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Abstract

Buildings contribute significantly to the global environmental load caused by human activiges.has

been a growing interest improving a building's performance o\adl of thelife-cycle stages (production,
construction, operation, and EnétLife [EoL]). Several studies have recognized the importance of the EoL
stage in buildings in terms of sustainability and Circular EnonCE). A methodology for improving the

net environmental impacts of new buildings through Product Recovery Management (PRM) is presented
in this thesis. It starts with a CE perspective that emphasizes the importance of adaptive reuse of buildings
over nav construction. Context is established with a relevant case study in the Waterloo Region. Then,
product recovery planning methods that meet environmentaiydie objectives as well as cost objectives

are presented that enhance the attractiveness dhadeguse as an alternative. Validation of the proposed
methods is achieved through functional demonstration with case studies. Together, these methods form a
rational approach to improve theet environmental impact of buildings in our economy. The divera
proposed framework in this thesis have demonstrated to be effective to improve sustainability in the
construction industry by providing a better understanding of the net environmental impacts and economic
potential benefits of buildings' adaptive reusiaally, this thesis marks a reference for the development of
innovative usefriendly methods and tools faeducinginefficiencies in the process of adaptive reuse
through PRM.

Keywords: adaptive reuse, sustainable development, circular economy, predogery management,

selective disassembpjanning deconstruction, life cycle assessment.
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Chapter 1: Introduction

1.1 Background and motivation

Inaneraofcihnat e change mitigation and adaptation, ef f
considered as a practical means to increase sustainability in urban settldnddisgs contribute
significantly to the global environmental load caused by humtwitses. Buildings are the largest energy
consuming sector in the worlBrom alife-cycle perspective, the building industry ssponsible for about

30% of global annual Greenhouse GESHG) emissions and 40%f energy consumptiofUnalan,
Tanrivermis, Bulbul, Celani, & Ciaramella, 201&Iso, buildings areresponsible for 32%of world
resourcedepletion, 12%of water consumptigrand 40% of waste to landfil(Langston, Wong, Hu &

Shen, 2008)

Onthe lasttwo decadesthere has been a growing interest in improving a building's performance over its
life-cycle stages (production, construction, operation, and-dridfe [EoL]) in order to move towards a

more sustainable envirorent in the construction industAsdrubali, Baldassarri, & Fthenakis, 2013; Aye,
Ngo, Crawford, Gammampila, & Mendis, 2012; Cabeza, Rincon, Vilarino, Perez, & Castell, 2014; Fay,
Treloar, & lyerRaniga, 2000; Gustavsson & Joelsson, 2010; Kneifel, 2010; Ramesh, Prakash, & Shukla,
2010; Ramsh, Prakash, & Shukla, 2012; Zabalza Bribian, Valero Capilla, & Aranda Uson,.2011)
Buildings play annmportant role inthe total natural resourceepletion andri the production of negative
environmental impactd herefore, there is an urgent need toigaike these undesirable problems arising

from the neglectingf the direct oindirectprocesses involved along the chain supply of this sector.

Several studies have recognized the importance of the EoL stage in buildings, and the opportunity of their
adapiive reuse as a superior alternative to new buildings in terms of sustainadit@ircular Economy

(CE) (Bullen, 2007; Cantell, 2005; Conejos, Langston, & Smith, 2015; DHUD, 2001; Douglas, 2006;
Geissdoerfer, Savaget, Bocken, & Hultink, 2017; Highfield & Gorse, 2009; Huovila, 2007; Lacy &
Rutqvist, 2015; Langston, 2008ahgston et al., 2008; Pomponi & Moncaster, 2017; Schultmann & Sunke,
2007; Tan, Shen, & Langston, 2014; Wilkinson, James, & Reed, 2009; Wilson, 20bpYive reuse,
identified as a process to improve the financial, environmeatad social performancef buildings,

involves restoring and in some cases changing the use of existing buildings that are obsolete or are nearing
their disuse stag@Bullen, 2007; Langston et al., 2008here is god potential for enhanciniipe social,
economic, and environmental benefits of adaptive refidmiildings The same methodologies used to
qguantify the social and economic benefits of new building projects have been applied to justify the
feasibility of adptive reuse. In a parallel way, technical regulations for adaptive reuse have been created
in recent years under t he r ub (Cantell, 2005; DHUDY&00L) gr o wt



However the current implementations of adaptive reuse rely on descriptive approaches with little objective
measurement that depends on the intuition and experience of practi(vlofiezmed, Boyle, Yang, &
Tangari, 2017; Sanchez & Haas, 2018a; Volk, Luu, Mu&tleemer, Sevilmis, & Schultmann, 2018)
Intuitive planning procedures are easy to apply but often lead totsuhbplans.In a similarway, the

lack of knowledge of monetizing environmental impgetsduced duringhe proces of adaptive reudeas

led to underestimating and misunderstanding the completecfatamalue of the building stoclkdence, a
well-known and widely accepted sustainability framework rooted in physiesvell as the development of
userfriendly standardized procedures and tools for environmental and economic evabfiatdaptive

reuse projectcan serve as the technical basigharactdrze the benefits of adaptive reuse in a way that

would be understood by the general public and that would have a credible scientific basis.

The potential bnefits of adaptive reuse rely the fact that it is possible to take away comgnts from an
existing assetind then repair, reuse, remanufacture, or reahem. Panning forselectivedisassembly
plays a key role in the adaptive reuse process, whedighssembly planning sequeaceldeconstruction
methods for recovering targetcomponents, havio be performed efficientlyThe field of planning for
selective disassembly has been studied in the manufacturing industry destdbeade, with the purpose
of improving the processes involvéd. Smith & Hung, @15). However the development ofesearch on
selective disassemblglanning for buildings has beescarce and limiteqHUbner, Volk, Kihlen, &
Schultmann, 2017; Sanchez & Haas, 2018b)

1.2 Resarch objectives

Based inthis motivation, the current study has the following objectives:

1 Development of capital project planning framework for adaptive reuse construction prisjects
terms ofCircular EconomyCE).

1 Development of a decisiemaking methdology for adaptive reuse of buildings, with addgcle
perspective.

1 Development of a technicithmeworkfor selective disassembly planning insidedhkaptive reuse
process.

1 Development of structured strategimsd methodghat allows the quantificatio of benefits of
adapive reuse building projecthrough computeaidedsemiautomatedapproachesiuring the

disassembly planning stage of building assets.

These issues are addressed through four related parts of thisRinssian investigation of fated studies,

underpins the capital project planning framework for adaptive reuse of buildings and the research that must



still be accomplishecbtenable a more Cia the capital projects sect@hapter 3. Then an LCAbased
decisionmaking methodologydr adaptive reuse of buildings is developed with the purpose of evaluating
the environmental and economic performance of adaptive reuse building prejgbts life-cycle
perspectivg(Chapter 4 In the next stage, and as a contribution for improving ghgect planning for
adaptive reuse projects, a usdendly disassembly planning method for finding an efficient selective
disassembly sequence for retrieving target components from buildings is developed and vEalichgitst (

5) as well as a sergiutanated selective deconstruction programming method for build®igapter §. In

the final stage of this studya multi-objective optimization analysisfor minimizing the environmental
impact and economic coist developed for obtaining several effectivéestive disassembly plans for the
adaptive reuse of an existing asset through the combination of different deconstruction nt&thpter (
7.

1.3 Research sope

The research proposed here is divided into three distinct phases. The phases and their cogespondi
objedives are illustrated ifrigure1-1.

Phase | Phase Il Phase Il
9 Capital project planning 9 Framework for selective T Multi-objective
framework for adaptive disassembly planninfipr optimization analysis for
reuse construction projedts adaptive reusef buildings minimizing the
in terms of @rcular _'\ 1 Methods and toolor :> environmental impact angl
Economy _l/ improvingtheadaptive economic cosbf buildingg
9 LCA-based decisicn reuseprocessiuring the selective disassemblysing
making methodology for disassembly planning stapge different deconstruction
evaluating adaptive reusd methods

Figurel-1: Research phases and corresponding objectives

In the first stageof this study an overall frameworkof capital project planning foa CEis presented
including the implications of circular building principles in capital project delivery as well as the key role
that adaptive reusef buildings plays into theCE construction value chairAlso, a comprehensive
methodologyfor evaluating théenefits of adaptive reuse of existing assets is presantedalidatedn

terms ofLCA and CE.After establishing the importance of adaptive reuse in an overall scheme, in the
second stage of thisusty the approach is narrowed down in order to develop tools and methods to improve
the outcomes of adaptive reuse building projects through appropriate disassembly planning and

deconstruction programminghe adaptive reuse building project outcomescaresideredin terms of

3



sustainability and CE in the construction industrythe third and final stage, the concepts and methods
developed in the previous stages are complemented with aagbjdttive optimization analysi¥he multi

objective analysis isaried out in terms of technicanvironmental, and economic constraints.

1.4 Methodology

The methodologwf this thesigor improving the net environmental impacts of new buildings through PRM

is showed irFigure 2. The methodology starts with a CE persjive that emphasizes the importance of
adaptive reuse of buildings over new construction, and context is established with a relevant case study in
the Waterloo Region. Then, product recovery planning methods that meet environmertgtldife
objectivesas well as cost objectives are presented that enhance the attractiveness of adaptive reuse as an
alternative.Validation of the proposed methods is achieved through functional demonstration with case

studies At the end, conclusions, limitations, and arfeaduture research are presented.

Introduction |- Chapter 1
Literature | Chapter 2
Review
Developing a framework for adaptive reuse

v v

Chapter 3 } Capltal_ project planning for g LCA-based demsmamgklng (' chapter 4
Circular Economy methodology for adaptive reuse

Developing methods for improving adaptive reuse

Selective disassembly
planning for adaptive |~ Chapter 5
reuse of buildings
[

v v
. . Multi-objective optimization
Selective deconstruction . .
Chapter 6 )} roaraming for buildinas analysis for selective  —{ Chapter7
prog 9 9 disassembly of buildings
[ [
]
v

Conclusion |- Chapter 8

Figurel-2: Thesis methodology and structure




1.5 Thesis organization

An outline of the thesis chapters is presented in Fig@eChapter 1 proviels an overview of the research
problem, motivation, objectivescope, and structure of the thesisorder tohighlightthe knowledge gap,
the related literature and backgroundéscribedn Chapter2. The literature isnvestigated from different

viewpoints toward the framework proposed in this research.

Chapter 3 of this studgtarts with the argumenf the man tenets of the Cin the construction itustry

with the purpose of creating a framework19fcircular building features and principles doalyze the
content ofa preproject planning tool fobuildingsand 2)CE principles in the construction value chain for
greenfield construction and adagiveuse of existing asseta this chapterijt is argueal that the early
capital projects delivg phases for a CEhould have distinct stages, decision gates, and more appropriate

planning methods, such as selective disassembly, LCA monetization protocols, and optimization methods.

