN AMRO et al, 2014) The current construction
method has also other negative impacts such as noisewdsts, fiealthy) and

contamination (toxins and chemica{®BN AMRO et al., 2014).

3.2.2 Potentialimpact ofcircular economy on theivil infrastructure systems

Construction sector, buildings and infiaa priority sector forthe circular economy (EU,
2014),because of the large amountssource usthat are generated and the high potential for
re-use and reafing embodied in these materialBue to this, Etopean ommission haset

high ambitiongo stimulate the transition to a circul@nstruction secto(EU, 2014) In

Europe, aly 202 to 30% of all construction and demolition waste is ultimately recyated
reusedefficiently, oftenbecauseconstruction objectare designed and built in a way that is
not conducive to breaking down parts into recycldietealone reusable compone(EPA,
2009) [Figure 9 To stimulate reuse and rediyg in theconstruction sector, Waste
Framework Directive (WFD) requires member states to take any necessary measures to
achieve Aa minimum targeto of 70% (by weight
re-use recyclingand other material recovery, includibgckfilling operations using nen

hazardous C&D waste to substitute other materials.

*Directive 2006/12/EC revised by Directive 2008/98/EC
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Construction and demolition (C&D): A noteworthy opportunity

US C&D waste 2008

C&D is a significant Less than one-third is A lot of the discarded material

waste stream currently recovered could be recovered

100% = 100% = 100% = Potential

615 mn tonnes 160 mn tonnes M2-128 mntonnes applications

.I.Il... ..I-l..-D.
Other
* Recycled 20% -
or reused - - fli iti
20% o Gypsum board Fertilizer additive
Concrete/rock/brick Gravel, erosion control
. AR Reuse of soil
s Sl after treatment
74 . 26 C&D
. Asphalt products Road building material
Discarded
T Wood flooring
construction material
.- LA L LY
C&D waste as End-of-life Composition of
ashare of total treatment of discarded C&D waste

C&D waste

Figure14: Construction and Demolitiowaste(C&D), (EPA, 2009)

The current C&D waste quantities are ranged between a total of 310 and 700 million tonnes
per yar in the EU27 (0.63 to 1.42 tonnes per capita per year). Due to a ldbk available

C&D waste data, it is difficult to estimate the total waste quantities generated in H&ldpe
2014).

Generally, civil infrastructure systems are owned by theeguments. In other words, civil
infrastructure systems are the natural capital or physical assets of governments that requirea
majorinvestmentegardingraw materials and energy. To meet the huge need of materials

and energy, governmerftave been increasingly importing natural resources from other
countries, and exporting the negative consequences of their overconsumption abroad. By
applying the principles dfirculareconomydifferent types of valuéexpresse@s economic,
environmentahnd social benefiyscan be created. In the case of design and engineering
process of civil infrastructure systems, applying circular economy principles provide more

value or a higher serviguality forthe clients.
This valie can be expressed, for exdenby:

- Reducing C@emission.

- Reducing life cycle costs,

- Reducing energy use of system during its life cycle
- Reducing waste as output.

- A more robust system.
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Severaktudiesindicate the economic, environmental and social benefits by efficient reusing
of recycling of construction materials.e®w two initiatives as an examghas been

displayed

Ferrara LOWaste GPP Initiative, Italy

LOWaste (Local Waste Market for Second Life products) program was launched in
September 2011n the municipality of Ferraréestimated population of 135,000), in Italy
The programwas focusenh theapplyingof lifecycle thinking, ecedesign and local

recycling marketencluding construction markethis initiative has provideoiportant

results over the past three years imig ofsaved carbon dioxide emissions basedensed
materials In this11,200tons ofrecycled construction and demolition waste materials used
for the construction of roads angcling lanes, resulting in up to 5&nsof avoided CQ

emissions from rese of materials

Waste & Resources Action Program (WRAP), Unitedkingdom

WRAP is established i2000 as a nefior-profit company to identify thbenefitsand
opportunities toeducing waste, developingsustainable products and using resources in an
efficient way.WRAP isfunding fromDefra (Department for Environment, Food and Rural
Affairs), Scottish Government, the WelshGovernment, the Northern Ireland Executive, and
the Eurogan Unionln 2008, WRAP developed and launched a volunégneemend 6 t h e
Halving Waste to Landfill (HWTL) t suppet the joint Government anddustry Strategy

for Sustainable Constructiofhe goal was 50% reduction in construction, demolition and
excavation waste to landfill by 201@ompared to 2008 and befor&fter implementation of

initiative, following results is quantified:

Environmental impactgo 2011 reusing and recycling & million tonsper year of waste

diverted from landfillhasresultto 1 million tons<CO,reductionperyear.