In Chapter 4an LCA-baseddecisionmaking methodology for evaluatingd performance o&daptive

reuse building projects is presented’he purposes to developa weltkknown and widely accepted
sustainabilityframework rooted irbasic scientific conceptahich canserve as the technical basis for
characterizing the sustairility benefits of adaptive reuse in a way that would be understood by the general
public and that would have a credib&ionalbasis The aim of this study is to develop a case study of the
net environmental impacts and building cost performance of aptigd reuse building project in the

Region of Waterloo, Ontario, Canada.

In the subsequent three chapters of thesis, computational tools amtethods are developed with the
purpose of assistinigg minimizing the netenvironmentalmpacts, as well ash¢ construction cosin the
process of adaptive reusehe main goal is to recover as much of the economic and ecological value as
possible during the selective disassembly process of existing assets, that are suitable for adaphive reuse.
Chapter Bhefirst-in-its-classSequential Disassembly Planning for Buildings (SDPB) mettioddaptive

reuse is presentedhe SDPB methodis usedto generateoptimized disassembly plans for retrieving
targeted building component¥he method seeks to minimize emrimental impact and cost of the
selective disassembly of building's components to retrieve, based upon physical, environmental, and
economic constraintén Chapte 6, the SDPB method is enhandedthe development of a multiptarget
sequential disassdaty planning model for buildings, as well as a novel approach for selective
deconstruction programming for adaptive reuseChapter the selective disassembly study is extended
with the purpose of including more than one deconstruction method per cempéiithe end, a weighted
multi-objective optimization analysis is incorporated to generate the set of noninferior solutions that

minimizes environmental impacts and building cost for the different alternatives.



Finally, Chapter 8 presents a summarylef findings and conclusions, as well as areas that have been
identified for future research.



Chapter 2: Literature Analysis

The proposed model for improvirtige environmental and economic performance of buildings is based on
the valuation of thebuilt environment and the possibilities to take advantage of any residual benefit
embedded in the components afexisting assetAn introduction to the basic conceptgeneral context,

and some related prior studies are reviewed in this chiapigentfy the knowledge gapThe research is
organized into two main topid9 Sustainable Developmesntid the Building Industry ar) Designing for

a CE in Construction. Each stream breaks down the necessary subtopics for understanding the potential
benefits & improving the net environmental impacts of new buildings throBgbduct Recovery
ManagemenfPRM). In the first section, the context, framework, and relevance of the proposed research
are established. In the second section, the current advances imatiee as well as the emergent

technologies applied in this context are presented in detalil.

2.1 Sustainable cevelopment andthe building industry

The term sustainable development or sustainability can be defined as the progressive developmant of hum
settlemats that allowshe inhabitants to live in a healthy environment, improving the social, economic
andenvironmental conditions for present and future generatidemording to the International Institute

for Sustainable Developme(®016) sustainable development is development that meets the needs of the
present without compromising the ability of future generations to meet their own Sestiinability is

based on the simpleipciple that everything thatumanityneed for survival and wetbeing depends,

either directly or indirectly, othenatural environmerUSEPA, 2016)The core of sustainalii includes

the environmental, sociabnd economic dimensieras equal.Therefore,the success ofustainable

development depends on the proper integration and balance of these three objective dimensions.

The definition ofsustainability has evolved dog the last 40 years under the premise that it is possible to
achieve economic growth and industrialization without environmental damage. During this time the
mainstream of sustainable development thinking has been progressively developed througiomaternat
historical agreements, such as, the United Nations Conference on the Human Environment in Stockholm in
1972, the World Conservation Strategy in 1980, the Brundtland Commission in 1984, the Montreal Protocol
in 1987, the United Nations Conference awitonment and Development in Rio 1992, the Kyoto Protocol

in 1997, the United Nations Framework Convention on Climate Change Conferences from 2007 to 2013,
and the most recent United Nations Paris Agreement on Climate Change iA8at&, 2006; Keeler &
Vaidya, 2016; United Nations, 2016Jhe understanding of the paradox of sustainable development, as
well as the implementation of strategies to tackle this globatezo has continuously changed due to

technological advansand interdsciplinary applied researdl aroundthe globe. Tie world of today is



facing immense social, economand environmental challenges like never befbld, 2015) Billions of
human beings live in poverty without a life of dignity due to the enormous disparities of opportunity, wealth
and power. There are rising inequalities within and among countries leading to global heatfy threa
spiraling conflict, violent extremism, terrorism, wars, forced displacement of peoplehumanitarian
crises. More frequent and intense natural disasters, peoduiclimate change, in synergy to natural
resource depletion and adverse impacts ofrenmnental degradation, including desertification, drought,
land degradation, freshwater scarcind loss of biodiuvesity, have pushed to the limihe ecologic
equilibrium in the Earth. Therefore, on April 2016 as part of the Paris Agreement, the Natteds
General Assembly formally adopted the universal, integraded transformative 2030 Agenda for
Sustainable Development, along with a set of 17 Sustainable Developmen{@itEd Nations, 2016)

The 17 Sistainable Development Goals are:

1. End poverty in all its forms everywhere.

2. End hunger, achieve food securtydimproved nutritionand promote sustainable agriculture.

3. Ensure healthy lives and promote wiedling for all at all ages.

4. Ensure inclusive andquitable quality education and promote lifelong learning opportunities for
all.

5. Achieve gender equality and empower all women and girls.

6. Ensure availability and sustainable management of water and sanitation for all.

7. Ensure access to affordable, relialslestainableandmodern energy for all.

8. Promote sustained, inclusivendsustainable economic growth, full and productive employment

and decent work for all.

9. Build resilient infrastructure, promote inclusive and sustainable industrialization and foster
innovation.

10. Reduce inequality within and among countries.

11. Make cities and human settlements inclusive, safe, resiiadsustainable.

12. Ensure sustainable consumption and production patterns.

13. Take urgent action to combat climate change and its impacts.

14. Corserve and sustainably use the oceans, seas and marine resources for sustainable development.

15. Protect, restoreandpromote sustainable use of terrestrial ecosystems, sustainably manage forests,
combat desertification, and halt and reverse land degradatthalt biodiversity loss.

16. Promote peaceful and inclusive societies for sustainable development, provide access to justice for

all and build effective, accountabkendinclusive institutions at all levels.



17. Strengthen the means of implementation and akx& the Global Partnership for Sustainable
Development.

Even though the accomplishment of these goals could sound challenging, there are high expediations to
met The new generation of governments in alliance with civil society and business haveeehtbesdea

of sustainabilityand have devisedeveralnovel strategies for increasing human welfare within natural
resources constras(Adams, 2006)This significant progress in the field of sustainability basn largely

due to the spread of information and communications technology, ¢thal ghterconnectedness, and
scientific and technological innovatigN, 2015)

The importancef buildingsin the natter of sustainable developmesitsuch that thie of the seventeen

goals of the Paris Agreemeransformative 2030 Agenda for Sustainable Developnrengated to them
(United Nations, 2016Y0n one handbuildings contribute significantly to the global environmental load
caused by human activities. Buildings are the largest efungyuming sector in the world. Fromniifa-
cycleperspective, the building industry is responsible for 8B0&boof global annueGHG emissions and

40% of energy consumptiofUnalan et al., 2016)n absolute terms GHG emissions westimated to be
around 8.6 million metric tons G@quivalent in 2004UNEP, 2009) Also, buildings are responsible for

32% of world resources depletion, 1286 water consumptiarand40% of waste to landfik (Langston et

al., 2008) On the other handnieconomic terms construction is a major industry throughout the world
accounting for a sizeable proportion of the Gross Domestic Product (GDP) for most of developed and
underdeveloped countri¢Grosthwaite, 2000)The building sector is estimated to be worth 10% of global
GDP or $7.5 trillion USD. Also, the building industry employs 111 million people; on a global average that
represents 10% of counttgvel employmen{UNEP, 2016; UNEP,2009) From 2011 to 2015
construction industry accounted for from 7.2% to 7.5% each year of the national GDP, contributing $118
billion CAD in 2015(Statistics Canada, 20153jistorically, the construction industry in Canada has been

the largest industrial employer accounting for 1.4 million operatives in 2014 that represents the 7.7% of the
total employment in the economy. Therefore, since the last five decades, the global building industry has

been a main objective in terms of sustainability.

According to the United Nations Environmental Progran{fdeEP, 2009)the building sector has the
largest ptential for significant reduction €&6HG emissions compared to other majorténg sectors. Wh

proven and commercial available technologies, and research in the fieldaofisbie building design, the
natural resource consumption in both new and existing buildings can be cut with potential net profit during

the building lifespan. fie vision for sustainability in the building and construction sector is summarized in



the nextobjectives according to the Sustainable Buildings and Construction Initiative hosted by the UNEP
(2009)

9 Buildings are routinely designed, constructaddmaintained to be optimized ertheir entire life
span.
Legislation and building standards include sustainability considerations and requirements.
Environmental aspects are normally considered in any project and includeesimoes well as
long-term aspects.

1 Policies and incentivgsrovided by the government support sustainable building and construction
practices.

1 Investors, insurance companies, property develppadbuyers/tenants of buildings are aware of

sustainability considerations and take an active role in encouragingrauatices.

2.1.1 The role ofsustainable building designin sustainable cevelopment

The contemporary definition afustainable building design, green building stands for the integrated
whole building approach, which considdife-cycle at all levels(Keeler & Vaidya, 2016)According to

the US Environmental Protection AgentySEPA) NfnGreen building is the pra
and using processes that are environmentally responsible and resfficient throughout a building's life

cycle from siting to design, construction, operation, maintenance, rengvatiddeconstruction. This
practice expands and complements the classical building design concerns of ecditigmguuability,

and c o(d8EBA, 2016h)Along thelife-cycleof a building, natural resources are consumed including
energy, water, land, and minerals. As part of the conventional processes, inevitahlyptite of this
consumption is the generation of pollutants to the environment with the associated negative impacts like
global warming, air pollution, damage on human health, amongsotBesen buildingaims to balance the
natural resources consumptios well as its regeneration in order to secure the future of the next
generations. According to Singh013) the primary objective is that buildings need to be designed under
the premise of reducing the overall impa€tthe built environment on human healihd the natural
environment byl) efficiently using energy, water, and other limited resources, 2) protecting occupant health

and improving occupant productivity, and 3) reducing waste, polluiwh environmentalegradation.

Buildings consume energy directly due to their operation along their lifespan, and indirectly due to the
embodied energy in the materials and compon@asnesh et al., 2010Energy use has been a widely

used measure of the environmental impact of buildings. Energy use in buildings has been the most important
parameter to optimize because of its global significance in gross(amst al., 2000)n 2010 buildings

accoutted for 32% of total global final energy use, 24% for residerdaia8% for commercial buildings
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(IPCC, 2015) Improving energy efficiency in buildings encompasses the mostsdiviargestandmost
costeffective mitigation opportunities in buildingstergovernamental Panel on Climate Change (IPCC),
2007) Also, energy cosumption is the main reasai exploitation of natural resources apdllutant
emissiongBeccali, Cellura, Fontana, Longo, & Mistretta, 2018¢cording to the UNER2009) GHG
emissions from buildings primarilyiae from their consumption of fosgiiel based energy. Inlife-cycle
approach, the energy use durimp ui | di ngbés oper at i e90% of thetota, ammlitac c our
produces over 80% of GHG emissions, to meet the user's needs of heatingtiatenélr conditioning,
water heating, lighting, entertainmeand telecommunicatior{8eccali et al., 2013; Ramesh et al., 2010;
UNEP, 2009) The rest of the energy used, with é@rresponding GHG emissions,distributed in the
phases of material extraction, construction, aal.R building's energy use is an appropriate simplified
measure for the environmental impact because istakey the complication in determining the impact by
measuring emissions to the atmosphere and waste accumulation dulifegayele(Schultmann & Sunke,
2007) These are the main reasons why most of the n@s@asustainable building desibas targetethe

operational phase of buildings, reaching extraordinary results.

It is well known that the largest savings in energy consumption alotifetiogcle of a building occur for

buildings that have been des@gghand operated as complete systems under the principles of sustainable
building design. These principles include passive solar design, bioclineatgnd highkefficiency lighting

and appliances, highly efficient ventilation and cooking systems, solar waaters, highberformance

building insulation materials, highef | ect i vity buil ding material s, s u
behavior, and appropriate green technology such as photovoltaic and wind energy systems
(Intergovernamental Panel on Climate Change (IPCC), 2007; Keeler & Vaidya, 2016; Sanchez Andrade,
Hoepfl, Garcia Maldonado, & Corona Vasquez, 2029pending on the integration of the sustainable

building design with the green technology, the energy savings of a keffidient new building can reach

75% or even higher of the total operational energy consumftitergovernamental Panel on Climate

Change (IPCC)2007) In existing buildings, the energy savings have been reported from 50% to 90%
through deep retrofitdPCC, 2015) Despite the high potential that the operational phassildifigs has
demonstrated and the notable progress in building

the whole spectrum of sustainable building design.

A shift in thinking in the perception of sustainable building design has arisenlastiEnyears, switching
from a creative and innovative approach to a restorative and regeneratiVaisrahange of peeption is
founded in the fadhat an enormous proportion aif of thematerials ever extracted along human history
arein today'sbuilt environmentand that the understanding of the real value of this built enviean in

terms of sustainabilitijas improved through technological development and research in thAsiddung
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(2016)pointsout, in the building industry there are two different tyj@é monetary cost th&takeholders
incur. Private costs incurred by the owneand public cosis assumedo be paid by society.le private

cost is related to the material, labor, and machiimerglved, among others.hE public cost is relateto

the economic damages society due to the negative effects of environmental impacts on agricultural
productivity, human health, property damage, flood risk, and ecosystem séBhaagell, 2015) Novel
researchhas been done to understand the complex dynamic of the environment and the global economy, as
well as the monetization of environmental impacts produced by human ac(S8hieslell, 2015; Viscusi,
2005; Yeung, 2016 hese studies aito characterize the benefits ofsainability with a credible scientific
basis in a way that care understood by the general publitthis way, it carbe possible to address the
global environmental issues in a fair, effectimadequitable wayConsequentlygrowing researcimterest
looks atimprovingbuildingsperformance as well as reducing the negative environmental impactllove
life-cyclestages (production, construani, operation, and E9QLin order to move towards a real sustainable
development in the construction indusfAsdrubali et al., 2013; Aye et al., 2012; Cabeza et al., 2014; Fay
et al., 2000; Gustavsson & Joelsson, 2010; Kneifel, 2010; Ramalsi?&X10; Ramesh et al., 2012; Zabalza
Bribian et al., 2011)

Studies have revealed that the tokrer rate of buildings is quite low and does not exceed more than 3%
yearly, so it will take perhaps up to a century or more, before the energy efficiegies of new building
construction can reach full potential to decrease the amo@itiGfgeneratedfrom a global perspective
(Beccali et al.2013; Conejos, Langston, & Smith, 2014; Sandin, Peters, & Svanstrom, 2014; Wilkinson et
al., 2009) In 2010 the total building stock in the United States was estimated at 300 bil({2n Hillion

m?) and that 1.75 billion (162 million n¥) of buildings were torn down while 5 billion*f{464 million

m?) were renovated and/or newly built facilities every year. Also, it was reported that for every four
commercial buildings constructed, one is demolished, and for every six houses built, one ishddmolis
(Conejos et al., 2014According to Yudelsof2009)approximately 75% of the buildings expected to be
operating in the year 2040 are already built. Existing buildingisare approaching the end of their lifespan
could become a fAimineo of raw materials, ougmce it
PRMthan extracting the raw materials to produce new @rasgston et al., 2008; Schultmann & Sunke,
2007) The main goal of PRM is to recover as much of the economic as well as ecological value of a product
and its components as possitfichultmann& Sunke, 2007) Conejog2014)claims that demolition and

new construction of eneregfficient buildings would require decades to equal the energy savings of
rehabilitating and reusing existing buildings. Heircalife-cycleperspective, the largest portion of natural

resources savings as well as the minimization of the environmental impacts are in retrofitting and
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redeveloping existing buildings rather than producing new ersfgyent buildings(Conejos et al., 2014;
Intergovernamental Panel on Climate Change (IPCC), 2007)

Likewise, therelative importanceof the production, construction, and Editages of thdife-cycle of

buildings has increasl because of the reduction of the energy loads in the operational phase and-the trade

off betweenthe operational energgndthe embodied energeccali et al., 2013)This tradeoff means

that in the way that auilding can achieve high energyficiency levels through a set of energy retrofits,

the committed embodied energy will increase due to the higher environmental burden during the
production, orsite construction, transportatidimal demolition, and finatlisposabf these energy retrofits

(Jalaei & Jrade, 2014 hus, the lower the operational energy, the more important it is to aliieptycle

approach for sustainable building designorder to reduce the amuuof waste attheendab ui | di ng 6 s
life as well as to avoid or at least to reduce the rate of depletion of res(Bleragini & Di Carlo, 2010)

There & a need for effectively upgradintder building sbck based on the amount of consumed resources

and material¢Conejos et al., 2014)

Finally, the price of matrials extraction is increasing as #renegative environmental impaalse to the
natural constraintsf the more dilute and distant stocks of ores and other resdifibest, 2007) The
reasons mentioned relatively new area of research in sustainability in construction has focused on
emerging themes such dsconstruction, durability, adaptability, design for the environment, design for
deconstruction, closed materials loops, demateriaizeandPRM (Kibert, 2007; Langston et al., 2008)

This trend will keep gaining more and raaelevance in theonstructiorindustryin the way that the cost

of natural resources and environmental impacts increases g¥autig, 2016)

2.1.2 Sustainability measurement toa$ for buildings

To achieve sustainability in building industry it is necessary to assess the environmental, ecambmic
social performance of humasdtlements and buildings alonteir life-cycle, which will support the
appropriate decisiemaking of the stakeholdersSrinivasanet.al. (2014) described some of the most
relevant building assessment methaushe matter of sustainabilitgs well as a novellassification for
them.Their classifications bagd on the analysis criteria and the targeted objectives of each one of the

assessment methodologies.

Building assessment methods have accelerated the shift from conventional practicegpé&sforgiance
green buildings in an attempt to enhance sustdityatn thebuilding industry Two of the most comonly
adopted assessment methwdsorth America are Green Building Initiative's Green Globes and Leadership

in Energy and Environmental Design or LEF§Kibert, 2007; Srinivasan et al., 2019ne of the main
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reasos of their acceptarein the market has bedime simplification of the analysis, due to the adopted
approach of a singleumber scoring systefdalaei, 2015)This approach means that the scoring system
results in a single number that determines the final score or rating of the building under.arfaysisng

of the building is determined by the accumulation of points from a se¢dit requirements defined by the
assessment systeln.the end, it is claimed that the more points the buildingsetir@ more energy efficient

and sustainabli is. In spite of their success, the referrassessment systems, like many other similar i

the market, lack a scientific framework that underpin them. These systems have been developed using a
consensubased approach that focuses on market transform@ibart, 2007) Thesemethodsare rather
subjective scoring systems thassign point values to a number of seddcgparameters on a scale range
(Jalaei, 2015)As a matter of fact, studies have demonstrated that the buildingdladteing developed
undergreenrating systems are not the most effective because they have only marginally less impact than
standard building code compliance buildirfg#bert, 2007) Thereforethese existing rating systemeed

to realign the intenbf their credits with a welknown and widely accepted sustainability framework rooted

in physics.

Consequently, in thiatest versions of gredniilding rating systems, theresdiaeen a strong push to include
guantitative measurement of therfprmance of a building along its lifgycle.For example, the most recent
versions of Green Globes and LEEDencourage the study of building energy use and environmental
impacts by assigning credits if it the use of Li&Ademonstrateth the design proess(Srinivasan et al.,

2014) Similarly, they have incorporatedto their rating scales the use of virtual simulation to measure the
building's performance, as well as the usBIM to assist the decisiemaking on the design procesareen

building certification systembave demonstrated to be an efficient way to provide design and operations
guidance, to document progress toward a design operational performance target, to compare buildings using
the certifcation systems structure, and to document what design and operations outcomes and strategies
are being used in the buildifdalaei, 2015)Neverthelesghese building certification systems hawéeep
improving he waythe structure ahe credits represents the actual sustainability of buildoygsontinuous

incorporation of new research findings in the matter.

The ICC/ASHRAE 70015 National Green Building Standard (NGBS) is the most recent version of a
resicential green building rating system that cowviies categories aénergy, water, indoor environmental
quality, site andbuilding materialfNAHB, 2016) This rating system carelused for new construction or
renovations, for both single and mufimily homes. The ICC/ASHRAE 762015 has been developed by
the National Association of Home BuildgiSAHB), the American Society of Heating, Refrigerating and
Air-Conditioning Engineer(ASHRAE) and the International Code Council (ICC). This standard has been

created in reference to the newest version of the International Energy Code Conservation (IECC) and it has
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been approved by the American Natiormaditute of Standards (ANSI). BhICC/ASHRAE 702015 has

the objectiveo integrate sustainability and high performance at a level most appropriate for the businesses
and specific hosing markets. It is worthgointng outthat the sustainality measurement toolsave been
voluntay systems since their creation. The strategy has been intending th#entoturemost of the
building market wouldadopt the best practices natlyand gradually. However, the rate of change has
been far too slow to offséioth the depletion of resourcasdenvironmental degdation. Itis time for a
significant shift in government polidyom voluntary to mandatory measures coupled witemtiges that

would help to accelerate the transformatiothiem construction industfPCC, 2015; Kibert, 2007)

2.1.3 Life cycle assessmenin sustainable lilding design

LCA is amethodologythat accountfor the materials and energy involved in a produciervicealong its

life-cycle and then measures the associated environmental impemtsrding to the International
Organization for Standardizati¢lsO, 1997)nitsnorm1SG14044 AL CA i s a technique
potential environmental aspects associated with a product (or service) by compiling an inventory of relevant
inputs and outputs, evaluating the potential environmental impacts associated with these inpigiend o

and interpreting the results of the inventory and
An LCA shall include definition of goal and scope, inventory analysis, impact assessanent
interpretation of resultglSO, 1997) LCA has been used for environmental evaluaioh product
development processes in different industries for a long timét, thas only been appliadto the building
construction sectorin the last decadéCabeza et al., 2014Through applying this methodology to the
construction industry, it is possible to make important decisions during #igndetages of a building

basedn a holistic approach that involvale stakeholders @& global society. LCA represents a rational
standardized approach which can evolve with the development of knowledge and it may help the
stakeholders to agree upon common stratégiesportier, 2001Nowadays, LCA is considered as one of

the main tools used to help achieve sustainabilityhé@building industry(Jalaei, 2015; Srinivasan et al.,

2014; Zabalza Bribian, Aranda Uson, & Scarpellini, 200@hen LCA is incorporated into the decision

making process for buildings, the stakeholders assesthe life-cycle impacts of building systems,
materials, andamponents, and then select the alternatives that could decrease the net environmental impact

of them.