Economic benefitghisinitiative provideda cost saving o£400 million per year to

organizations involved ithis project Also, £38 billion of procurement value (including

public procurement projects) was influenced through HWTL by influencing procurement
projects in progres3.he keyprojects includethe London 2012 Olympics, the Shard building
(UK6s tallest Hui(ltciorug)h ta pygest Dirastrdcture ariggeet)d s b
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Social benefitsemployeedrom participating companies impravéheir skills in planning

design, designing out waste and waste management during delivery of the agreement, through

the attendancat workshops, training sessions and using online tools.

3.23 Barriers and strategies

International Council for Research ameovation inBuilding and Construction (CIB)

introduced in 2014 an overviereport that maps the most global technical baraecs

strategies for reise and recycling of construction materials in both building and
infrastructure sector (Nakajima et al., 2014). This report represents an overview of the most
frequent barriers in countries such as: Canada, Germany, Netherlanghd®n@#s, Japan

and NorwayThe main barriers in theoastruction sector atacksin resource efficient

design principles during the design stégamely design methodology) atatksin the

cooperation ofll stakeholders to the design proc@dakajimaet al., 2014).

Designlack and strategies

The most important factor that limits the reuse and recycling construction materials is a lack
in current design methodolog@iakajima et al., 2014 Current construction structures are
designed to construction andt deconstruction. Construction components are not designed

to be reused and reconfigured, and the applied materials are often composed of composites,
which are not designed to be recycled (Nakajima et al., 2014). For examples metals such as
copper, alunmium and steel are usually contaminated with concFetehermorethe

complex recovery process is more expentias rawmaterials anchew materialsAs stated

by EMF (2012) circular economys restorative by intention and desi@resign isat the

heat of a circular economyAccording toEMF (2012)fi i artircular economy, products are
designed for ease of reuse, disassembly and refurbishment, or recycling, with the
understanding that it is the reuse of vast amounts of material reclaimed fraf|gied

products, rather than the extraction of resources, that is the foundation of ecgravaio.

Since constructionbjectshave a long life cycle, designers needdosider systenas a

whole rather than focus on individual components or prod&3#, 2012) As indicated by
WRAP ( 2 0 1d2signersiand engineers have a key role in optimizing matasiadn
construction as their decisions directly influence what gets constructed and how. The best
opportunities for improving resource efficiency in doastion projects occur during the

design stage Construction designers have teatedesign solutions that minimiseaste and
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use resources efficientlplso, theyhaveto identify for clients and contractors thest

opportunities to reduce waste anelusore recovered materf'RAP, 2013. This can be

done by the use oésource efficient design criteril@esource efficient design criteiaae the

main technical strategi¢s enable reusand recyclingn constructiorsector6 De si gn f or
deconstructiod adegignféor r eu s ab i |aretsgme examplesafseuize | i t y O

efficient design criteria.

WRAP has carried out sevenasearchespplied to different case studigs, identify
opportunities to optimize resoureéficiencyin the construction projectés result WRAP
launched irR012adesign guide for builders and civil engineerdesignteams.This report
indicatesapplying resource efficiemtesigncriteria as the key factaéo enable reusand
recycle in theconstrucion sector (WRAP, 2012 In addition, ABN AMROand Cirde
Economyemphasizethe importance ofising design principlesuch as designing for
dismantling, reuse and adaptability as one of the mogiriiant opportunities (factors)
enable reuse and redgadn the construction sector (ABAMRO et al, 2014). Table 1
indicates the recommendddsign principlesiccording to WRAP (2012F%1B (2014) and
ABN AMRO (2014).

Lack and strategies in cooperation of stakeholders

According to CIB Nakajimaet al., 214), integratedesignprocess allowsall members of

the construction team to be in on the decision making processes from the very beginning of a
projectthatleads to greater understanding of project goalsesmlrce efficiency. As result
this processvould help improve recycling and reuse because of its inclusive approach and
the awareness of the important issues throughouwtetision process. Also WRAP (2012)
recommendsan integrated design procesorder toensure that perspectives tbfe
stakeholderare included before that findesign is determineds stets by WRAP (2012} i

is importantthat resource efficient design principles eoasidered from an early stage in the
project cycleand thadesigners follow this throughe groundnvestigation, detailed design
specification and procurement stagas;onjunctionwith other members of tharoject team,

to ensure that design solutiadgntified at an early stage are embedii¢al theproject and

fully implemented.
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Table 1: recommndeddesign principles according to WRAP (201R)akajima @014 and ABNAMRO
(2014).