As a part of defining the goal and scope of any kind of LCA, it is necessary to define the product system to
be stidied as well as its boundari@S0,1997) The system boundaries determine which unit processes of
the final product shall be included within the LCA. The determination of these system boundaries depends
on different factors, including the intended application of the study, the assumptions manteciGtaria,

data and cost consinés, and the intended audien¢80, 1997) Several researgisdrubali et al., 2013;
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Asif, Muneer, & Kelley, 2007; Blengini & Di Carlo, 2010; Cabeza et al., 2014; Densley Tingley & Davison,
2012; Fay et al.2000; Gustavsson & Joelsson, 2010; Ortiz, Castells, & Sonnemann, 2009; Peuportier,
2001; Ramesh et al., 2010; Ramesh et al., 2012; Silvestre, de Brito, & Pinheiro, 2014; Zabalza Bribian et
al.,, 2009; Zhang, Wu, Yang, & Zhu, 2006ave demonstrated the ftionality of setting the system
boundaries for buildings in four main stages with their respective sub processes 1) product stage (raw
materials supply, transport and manufacturing), 2) construction stage (transport and
construction/installation egite processes), 3) use stage (maiance/replacement angderational engyy

use) and4) EoL (deconstruction/demolition, transppandrecycling/reuse/disposallhe environmental

impact of building components or processes are evaluated on the basis tidriegen inventory is a

table of impact factors that measures the quantity of emitted or used substamai¢ giethe component

or procesgPeuportier, 2001)The impact factors depend on the subject and ietbnde of the study. This
lastpoint couldbe controversial because the environmental impact factors of the sathecpoo service

could be relevant or irrelevant to include in the analysis depending on the particular goal and scope.

Several studies irhis field have used energy consumption as the main and unique impact factor to include
in LCA (Aye et al., 2012; Cabeza et al., 2014; Fay et al., 2000; Gustavsson & Joelsson, 2010; Ramesh et
al., 2010; Ramesh et al., 2012; Zabalza Bribian et al., 20hig kind of assessment is well known as life

cycle energy analysis (LCEA). LCEA is a silifipd form of LCA that uses energy as the only measure of
environmental impact, and one which is particularly relevant to the building industry due to energy
efficiency efforts over the last few decad@scontrast, other studies have applied more stipated LCA

in construction. Such is the case of Peupo(2€01)who included thirteen environmental themesiin a

LCA comparative evaluation of single fagnihouseq1. energy consumptiorf. water consumptian3.

depletion of abiotic resourced, waste creation5. radioactive waste creatio®, global warming,7.

depletion of the ozone layed, acidification,9. eutrophication10.aquatic ecotoxicityl 1. human toxicity,

12. photochemical oxidant formatiprand 13. malodorous air)Iln 2006 Zhang, Wu, Yangand Zhu
developed a Building Environmental Performancealksis System (BEPAS) including twelve
environmental impactél. global warming2. ozone layer depletiord. acidification,4. eutrophicationb.

airborne suspended particléssolid wastey. photochemical smo@, waterborne toxicities). waterborne
suspended substancé®, fresh water depletiori,1.fossil energy source depletion, al@l other resources
depletion) BEPASIs a methodology fot.CA focused in liree main aspects of a buildifg. building

facilities, 2. building materialsand3. location. In their work Blengini and Di Carl@010)presented an
interesting variation of the commaystem boundaries of LCA for buildings. They split the building
arrangement under study into phases and subsystems. Then, they estimated the percentage contribution of

each phase/subsystem for every environmental impact assHsegddopted eight envinment indicators
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as the basis of their wio (1. gross energy requiremer?, nonrenewableenergy,3. global warming
potential (GWPf) excluding the contritton of biogenic carbon dioxidet. global warming potential
(GWPD) including the contriltion of biogenic carbon dioxidé&,. ozone depletion potentid, acidification
potential,7. eutroghication potentialand8. photochemical ozone creation potentidh his work, Jalaei
(2015)developed a Decision Supp@ystem (DSS) to help design teams choosing and selecting the most
sustainable building comportsnbased on three main critefih. environmental impact2. economical
factor, and 3. social wellbeingy The DSS estimatessevendifferent environmental impats using a
specialized LCA software (&ir and water pollutior®. solid waste, 3global warming potentiald. primary

fuel consumption, 5. weighted resource usegrBbodied energyand 7.annual operating energyThe
literature shows that the varietpnd quantity of the environmental impacts selected for LCA of buildings

could vary depending on the interest, scope, and objective of the research.

Some author§Zabalza Bribian et al., 200@ygue that th indicators and the impact cateigs selected
should be simpleo that architects, engineers, and-aadrs can easily understand the results. For example,
if eutrophication isselected as an impact categfew peojpe will understand the resulh icompaison to
water consumption, embodied energiyd carbon emissions. Therefore, the U.S. Environmental Protection
Agency has cat egor iag B dlobal Wwaemingd potemtjd)toronedepletiamp potentiad,

3) photochemical oxidant potentidl), acidification potential, 5) eutrophication, 6) health toxicity (cancer),
7) health toxicity (nonCancer)8) health toxicity (air pollutants), 9) edoxicity potential,and 10) fossil

fuel use(Jalaei, 2015)Cmsiderable work has been done to develop IsGfwaretools that measure and
assess a buildifigenvironmental performance duringlife-cyclebased on the main environmental impact
categories mentioned aboEexamples of these LCA tools ag&maPro®, GBi®, Revit PluginTally®,
Athena Impact Estimator®, and NTBEES®.All of thesetoolsare 1ISQ14044 compliant and accepted

by the most important green building rating systems, as well as national and international institutions like
U.S EPA.

2.1.4 Life cycle asgssment measurement tools forwldings

LCA is considered to bene of the most comprehensive tools used to help achieve sustainable building
practices. Nevertheless, to perfortihese kinds of assessmefdsan entire building is challenging due to

the anount of information that has to be processed depending on the system bourikitiag up
inventory data can be one of the most labor gitenand time demanding stepsain LCA, as well as
gathering the appropriate data for the product system undbr(§imnveden et al., 2009%imilarly, the
evaluation of the environmental impacts becomes complicated due to many changes that could occur along
the lifespan of the buildindgredicting lifecycle as "cradlto-grave" is very difficult to perform accurately

for a long lifetime, such as 50 yed&chultmann & Sunke, 200.For example, the EoL stage of buildings
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is probably the most difficult part of an LCA, since thagge is quite separated in time from the rest
(several years to decades)so, there is a variety of EoL paths for each building material or component
that depends on the final decision of the ownB8ome of the most common EoL for building
materialscommpnentsare direct reuse, repairing, refurbishing, remanufacturing, cannibalization, recycling,
combustion with heat recovery, composting, incineratord landfilling (Schultmann & Sunke, 2007)
Studies have deomstrated the potential benefitsalf of theseEoL techniques applied to an industry and

a global society that is shifting towards increased sustainatiBliéngini & Di Carlo, 2010; Sandin et al.,
2014; Schultmann & Sunke, 2007; Silvestre et al., 20dyvever, there is limited quantitative information

of the actual EoL processéBlengini & Di Carlo, 2010)and few studies that contain methodological

information applied in the industof construction

In order to deal with the complications mentioned above, many LCA software tools, in combination with
public and private databases, haverb@eveloped in the last decades. These databases include national or
regional databases, industry databases, and consultant dat&asesden et al., 2009)ccording to the
National Green Building Standaral| of thetools used to perform LCA must be 194044 compliant or

fulfill another weltknown and widely accepted equivalent standard. Some of the most common LCA
software that satisfy this condition are SimaPro®, GaBi®, Tally®, Athena Impact Estimatal®|am
BEES®. Due to their proven accuracy and effectiveradlsst thesecomputer tools have been used in LCA
models worldwide in industrial and scientific applications, as well as in published stilali@si, 2015;
Kumar, Hewage, Haider, & Sadiq, 2016; Srinivasan et al., 2@tAgr specialized tools that integrate BIM
with LCA studies have been developed to streamline LCA processes and facilitate the rigorous arnagem
of the environmental footprint of constructed facilit{dalaei & Jrade, 2014; Jalaei, 2015; Kokkos, 2014;
Wu & Issa, 2015)

2.1.5 Integrating Building Informati on Modeling and sustainable buildings asign

BMis defined by international standards as fAshar
characteristics of any built obj ec tVolf, Stenggl, &whi ch
Schultmann, 2014BIM is a realistic and detailed virtual representation of buildings. Bidtt®mplished

with objectoriented software and consists of parametric objects representing building components that may
havegeometric or nosgeometric attributes with functional, semantic or topologic informgifatk et al.,

2014) For example, functional attributes can be construction time, labor deraaddbuilding cost;

semantic inbrmation can be interdependency of elemehtssting componentsand incompatibility

between objects; and topologic attributes caarieersal positioningcoplanarity, angberpendicularityof

objects According to Jalaef2015) BIM is an organizing concept that contributes in life-cycle of a

facility to create and manage burldg data in a convenient way.
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From the perspective ofh e US Gener al Services Administration:
development and uses of a mufiticeted computer software data model to not only document a building
design, but to simulate the construction and operation of a new capital facility or a recapitalized
(modernized) facility. The resulting Building Informatidfodel is a dataich, objectbased, intelligent
andparametric digital representation of the faciliH
can be extracted and analyzed to gene(GSA B800fHeedbac
Numeraus researchers have reportednefits from implementing BIMn diverse research fields in
constructionsuch aspreconstructiondesign visualizationconstruction reviewsdesign coordination

planning of trades and systentonstruction scheduling and sequencgiggantity surveys estimating
prefabrication and modularizatipmsbuilt modeling for facilities operations and maintenanioeilt
environments and its procesgestly integrating sustainability issygemote sensing technologies, LCA
studies,and rubble managemerffalaei, 2015; Volk et al., 2014)or all of thesebenefits, the
implementation of B is becoming a cornerstone ¢fie modern construction market as well as

construction project management.

Currently, considerable research is done in the anegegfration ofsustainability in constructioandBIM .
Project teams have found that synerdiegween green building and BIM can hdlp improve the
accomplishment of sustainability godl&/u & Issa, 2015) This interdisciplinary synergy is well known
with the nameoroffi 6hiyReBdah@rsBate Btillorking to deliverthe full potential of
green BIM The objective is taefficiently integratethe modeling systemgshe specialized tools for
sustainability andthe databases needed to perform a realistic simul&i@mples oBIM tools available

in themarket are Revit®, Bentl®), Vico®, and ArchiCAD®. In North American markéutodesk Revi®

is the most prevailing BIM tooBome of the mostommonmodeling systems specialized in energy analysis
are Ecotect®, Green Building Studio®, eQuest, EnergyPlas®,Integrated Environmental Solutions®.
Similarly, some of the mostevelopedsoftwarefor performing LCA in buildingsare SimaPro®, GaBi®,
Tally®, Athena Impact Estimator®, and NIST BEES&me researchers have pointed out that a unique
software packagdoes not exist that can provid# of theneeded functions ail of thestages of an LCA

for buildings(Jalaei, 2015; Wu & Issa, 2015Yet, through interoperability and data exchange between
applicdions it is possible to develop integrated green BIM tofiss is possible due tdata models have

become the international standard for data exgéan the buildingndustry(Jalaei, 2015)

Finally, despite théncreasing usage @il of thesekinds of computetool technologies in hew structures,
their implementation in existinbuildings is still limited Research approaches are intensifying to harness
BIM for applicaton in existing buildings by capturinguilding data into BIM, as weks implementing

deconstruction functionalities arréuse of materialsbmponentgKokkos, 2014)
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2.2 Designing for aCircular E conomyin construction

Conceptualization of the CE has evolved tigiothe years, and it has been gaining momentum since the
late 1970gGeissdoerfer et al., 201 Among the schools of thought on the CE, shared founding principles
lie in the better management of resourcas \aaste by minimizing (or closing) material and energy loops
(Geissdoerfer et al., 2017; Lacy & Rutgvist, 2015; Pomponi & Moncaster, .20E7s conceived abe

main condition for sustainability in the construction indug@gissdoerfer et al., 2017)

Due to the growing concern for the environment, sustainability has become a requirement rather than just
a desiable characteristitor products and service¥o remedy this situation, th@nstruction industrys
implementing designs and systems with improved--tenm life-cycle performance. The main objective is
to consider closetbop circular design principle8Norld Economic Forum, 2016 losedloop Gycle
Material Gnstriction (CLMC) can be defined as recoveraupstruction composing materials and building
elements from old buildgs and infinitely recycling therthrough natural or industrial proces{&assi,
2008) Sassi(2008)defined criteria by which building materials can be assessed in terms of forming part
of a CLMC, drawing on existg research on natural recovedgsign for deconstructiomandrecycling.
According to Kibert(2007) themes such asdeconstruction, durability, adaptability, design for the
environment, design for deconsttion, closed materials loopand dematerialization, aret yet woven
into the fabric of sustainable mstruction, butheycertainly play an important rola this topic Jaillon and
Poon (2014) developed a coup of case studies of recently completed institutional buildings using
prefabricategrecat concrete building structuréscated in dense highse buiding environments iflong
Kong. The study concluddtiat the promotion of a closddop material cyclés critical to contribute to
sustainability thusninimizing carboremissions and natural resoutmsumption. Silvestre, de Brjtand
Pinheiro(2014)demonstrated that assessment of waste flows is an impsaarce of data for decision
making at theEoL of building materialdo maximize their cradko-cradleenvironmental performance
throughthe minimization of wate flows, maximization of the reuset¢yclingoperations, or increasing the
recycled contentShultmann and SunK2007)discussed energy savinigsterms of enbodied energyhat
could be afforded through using different recovery techniques on deconstruaijeatpAll of these
studies suppothe dea that there are areas of opportunity to maximize theitseokthe resourcesn the

EoL stage of buildings that should beproved Also, it is necessary to includal of the stakeholders in

the process with the final goal of producing far supenigidngs that represent a realistic alternative.

2.2.1 Current trends for closedloop cyclein the construction industry

Green design methods have become an importanbp#re design process in mastustries, including

construction. Green design methagedesign to reducenvironmental cost and increase economic benefits
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over the ente product or servicéfe-cycle (S. Smith, Hsu, & Smith, 2016fxampes of green design
methods aredesign for assembly, design for disasmbly, design for remanufacture, and disassembly
planning.According toSoh, Ong, & Ne€¢2016) assemblys aprocess essential for remanufacturing, and
assembly being a valtexlded process has to be carried outdnribst efficient manner to maximize cost
effectiveness, as more time required for assembly means higher manufacturing cost. Therefore, design for
assembly has the potential of shorten the product cycle, minimize development cost, and ensure a smooth
transtion from prototype to production sta@i¢han, 2008) Disassemblys also another process essential

for remanufacturing, and design for disasseniblypractice to ease the deconstruction processes and
procedures thrazh planning and desigiesign for disassemblg an important strategy to conserve raw
materials by preserving the residual value of disassembled compdRérgs Chong, & Grau, 2015)

Design for remanufactaris defined as the product design that facilitates any of the steps involved in the
process of returning a used product to-ileav condition with a warranty to mat¢Hatcher, ljomah, &
Windmill, 2011) The remandiacturing stepsinclude part® sorting, inspection, disassembly, cleaning,
reprocessing, reassembly, and repladdegign for remanufacture can benefit the environment because it
demands less energy and materials in comparison to new manufacture, edccoemgonents reduce the

waste generatiolDisassembly planning is useddfiiciently retrievepartsfrom a producfor repair, reuse,
remanufacturing, or recycling\ppropriate gsassembly planning can reduce the time and cost associated
with disassembtig productgS. Smith & Hung, 2015)

In the field of design for disassembly or deconstruction in buildings, improvements can be achieved by
considering future disassembly of building elements at the planning stage tluildings(Gorgolewski,

2008) For example, researchers studied the-efisttiveness of deconstruction compared with traditional
demolition of woodframe residential constructid®uy & McLendon, 2000)The study showed that the

initial cost of the deconstruction process is higher than demolition, but the net cost after factoring in the
revenue from sales is lowdysing software simulatiorfingley and Davidsoi2012)developed an LCA
methodology to account for the environmental benefits of design for deconstruction of a hypothetical three
story building, norcomposite structure, made up of 6 &yreterbays, with a 520 nt total floor area.
Akbarnezhad, Ongand Chandra(2014) demonstrated the efficienayf using BIM on economic and
environmental asses&nt on construction strategits quantify the affordable benefits acately. This

study included the effect of prices and energy embodiment of the materials and components, the travelling
distances, energy use and cost associated with the recycling processes, inflation rate, costs of designing the
components for reusability, and costs of disassembly and-assembly.In his work, Kokkos(2014)
developed a sophisticated parameaind associative toolbox thexposeshe environmental and financial

impacts of the concept of Design 1@econstruction.
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Another strand of research has delved on the amount of the steel that is recycled or reused in the construction
industry and the areas of opportunitythis fields It is a recentrend in the building industry to reduce

GHG emissions byaving on primary steel productialue to the greagnvironmentalmpactproduced by

the steel industrand theaffordability for recovering this construction materi@&@orgolewski, 2006)For

example, LEED® ratig provides available points fdine storage and collection of recyclables, reuse of
buildings,andreuse of resources, as a stimulus for promotingtimseration of materials and resources
According to the Steel Recycling Instit{016) steel is the most recycled material in North America and,
indeed, the world. Around the 59%tbEtotal recycled steel is derived from Construction and Demolition

(C&D) waste andmly around 10% of structural staelcurrently being reused.

Even though steel reuse requineimimal reprocessing and it produdew environmatal impact, it is still
rare inthe construction industryn his work, Gorgolewsk{2006; 2008discusses the issues relevant for
designing to enable future reuse as well as the chamitpe @pproach for tretakeholders (owner, dgsier,
builder, etc). Nesset al.(2015)proposed djital tracking of structural sel members to facilitatteelreuse

in new buildings. Yeung, WalbridgandHaas(2015)exploredthe geometric characterization ofusttural
steelas a key role in the decision prosder potential steel reusk his work,Yeung(2016)contributed
tothe understanding tife-cycleimpacts of steel reuss an alternative to recycling. His research presented
a streamlinedife-cycle analysismethodology based on process modelskandnalyzing the influence of
prices placed on the environmental impacts produced.

2.2.2 The role ofadaptive reusein the modern cnstruction

Adaptive reuse of buildings is considered by most as a superior alterioatie® tonstruction iterms of
sustainabilitConejos et al., 2015; Douglas, 2006; Langston, 20083 ptive reusemproveshe financial,
environmental and sociglerformance of buildings. It takesxisting buildings that are obsoletestores
them, and in some casebangs their use(Bullen, 2007; Langston et al., 2008)daptive reuse takes
advantage of gnof the green design methods mentioned in the last sectiadgnto restore and redevelop
existing building. As part of theitife-cycle b u i dperationgl and commercial pemfiaance decreases
over the years until the performarfa#t below theexpectations of owners. In consequence, the owners face
the decision to finish with thife-cycle of the building choosing from one of the differdéfdlL options.
Some of the most common Emptionsfor building materials are direct reuse, repairing, taiing,
remanufacturing, cannibalization, recycling, combustion with heat recovery, congpastinerationand
landfilling (Schultmann & Sunke, 2007However, the decision to choose any of tHegle optionsmay

be premature if it ignores the residual utility and value of buildings that could be optimized by "giving them

new life" using the process of adaptive relgecause of the great impact that the building industry has in
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the environment, failingtooptii ze bui |l di ngs & usef ullifekycldegpectaacy r e s ul
not being fully exploitedand with it wasting the resources embedded.

The decisiommaking processes associated with the planning, deamgiconstruction of a tilding are
diverse and dynamid herefore,choosingadaptive reuse foa building project is compleas well.The
difficulty lies in all of thedifferent aspects that havelie taken into account, suchthas physical integrity
of the building, economic issues, furmtality, technological retrofits, social impaatidlegal and political
issues For this reason, littleesearch has been damgardingestablising feasible methodologies fohe
assessment @fdaptive reusef buildings Some authors stress that intait and experience are the only
guides in making decisions about adaptive rébisghfield & Gorse, 2009)

In 2008 Langstoret al.developed the Adaptive Reuse Potential (ARP) model. ThrtheARP model,

exising buildings can be ranked based on their adaptive reuse potential over time. The ARP model predicts
useful life as a function of physical life and obsolescence. In consequence, the right timing for future
adaptive reuse can be predic{€bnejos et al., 20157 he modektan be applietb all building typologies

and all countriegLangston et al., 2008Also, this model has been validated using a new +ortéria
decision analyis tool called iconCUR(Langston & Smith, 2012; Langston, 201Z&nother recent
contribution tothis field is the adaptSTAR model. The adaptSTAR model is a degisating tool that

aims tohelp the climate change adaptation of built asgetmejos et al., 2014)'his model provides a
weighted checklist of design strategthat assish the development of new buildings that can be adaptively
reusedn the futurg(Conejos et al., 2015 hi s mo d e Isthives oa heimtuitien@rekperience of

the stakeholderd he adaptSTAR model was based on survey results collected from selected practitioners
of the Augralian architectural profession. The model is composed of 26 design criteria with weighted
percentages that are orgead into seven categoriebhe performance of any newly designed building is

scored against these weighted criteria that sum to a total.