Resource efficientDesign principles for the civil infrastructure systems

Design for deconstruction or desigrior assembly
This principleenables significant changes to be made to the civil engineering project du

the course of its life.

Design for Reuse and Recycle

Choosing materials that can be reused and or recgtlbg end of life cycle

Design for Adaptability or Flexibility
Enables signifcant changes to be made to the syslanng the course of its life.

Design for Durability

Design for durability means matching materials to the plarifeaf the project/structure
with fewer life cycle replacements and reduced mainteneyates.This can be achieved by
usingmaterials with a long technical life cycad less maintenance.

According to WRAP (2012)the most opportunities to apply resource efficient principles
occur during the design stage and in particular preliminargatadled design?WVRAP

(2012) recommends the use tiireestep process for applying resource efficient principles
during the design stage. Belpance again the three stdpgure 15]:

Investigate

Figure 15 Implementing of resource efficient design critéiidRAP, 2012)
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Step 1- Identify

As st at e d thbpurpovervSEep fiis to identify amnypotentialopportunities as
possible tamprovematerials resource efficiency in theproject through the design, and then to
Rationalisehe list by prioritisinghosewhich will provide the biggest benefits and

be easiest (and most cost efficient) toimplement. This approach ensures that

no opportunities are missed, and thenthat time and effort is not spent pursuing

i nsi gni f(WRAPN2012 By this stagehedesign will be sufficiently advanced for
initial materialselection and method ofconstruction to be discussed but st#taga where
options can be considered.At this stage, the potential for changexsé#ds the cost and
resistance to chang&/RAP, 20129.

Step2- Investigate

In Step 2 each aklevantideas isnvestigated fully to ascertain its viabilignd potential

benefits ofopportunities to maximise value amdnimise costs and risk§VRAP,2012. A
keyaspect in this step is theantification of thebenefitsand inpact of each design

opporturity. As statecoy WRAP (2012 ti8 important to quantify the benefits and impact

of each design opportunity so that decisions about which solutions to pursue further are made
objectivelybas d o n e ¥or tdisgoak ientust be made useroktrics whichhelp

decision makingasiey includecost savings and resource efficiency in the key metrics
measured. In this research, use is made of AHP methodology in order to investigate the

opportunities.

Step 3 Implement

0 @nce client approval to proceed with therecommended design opportunities hasbeen
obtained, they should be fully workedup into design solutions and frozen into thedesign.
Design decisions, quantification aneltdils of the soltions should alsobe recorded in a
documentRecording the quantified benefits alsoenables the designer to demonstrate thatthey
have delivered cost and other savings tothe client/contractor, which can help themto win

repeat business with future proje6t&/RAP, 2012)

GuidanceSystens Engineeringversion 1 2007)indicatesthe same principle in order to
come tothe bestdesign alternativésolution, in this case a resource efficient desggiow
the design and engineering process based on SE principtkcated[figure 16. More

information about this process can be foungaatgraph 2.2.2 of this report or at the report
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AGuidline Systems Engineering for Public Works and Water Managemene r s i o n
introduced by Rijkswaterstaat, ProRail, ONRI, Boudi&ederland2007).

Verifiéren

Kiezen

Reduceren

Eisen ‘loop” Ontwerp ‘loop’

\P " ‘y Y Specificatie l ‘ Ontwerp

Proces Analyseren Functionele analyse Genereren \/ Uitwerken Maken Proces
input eisen & Allocatie opties varianten ontwerp output

Figure16: Designand engineering process of civil infrastructure sysié@aideline SE, version 1, 2007)