In a parallel way, technical regulations and normativity for adaptive reuse have been created in the last
decadeThe aim of these regulationsiitaking adaptive reuse of the building stock an integral part of the

infill development These regulations afemown asfi s ma r t gr owt ho (Gantal 26808)mar t c
ASmart codeso is the term used to deseuseofbxestngui | dir
buildings(DHUD, 2001) Examples of these smart codes theereformed article 22 of the building code

of the State of Massachusetts in 1979, the Uniform Code for Building Conservation (UCBC) in 1985 with

the last update in 2000, the New Jersey Rehabilitatob codein 1998, the Nationally Applicable
Recommended Rehabilitation Provisions (NARRP) in 1997, the Uniform Code for Existing Buildings
(UCEB) in 2000, the International Existing Building Code (IEBCJL#99, the National Fire Protection
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Association 5000 building code (NFPA 5000) in 1999, the Maryland Building Rehabilitation Code
(MBRC) in 1999,andWichita Rehabilitation Code in 2000.

Even thougtall of themethodsand regulations mentionédve the olgctive of increasing the sustainability

of human settlements through adaptive reuse, there is still a lack of knowledge about the environmental and
economic performance of thedaptive reusgrocess in terms dife-cycle Adaptive reuse could be
expensivaand it has a high impact on tBeL stage of buildingsif a building is difficultand inconvenient

to be renovatedt might increase the environmental and economic cost in comparison to a new building.
Therefore, it is neessary to develop methotts edimate the net environmental impacts and economic
performance of adaptive reuse blinlg projects througiPRM. Only in this way it could be pe#ble to
understand objectively d@n existingbuilding asset is worthy to be reddopedand to define theptimal

level of intervention.All of the methods and regulationmentioned aboveén this sectionrelies on
conventionhintuitive planning procedurdsy professionia in the construction industtp determine the
scope and convenience of adaptive reuse psj&€anventional intuitive planning procedures are easy to
apply but must of the times lead to suboptimal plans or plans ranked with little quantitative or objective
measure(Lin & Haas, 1996) Thereis no evidence ofnehodsthat can objectively demonstrate the
optimum, or near to optimum, balance of tiet environmental and economic performance for adaptive

reuse projectwith alife-cycle perspective

2.2.3 Disassemblyplanning of products and buildings

The potential bnefis of adaptive reuse relyndhe fact that it is possible to take away components from an
obsolete building and then repair, reuse, remanufacture, or recycle them. In this matter, tbenmeost
important green desigmethods include design for disasséymldesign for maintainability/serviceability,

design for reuse, design for remanufacturing, and design for recyclgBilimith & Hung, 2015)For

existing assets, complete design for disassembly is not possitléhe process is redaetto planning for
disassemblyPlanning for disassembly plays a key roiethe adaptive reuse design procedwrethe
disassembly planning sequence, as well as the disassembly methods to recover target components, have to
be perbrmed in an efficient way. The objectives are to reduce building costs and to increase the building

c o0 mp o nligercycle fimes. If the design for disassembly is too complex or -towsuming, the
associated economic and environmental costs could ber hiigireinstalling new components. This field

has been studied in the manufacturing industry since the last decade, concluding that disassembly planning

can reduce the time and cost associated with disassembling pr@ustsith & Hung, 2015)

According to Smith & Hung2015)the different types of disassembly planning methods can be classified

as follows destructive and natestructive disassembly planning methods, compéetd selective

24



disassembly planning methods, and sequential and parallel disassembly planning methods. They explain
that destructive methods destroy the functional capabilities of the disassemble components and that
selective disassembly planning method$y aemove specific igh-value parts. Alsothey explain that

sequential methods remove {gaone at a timavhile parallel methods remove multiple parts at the same

time. The authors descrilbthe benefits of each method highlighting that selective disa$gqamning

methods can be used to minimize environmental impacts and economical cost in practical applications such
as productsd refur bi sh meauedcamponentsdrom ah dssemBigeire 2 ai mi ng
2 shows the generic classificatiohgroduct disassembly methods, as well as the literature review of the
applied theories to find the optimum, or near to optimum, disassembly path fdestonctive disassembly

methods.

In the construction industry disassembly planning approaches have dewveloped attending to the
particularities of construction building projects. The process of planning the dismantling of an existing
assent is well known as deconstruction project planning. Deconstruction planning refers to the process of
preparation ath o utl ining every deconstruction activity
objectives and deliverablekluber et al(2017) provide a comprehensive literature overview of project
planning methods fadleconstruction of buildings as well as some research gaps in this field. The authors
classified the existing deconstruction planning methods according to specific construction project
objectives. The proposed project objectives are time, cost, resoiskeand quality, which, in turn, have

been the main performance indicators on the field of construction project managémerstudy presents

a full-range variety of methods for the decisimaking process on strategic and operational deconstruction
planning, based on the optimization of single or multiple project objectives. How®re, of these
methods and approaches have been developed for the renovation or repurposing of buildings. In other
words, the existing methods for deconstruction planniag focused either on the complete or partial
deconstruction of buildings with the purpose of finishing with the lifespan of the fixed asset. Therefore,
there is a lack of knowledge in the development of deconstruction planning models for adaptive reuse of

buildings.
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Figure2-1: Disassembly planning methods and models foraestiructivedisassembly optimization.
Source Own elaboration based ¢Han, Yu, & Lee, 2013; S. Smith & Hung, 2015)

2.2.4 Selectivedisassembly panning for adaptive reuse of lildings

The potential bnefits of adaptive reuse reln ¢the fact that it is possible to retrievaluablecomponents

from an existindouilding. The objective of adaptive reuse is to refurbish, and in sometorresonfigure

the entire existingssetUnfortunatelythere is adck of methods for deconstructiplanning for adaptive

reuse such as selective sequential disassembly ptpanih selective parallel disassembly planning
comparison to the construction industte research field of selective disassembly planning for
manufactured productsave been developed substatyiah along the last decad€his study focueson
selective sequential disassembly planning since this is the most basic form of selective disassembly

planning.
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Smithet al.(2012)did an exhaustive comparison between the different theories appliad faptimization

of selective sequentiatisassembly planningf products demonstratingthe Disassembly Sequence
Structure GraphéDSSG)methodasan optimal approacilhe DSSGmodelis a useifriendly heuristic
optimization techniqudor quickly finding an efficient sel¢iwe disassembly sequence for products
recovery given specific constrainS. Smith et al., 2012; S. S. Smith & Chen, 20The DSSG model is
defined as a rukbased recursive method for findiray nearoptimal heuristic selective disassembly
sequence for green desigh Smith et al., 2012; S. S. Smith & Chen, 20krijnathematical optimization,

a heuristic is a technique designed folving a problem more quickly in comparison to classic methods
(such as enumerative or stochastic methods) by findingaa to optimal solution. This is achieved by
trading off the optimality, completeness, accuracy, or precision of the problem's sfulutimmspeediness

in the calculation§Zanakis & Evans, 1981MHeuristic methods are used when classic methods fail to find
any exact solution ohey demand an excessigeaint of computational resourcdsxamples ofother
common heuristic optimization methods applied in engineasjstemsare evolutionary algorithmsuch
asGenetic Algorithms (GAandant colonyoptimization.The DSSGapproach is able to find an optimized
solution for a number of parts, parders, and part disassembly directions, in a minimum amount of time.
In their work, Smithet al. (2012)tested anccompared the performance of otheptimization methods
applied on selective sequence disassemlalgring for products, such ae Enumeration DG method,

the Smith's method, the Enumeration DCG method, the Search DCG method, the Wave propagation
method, Gecia's method, the DSSG method, and the DS$@ethod.

Disassemblgequencglanning consists inreating a disassembly model and then generating disassembly
sequence$S. Smith et al., 2012A disassembly model is a graph with nodes and links, where the nodes
represent the different parts of an assemblage aniihi{serepresent the constraints between parts. The
parts of the assemblage should be identified as components or fasteners. Graphs are converted into
constraint matrices for computing processing. Disassembly sequence planning consists of finding an
optimd and feasible path for disassembly. According to Smith €2@lL2)the quality and complexity of
disassembly models affect the solution quality and searching time. For instance, a model that contain more
information improve solution qualityout it increasesearching time. In their work Smith et §2012)
demonstrated that their DSSG model approach improve solution quality andregetineé for disassembly
modelsin comparisorto prior tediniques. The DSSG modeptimizes the number of removed parts, part
order, part disassembly directions, and reorientations, in order to create high quality, practical, realistic, and
time-efficient disassembly sequence plann{B8g Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et

al., 2016) To find sdutions, the DSSG modédirst createsa Disassembly Graph (DG) mhel. The DG

model contains fivenatricesa contat matrix for components, a motion constraint matrix for components,
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a contact constraint matrix for fasteners, a motion constraint matrix for fasteners, and a projection matrix
for componentsThese matrices are also known with the name of initial matocesnstraint matrices.

The matrices contain all contact and motion constraints for components and fasteners in the principle
Cartesian extraction directionsX,-x,+y,-y,+z-z. Components create constraints by occupying volumes
and fasteners create ctmaénts by connecting components to other componéftsr defining the DG

model, theDSSG modeis createdrom the DG structurbased on realistic part disassembly directions and
expert rules. According to Smith et §2012) choosing directions before searching disassembly paths
reduces model complexity and searching time, while expert rules secure that the found solutions are

feasible, practical, realistiand efficient.

The DSSG model approach has been develapeddsuccessfully tested in several case studies for the
manufacture industrgS. Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et al., 20t®) DSSG

model approach has beadapted in each study to optimize specific goals such as minimize the searching
time, minimize the number of removed parts, minimize the number of changes on the reorientation for
extracting parts, minimize the amount of labor for disassemble baseddiffitudty of dismantling parts

or modules, minimize the disassembly cost, maximize the Recycle Value (RV), and optimizing-the cost
benefit of partial disassembly planning withL&A approach.The referred studies have implemented

different optimizationéchniques, solving single and mtdthjective optimization problems.

The DSSGnethod uses certain disassembly rules to eliminate uncommon or unrealistic soligrnkes

were developedefiningthe recursive selective disassembly planning probessd on the analysis of the
disassembly characteristicd manufactured productandaccording to the corresponding unigue matrix
representations of the methothis method considers the geometric relationship betweets and its
neighboring partsatherthan considering geometric constraints between a part and the entire asfembly.

a part can be disassembled, its geometric relationships with the neighboring parts will be dynamically
updatedThe topological information and part accessibility of a produiexamined from inside to outside.