An important aspect that both WRAP and SE (and also manyldératurg emphasizeis
useof dvalueEngineeror value managemdniTheterm valuerefers tofl t Vakieadded by
the system as a whole, beyond that contributed independently by the parts, is primarily
created by the relationship among the parts; hdtaw they arenterconnected, (NASA,
2007). Value engineering is a proceasissearching fopbpportunitieswith the goal to

reducing risk and cost and maximizing frexformancevalue) of thesystemThis is a
continuing process that can be trackied example by value managen each life cycle

stage of system#s statecoy WRAP 2 0 1 2valye Eiiigineerings a style of management
particularlydedicated to motivate people, develop skiltsl promote synergies and
innovation withthe aim of maximising the overallperformance of an organisatioior a
project It involvesproduction of a value management plan andopportunities register at the
start of theprojecwh i ch ar e up d a Aceoddingitt GuadancelSysssin a g e 0
Engineeringversion3 (2013 , Valée Engineering (VE) is a systematauyltidisciplinary
approachhat- with the aid of function analysisand creative technigubs value of the
systemoptimizesthe entire lifecycle. The concept of valuereferring to the amount of
functionality (with performancejompared to the life cycleost. This value hasconcern what
the customer considers important, such asdurability, money or limiting nuiséhoeents

this value for the customer to make as large as possible
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3.3 Conclusion

This chapter provides an ansvteithe research questis 1, 2 and 3Theanswers have been
concluded from the studiddieratureduring the research which is described in chapter 2 and

chapter 3 (paragraphs 3.1 and 3.2). Below the andarettse questiosare as follow:

Question 1:To what extent does tleeirrent engineering process of civil infrastructure
systemgsbased on systems engineering and performance based contrddterg, from the

principles of the circular economy@ircular economy introduces a service and system
orienteddevelopmenbfprodict s i ncl udi ng 6éa des seryines . Il n t he
should bepurchased instead of produetsd systems should be developed instead of objects.

In general, the engineering process based on performance based contracting is in line with the
idea of mrchasing services. Pertnance based contracts provile opportunity for the
infrastructure clients texpresgsheirneedsas services that has to be desighedddition,

systems engineering as a management tool stimulates the engineering conowanity &

circular economic systemSystems engineeringtegrates more disciplines and specialty

groups into a team effort to think in whole and to (re)act as whole in order to develop

systems.

Question 2 What is the potential impact of circular econoamthe civilinfrastructure
system® Civil infrastructure systems are an important economic erggireggone of the
largest users of raw materials and eneldgreover civil infrastructure systemare highly
dependentn fossil fuels and energgndtheyproducdarge amount o€0, emission. By

optimal useof resourceshe value that is created by the syssmuld increase

Question 3 Whichdesigncriteria can be used in order to desigrirastructure systems

accordingto circular economy principl&sThe mosimportart goal of circular economy,

whichis namely missed ithe currenengineeringprocessis the optimal use of natural
resources including energy and nmesigneavasiecal s by
oub pri nci pl e .prindipteeastomakeadptimalfuse bf materials by creatang

closed loop for the materiflbw in each system. According to this principle, waste does not

exist when systems are designed in such a way that materials are reused or recycled

effectively at theend of their life cycle. To design waste out, use should be made of resource
efficient design criteria such as design for adaptability, design for deconstruction, design for
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durability and design for reuse or recydbesign for durability refers to thédd time
extension of the infrastructure systems by means of choosidgg$an alternatives and
materials which have higher technical life time and requireniesstenanceDesign for
adaptabilityexpresgiesigning systems in such a way that tbay beexpanded or changéal
the future Design for deconstruction means desigrsggtemsn such a way that the
integrateccomponents and materials can be easily disasseriusleguse or recyclat the

end of its service lifeDesign for reuse or recycfmint out tochoosing for materials and
componentsvhich can beeasilyreused/recycletb a great exterdt the end of its service life.

Question 4 Whichstrategy can be used in order to integregsource efficient design
criteria into theengineeringorocessJsing the design waste out principle andgolving the
stakeholders through the value chirthe design processethe strategic approaehkin
order to desigmesource efficient civil infrastructure systerfibe expertise and
specialization oflifferent experts through the value chain is needed in order to design a

resource efficient civil infrastructure systems.
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4.  Methodological Approach

This chapterdescribes and applies the methodologagadroachn order toinvolve more

disciplines effetively, into thepreliminarystage of the design process. This can done by

using a multi criteria decision support system such as Analytical Hierarchy Process (AHP). In
this paragraph AHP is applied to a case stiithys chapter consists of 6 paragraphs.

Paragraph 4.1 introduces the AHP method as a multi criteria decision ssygiem

Paragraph 4.2 describes the working of AHP methadepsParagraph 4.3 represents the

case studyn whichthe AHP methodis applied Paragraph 4.4 discusses the results and the
sub-conclusion thats drawnby some resultaragraph 4.5 maps the identified relation

between criteria based on results.