The approach gets parts (components or fasteners) from thedd€l arranges and orders the parts in
levels, and addthe parts to a disassembly sequedaeording toSmith et al(2012; 2011}he operation

of the singletargetDSSG approach is the nefirst, the process creates a root hode which is the query
componentassigns the beslisassembly directigrand putghe constraining parts in a queukhen, the
procesexamines each part in the queue at a time,@isgithebesl i sassembl y direction
part under study)adding the examined pa the disassemblgequenceand addingall of the new
constraining partditat are notlready in the disassembly sequencéhe queugto the queuelhe process
repeats, until all parts@ added to the disassembly sequeBeging the iterative process tlepert rules

improve solution quality, minimize graph complexity, and reduce searthirgAccording to the DSS&s
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expert rules, the best disassembly direction for removing a part under study is the direction with the least
number of obstacles (Rulg, &ll of thefasteners thatonstraint a amponent must be removed first (Rule

3), all of thecomponents that constraint a part under study in a given extraction direction must be removed
first (Rule 2), and the best direction for removing all parts is the direction with the least number of obstacles
unless the part under study have-assigned disassembly directions (Rule #or a single query
component that has two or more fAbest directionso,
multiple singletarget DSSGs and choose the best DI8®&eir work(S. Smith et al., 2012)he authors

also proposedn approach for creating a multiple target DSSG. This approach mergegaiggtdDSSGs

to create one multiplearget DSSGThe approach merges identical nodes within the DSHtgxffectivty

of the DSSG approach for manufactipgroducts has been validated through seveaiaéstudies and it
represents a realistic alternative to improve the efficien@®R# through selective disassembly planning

(S. Smith & Hung, 2015; S. Smith et al., 2012; S. Smith & Chen, 2012; S. Smith et al., 2016; S. S. Smith
& Chen, 2011; Zhou et al., 2018)

The field of selective idassembly planning in the construction industry has remained underexplored and
underdevelopedn comparison to the manufacturing industhy this respect, the studies presented in
Chapters 5 to 7 represent pioneer advances in the field of selectivaedibas planning for buildingdn

Chapter 5the firstin-its-classSequential Disassembly Planning for Buildings (SDPB) mefivoaidaptive

reuse of buildings is present€danchez & Haas, 2018b)he SDPB methd is a selectivedisassembly
sequence plannirgpproachbased on the DSSG theoby, environmental impact, building cost, and rule
based analysis faadaptive reuse of buildinghe SDPB method is used in order to generate optimized
disassembly plans foetrieving single targeted components from buildings assemblhesmethod seeks

to minimize environmental impact and deconstruction cost of the selective disassembly planning based
upon physical, environmental, and economic constrdimtShapter 6, tt SDPB method is enhanced for

the development of a multiple target selective disassembly planning model for buildings, as well as the
development of a novel approach of selective deconstruction programming for adaptive reuse of buildings
(Sanchez, Rausch, & Haas, 20I®)is approach is able to create the programmingeobdstructiomwork

for retrievingmultiple components of a buildingsesnbly in a sermautomated waykFinally, in Chapter 7

the SDPB methods extendedwith the purpose of including more than one deconstruction method per
building componentSanchez, Rausch, Haas, & Saari, 2019)this study a weighted multbbjective
optimization analysis is incorporateid generate the set of noninferior solutions that minimizes

environmental impacts and building cost for the different alternabfvdsconstructiomplans

Based on the resujtapproachandbuilding assemblage archetypeesented in the SDPB stuffyanchez

& Haas, 2018h)Denis et al(2018)proposed an alternative optimization method for selective disassembly
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planningfor buildingsby using Network AnalysisTheir methods called Disassembly Network Analysis
(DNA) and itis yet in a preliminary stage of developmefithe DNA approach involves specific
disassemblyparametersuch as accessibility, transportability, resistance factor, weight, reversibility of
connection, ath disassembly/demolition time, to define the optimization analysis mBdeh though the
DNA approach represents a feasible alternative, the method is limitee bynsiderableamount of data

to entermanually In addition, the DNA optimization modeldg(f a building assembly under study) must be
created according to disassembly parameters which need the interpretation from practéiogetise
definition of the accessibility space for disassembling a component, the estimation ofn nect i onods
revergbility, andthe definition of sequential dependence of structural and nonstructural elermsnas
result, the DNA approach is set in cdeypfundamentals that coulte hardlyimproved by automtion in

the short and miterm. Therefore, theractical apfication of this approacteould not be affordable since

real buildings' assemblages are integrated laygenumber of components (hundreds or thousands).

2.3 The knowledge @p and contribution

As described in this chapter, green design methods are becamimgatant part of the design process in
buildings due to the growing concern foretlenvironment. Adaptive reuse biildings hasbeen
demonstrated to be a superior alternative to new construction in terms of sustairzaddlit¢E
Nevertheless, its cuent implementation relies on conventional intuitive planning procedures by
professionals in the construction industry, leading to suboptimal results with littiétgtiee or objective
measureComparativelyPRM and green design methods h&weused orthe environmental and economic
optimization of the recovery of the building components for new purposes, rather thanimexpamlife -
cycleof the whole buildindHubner et al., 2017; Kokkos, 2014; Sandin et al., 2014; Schultmann & Sunke,
2007; Yeung, 2016)he decisiommaking processes associated with the optimized planning, dasign
construction of an adaptive reusdlding project are complex, diversgnd dynami¢Conejos et al., 2015;
Conejos et al., 2014Furthermore, the quantity of data processing required to perform the optimization
process in terms of lifeycle assessment isrge The coordination of new technologies such as
computational power, 6D BIM¢loud databases, and automation algorithms can help in finding the
optimum, or near to optimum balance for adaptive reuse of buildings in an afforddhbieatistic way.
However, it seems that the studies that approach the problem of thetlolmseycle in buildings solvihe
problem in a fragmented and disperseay. There is no evidence of any study that combatlesf the
technologies mentioned abotreat resolveshe PRMproblem of the built environment through adaptive

reuse.
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In a parallel way, research &RM in the manufacturing indust has addressed the problefmproduct
closal-loop cycles of specific highvalue components througlisassemblylanningoptimization models
(Han et al., 2013; S. Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et al., P4 8plution quality,
model complexity, andgearching timenhave been considered and solved successfully for manufactured
products(S. Smith et al., 2012 urrent researchas includd LCA tools to perform cogbenefit analysis

to find an optimum disassembly stapg pointthat reduces environmental cost and increasesomic
benefityS. Smith et al., 2016Therefore, there is a need to improredify, and adaghe current methods
applied in the manufacturing industry in erdo create an appropriate methodologyddaptive reuse of
buildings.This thesis aims to address the abmeantioned challenges for adaptive reuse of buildings. The
proposedesearcthere mainly aims to employ recent selective disassembly planningcedvia order to
create dramework andmethod that can optimize the environmental and economic performance of the

procesf adaptive reuse of buildings.

While the algorithms developed are to some extent generalizable, validation experiments isithase¢he
focused on disassembly planning of existing buildings given its fundamental role for the reuse of the build
environment. The experimental results show thatgroposed method éfordable enough to be applied

in the current building markednd aplied to uniquefixed assets (in contrast to disassembly of large

numbers of identical manufactured products)
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Chapter 3: Capital project planning for a Circular E conomyin the construction industry?

3.1 Abstract

Adaptive reuse synthesizes many of the CE pringsipled methods in order to restore, reconfigure and
repurpose existing buildings. An urgent need exists to develop and validate effective planning principles,
methods and tools for adaptive reuse building projects. In particular, while the PDRI for lsugdingwn

to be an effective planning tool for grefield building projects, it has limited applicability to the circular
model. Complimentary tools are also required such as selective disassembly planning methods, LCA
analysis procedures, and methodgugiify development incentives offered by government. Thus, in this
chapter it is proposed a capital project planning framework and related research that must be accomplished
to enable a more CE in the capital projects sector. This chapter provides atsbduction to the main
concepts addressed in this study, the CE in construction, CE for the built environment, and the implications
of circular building principles in capital project delivery.

3.2 Introduction

Sustainability in construction has shifted rfroan original focus on cleaner and leaner delivery of
conventional projects to a restorative and regenerative approach. Sustainable construction had been mainly
focused on the development of new hjgdgrformance green buildings and retrofitting, rathen tiesearch

in life-cycle performance in terms of sustainabi(igibert, 2007; Ofori, 1998; Plessis, 2007; Pomponi &
Moncaster, 2017)This ctange is grounded in the recognition that an enormous proportiath aff the
materials ever extracted are in today's built environment, that the current economic model is reaching its
limits, and that a new circular model shouldthe path to true sustaability (Costantino, 2006; Hill &

Bowen, 1997; Kibert, 2007; Lacy & Rutqvist, 2015; Ofori, 1998)erefore, circular buildingrinciples

and green design methods need to become a more central part of the capital building proje¢Kjreress

2007; Sassi,@8; Shiers, Rapson, Roberts, & Keeping, 2006; S. Smith & Hung, 2015; Volk et al., 2014)
They have the purpose of reducing environmental impacts and increasing economic benefits from a total
life-cycle perspectivéS. Smith & Hung, 2015)

While circular paradigms of project cost, quality, and schedule have always played a part in capital projects
delivery, essential to the definition of a project is that it has a beginning and an end. This presents a dilemma.

How it could a project delivery procedse managedhat has phases in a cycle, rather than an obvious

1 This is an Accepted Manuscript of an article published by Taylor & Fran@smstruction Management and Econontiosl5
February 2018, available onlingtps://www.tadfonline.com/doi/abs/10.1080/01446193.2018.1435895anchezandC. Haas,
fiCapital project planning for a circular econam®nly minor editorial changes are applied for being consistent with the University
of Waterloo thesis format.
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beginning or end? When a new need for infrastructure or space ariséscbigida solutiorbe develope®d

And, what role does early planning play? Notewortrg several studies that have recognized the
importance of the Eoktage in buildings, and the opportunity of their adaptive reuse as a superior alternative
to new buildings in terms of sustainabil{&ullen, 2007; Cantell, 2005; Conejos et al., 2015; DHUD 2001;
Douglas, 2006; Highfield & Gorse, 2009; Huovila, 2007; Langston, 2008; Langston et al., 2008;
Schultmann & Sunke, 200Tan et al., 2014; M. M. M. Teo & Loosemore, 2001; Wilkinson et al., 2009;
Wilson, 2010)

I't is also widely kipownp etch at pdenapmppo pyicdtf ¢ nfapmrag e
to improved project performance in terms of cost, sclee@ud operational characterist{Bsilard, 2000a;

Cho, 2000; CI11994; Dumont & Gibson, 1996; Edkins, Geraldi, Morris, & Smith, 2013; Morris, 2011)
According to Edkins et a{2013) despite evidence of the importance of thegyggect planning, it is still

poorly understod, not well documented in the literature review, and inconsistent from project to project
and between sectors. For that reason, over three decades, diverse industries have implemented practical
solutions in the field of froaend project management showitineir value to the planning procdgzho,

2000) For the building industry in North America, one of the most important referent in this matter is the
Project Definition Rating Index (PDRI) for buildings, whichswdeveloped by the Construction Industry
Institute (CIl)(Bingham & Gibson, 2017While the PDRI and the early project processes it supports (such

as need identification, project definition, and basis of desigrd haen effective for conventional capital

project planning, they aiiasufficient in a CEapproach.