4.1 Introduction

As concludedso far using the design waste out principle andolving thestakeholders
through the value chato the design processethe strategic approaekin order to design
resource efficientivil infrastructure systems. Byesigning resource efficient systems, the
value that is created by the system increasdewever,resource efficient design criterdae
not the only criteria thad systemhas tomeetand or provide valudn addition tothe
resource efficient design criteyile systerahaveto function properlyaccording to RAMS
criteria (seanmore aboulRAMS atparagraph 2.2.1Reliability, availability, safety and
maintainability arealso criteria that offer value term of functionalityor costgor the
systens. By integating these criteria together, created valu¢hleygysten increases
However,it is difficult to design a system which has to meeidtiple criteria For example,
thec | 1 eatigfagtion and thigfe cycle costsare two conflicting criteriavhen choosing a
design alternativdn order to take into account multiple criteria during tlesign process,
use can b made of multi criteria decision support system such as Analytical Hierarchy

Process (AHP)In this research use isade of AHP

- to determine the relative important of the multiple criteria that a design has to meet
- to determim effectivelythe best design alternatives with respect to the crjteria
- andto makeefficient and effective usef expertises and experiences of other

disciplinesduring thepreliminarydesign process
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4.2 Analytical Hierarchy Process

AHP is a multicriteria decision Analysis (MCDA) aralstructured techniqueveloped by
ThomasSaatyin 1970for organizing and analysingpmplex decisionsased
on mathematicandpsychology(Saaty et al. , 2008AHP isin particular used fogroup
decision makingSaaty et al. , 2008) a wide variety oflecision situationaround the world
in fields such as government, business, construction industry and ed(Satiacogly
2013) Decision situations to which the AHP can be appimtlde(Formanet al. 2001):
1 Choicei selection of one alternative from a set of alatives.
1 Prioritisation/evaluatiof determining the relative merit of a set ofalternatives.
1 Resource allocation finding best combination of alternatives subject to avariety of
constraints.
Benchmarking of processes or systems with other, known prosessystems.
Quality management.
The main factor that makes the AHP method strong compared to manynetivedss
reducing bias in decisiomaking.AHP helps capture both subjective and objective
evaluation measures, providing a useful mechanismhiecking the consistency of the
evaluation measures and alternatives suggested by théNée3A, 2007).According to
NASA (2007)AAHP as a proven, effective means to deal with complex deemsaking for
the engineering of all kind of systems to assigh identifying and weighting selection
criteria, analysing the data collected for the criteria, and expediting the decision making
process ( NASA, 2007)

A stated by Saaty ( 2008HP generateprioritiesthat areneededo decompose the decision
into the following steps.
1. Define the problem and determine the kind of knowledge spught
2. Structure the decision hierarchy from the top with the goal of the decision, then the
objectives from a broad perspective, through the intermediate levels (criteria on
which subsequent elements depend) to the lowest level (which usually is a set of the
alternatives)
3. Construct a set of pairwise comparison matrices. Each element in an upper level is
usedto compare the elements in the level immediately below with respégt
4. Use the priorities obtained from the comparisons to weigh the priorities in the level
immediately below. Do this for every element. Then for each element in the level
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belowadd its weighed values and obtain its overall or global priority. Contimsie t
process ofveighing and adding until the final priorities of the alternatives in the

bottom most levehre obtained.

4.3 Casestudy

For the case studg, lockgateis chosen since in this casmultiple experts and disciplines
can beinvolvedinto the design process (e.g. as compared with a tunnel or jpagadition,
lock gateis a hydraulic componeir which functional performanagriteriaplay an
important rolan this. In generallock gatesan be mad from 4typesof materialsThese
include: steel, composite, concresai@d woodBased on AHP questionnajr20experts were
asked tqrioritize these four alternatives with respect toQheiteria. Table 4epresent the
distribution of project criteria and their definition addition theywere asked to determine
relative importance of the criteragard the projeaoal. The poject goal wasndicated as

f o | | Gheosing thdest gatdor a lock with a functional lifecyclef minimal 100 years
The gate shoulatonsistof high resoure efficiency; high reliabilityand safetyless
maintenanceluring use phasend lowlife cycle cosbd Figure 17 shows he hierarchy
structurebetween the objectives, criteria and alternatifée pairwise comparison scale of
Saaty is used to expresgtielative importance of criteria or alternatives according to experts

opinion[Table 3.

Table 2 Fundamental Scale of SaaB008
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