Thus, the purpose of this chapi®to develop an argument that starts with thenrteriets of the Ci the
construction industry and the built enviroem, as defined and understood in a selection of academic
literature. This creates a framework of circular building features and principlesd¢hbatd to analyze the

content of a prgroject planning tool for buildings. The comparison between the &saassociated with

circular buildings and conventional ones enables us to identify dissonances or gaps between the different
scenarios for the pygroject planning stage. The empirical contributionttedf argument resides in the
integration of the lessoriearned and findings related to circular building principles and green design
methods applied in an adaptive reuse case study. The theoretical contribution underlines a contextual and
processbased understanding of capifaoject planning for a CEAs wel, this studycontributes to the
theoretical foundations of pygroject planning and a stepping stone to shape future research initiatives on

the topic.
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3.3 Problem statement

Adaptive reuse synthesizes many of @ principles and methods order to restorereconfigure and
repurpose existing buildings. An urgent need exists to develop and validate effective planning principles,
methods and tools for adaptive reuse building projects. In particular, while the PDRI for buildings is known
to be an effective plaring tool for greefield building projects, it has limited applicability to the circular
model. Compdmentary tools are also required such as selective disassembly planning methods, LCA
analysis procedures, and methods to justify development incentifieedoby government. Thug, is
proposé a capital project planning framework and related research that must be accomplishable a

more CEin the capital projects sectdrhis section provides a short introduction to the main concepts
addressed inhts chapter, the CE in construction, CE for the built environment, and the implications of

circular building principles in capital project delivery.

3.3.1 Designing for a Circular Economy in construction

The conceptualizion of CEhas evolved through the yeamd it has been gaining momentum since the

late 19709 Geissdoerfer et al., 2017Jhe shared founding principles lie in the better management of
resources and waste by minimizing (or closing) material antyg loopgGeissdoerfer et al., 2017; Lacy

& Rutgvist, 2015; Pomponi & Moncaster, 201If) their work, Pomponi and Moncas{@017)developed

an exhaustive critical literature rewid¢o categorize CEesearch in the last three decades. They concluded

that green supply chains and waste reduction have been the main drivers of research due to the evident

opportunites, such as reductions in energy use, environmental impacts, and waste production.

By definition, the strategies for engagingCk in the construction industry are lofagsting design,
maintenance, repair, reuse, remanufacturing, refurbishing, andingo@eissdoerfer et al., 2017; World
Economic Forum, 2016)and the mechanisms to afford it are design for deconstruction, durability,
adaptability, the environment, closed matkyiloops, and dematerializatigKibert, 2007) Therefore,
construction as an industry is implementing designs and systems with improvegrionlife-cycle
performance. The main objective is to consider clédsed design principles. These principles can be
defined as a construction involving materials and building elements from old buildings that can infinitely
be recycled or reused through natural or industrial procéSags, 2008)In a similar way, recognition of

the potential of reusable building materials towaf@Ean construction has driven diverse research in this
field (Gorgolewski, 2006)However, much of the potentifdr reuse depends on the state of the existing
building stock as a raw material bank for new buildif@stlepp, Gruhler, & Schiller, 2016; Stephan &
Athanassiadis, 2017)
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In essence, the mostaeeffective sustainable strategies iCB, are those that are conceptualized from the
beginning to create positive impacts and beneficial footprints, rather than focusing just on doing as little
damage to the environment as poss{iBaldager Jorgensen & Somme, 2016; Lyngsgaard & Guldager
Jorgensen, 2013)\daptive reuse of buildings is often superior to new construction in terms of sustainability
(Conejos et al., 2015; Douglas, 2006)

3.3.2 Analysis of the existing building stock

An accurate inventory analysis of the building stock must be a fundamental part of strategic planning for a
CEin construction and of planning for patlar capital projects. It will provide decision makers with the
necessary financial, social, and environmental information to maximize project performance in terms of
sustainability. Advances in Building Information Modeling (BIM), City Information Modgl(i@IM), and

the Internet of Things (loT), as well as the enormous amount of data already available in virtual platforms
such as Google Earth, real estate datses, and public Geographical Information Systems (GIS), are
enabling a realistic, dynamic, an@-to-date inventory analysis of buildings stocks. It is still a challenge,
however, to perform this kind of analysis, because the information is dispersed andifiemh For

example, it is difficult to know which buildings in a region are at the enldedf lifespan.

Existing buildings approaching the end of their
often more effective to recover the components thrd@gkl than to produce or extract the raw materials

for new onegqLangston et al., 2008; Schultmann & Sunke, 2007)fact, Conejog2014) claims that
demolition and equivalent new construction of enesffigient buildings would require decades to equal

the energy savings of rehabilitating and reusing existing buildings. Hence, the largest portion of natural
resources savings as well as the minimization of the environmental impacts are in retrofitting and
redeveloping existing buildings rather than producing new eraffipyent buildings(Conejos et al., 2014;

IPCC 2007) i n e sussd mogg beildiags Thus, adaptive reuse for buildings has emerged as a
broadly growing practice. However, there can be a resistance from builders and owners when they have the
alternative of reusing materials. Part of this is due to the knowledge gaps aiseut meaterials' reliability
(Yeung, 2016)lack of scienc#nased usefriendly methodologies in the fie[@Conejos et al., 2015; Conejos

et al., 2014)andthe underestimation of the embedded resources in the building components and materials
(Langston et al., 2008; Schultmann & Sunke, 2007; M. M. M. Teo & Loosemore,.2001)

3.3.3 The importance of preproject planning and circular building principles in capital

project delivery
The capital project delivery system is a complete series of operations leading to the occupancy of a finished
building. It is well known that a total projedelivery system encompasses thegmaect planning, design,
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and construction phases of the projéetcycle It can be argued that the gysoject planning phase is the

most important in a project lifeycle in terms of determining the success obutcomegCho, 2000; ClI

1994; Johansen & Wilson, 2006; M. A. Smith, 1983)eproject planning is focused on segfithe major
decisions of a project scope that will affect the cost and schedule performance, operating characteristics, as
well as the overall financial success of the project.

For three decades, a number of research studies have investigated and derddhstimportance of the

pre-project planning phase in different industries and se¢Babard, 2000a; Bingham & Gibson, 2017;

Cho, 2000; Edkins et al., 2013; Johansen & Wilson, 2006; Morris, 2@ilthe early 1990s, Morr{2013)

proposed an alternative project management model named ManagemenjeasHFMoP). In this model,

Morris settled the framework for managing the preconstruction planning as well as downstream execution.
The MoP model focuses on the project in its context, particularly on early definition of the project success
factors, rathethan the execution and delivery stages, as is the case in traditional project management
(Morris & Edkins, 2013) In 2000, Ballardermed the preconstruction planningpc es s -earsd o f r o n
planning, and he identified this process as a fundamental part of the project definition and design phases of
the Lean Construction Institutebs L(20A0Ob)dewalopegdect De
and tested an approach to increase plan reliability during design processes, named the Last Planner System.
Similarly, due to concerns of poor prediction of client cost and construction duration, the Egan Report
(1998) Rethinking Construction proposed a specific set of performance measures of time and cost
predictability. This set of performance measures is well known as the Key Performance Indicators (KPIs),

and they have been studied, impleteelnand extended by numerous organizations. The Construction Best
Practices Programme (CBPP) is recognized as the leading organization involved in the production of KPIs
(Beatham, Anumba, Thorpe, & Hedges, 2004 North America, for over three decades the Construction

Industry Institute (CIl) studied the pproject planning phase for new buildings. In 1998, Cll developed a
pre-project planning tool called the Project Definition Rating Index (PDRI) for buildingsara®f a series

of PDRI 6s for di ff er eninthis chapsetitriswcansideen the RDRIdandsits r y s e
derivatives an important and representative applied tool set for this domain, as its use on hundreds of

building projects has beeralt documented by the CII.

Despite its efficacy, a linear project litgycle paradigm still dominates the gamject planning for capital

project delivery. Linear project lifeycle stages include extraction, construction, operation, and EoL. An
unlimited amount of natural resources is assumed, and their restoration or preservation, as a part of a
sustainable cycle, is neglected. The evidence shows that when having strictly commercial objectives,

externalities as well as environmental and social impaas)eglectegMokhlesian & Holmén, 2012)
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Under a linear project lifeycle approach, even the conceptualization of a green building could result in a
paradox. This approach is focused on the construction of nglwefficient ecefriendly buildings.
However, according to circular building principles, a shift of thinking in the perception of sustainability in
construction is necessary; switching from the traditional creative and innovative approach to a restorative
and regenerative one. This change of perception is founded on the facts that an enormous proglortion of

of the materials ever extracted are in today's built environrfi€iert, 2007) andthe turnover rate 6

buildings is considered relatively logBeccali et al., 2013; Conejos et al., 2014; Sandin et al., 2014;
Wilkinson et al., 2009)As well, theprice of materials extraction is increasing, as are the negative
environmental impacts, due to the natural constraints of the more dilute and distant stocks of ores and other
resourcegKibert, 2007) Understandig the real value of the built environment in terms of sustainability
through merging cutting dge technol ogy with the most updated
(Langsta, 2013; Ortlepp et al., 2016; Stephan & Athanassiadis, 2@tid) the improvement on the
monetization of environmental impacts through technological development and research in the field
(Shindell, 2015; Viscusi, 2005; Yeung, 20b®uld well be improved. It is clear that while useful to date,

the current implementation of ppeoject planning is insufficient for capital projgtinning for a CE

Central tothis chapteris the recognition of inadequate development of capital project planning tools for
achieving suminability and CEbbjectives. As previously described, above;aect planning is the most
important stage for construction success.-f?ogect planninghas been defined as,
developing sufficient strategic information for owners to address risk and decide to commit resources to
maxi mi ze t he c¢hance(CHi®94) Rreprejeccptamnmgis andlogops to groeessed

in other sectors and geographic regions of the construction and capital projects delivery industry such as
front-end loading (FEL), project programming, schematic design, conceptual plai@aisigility analysis,

and early project planning. In spite of its importance, early planning in most cases could be performed much
better in the building industry. Some authors attribute this problem to the lack of studies that demonstrate
guantitativelythe effectiveness of the ppeoject definition for buildinggXia, Xiong, Skitmore, Wu, &

Hu, 2016) Other authors claim that it is due to the lack of development of sdiersesl usefriendly tools

to assist in devefong a clear project definition for building€ho & Gibson Jr., 2001; Dumont, Gibson

Jr., & Fish, 1997)

Some of the most important tools available in this domain are the PDRI, Alignment ThetemoiRmont

End Planning Toolkit, and Shutdown/Turnaround Alignment Review (STAIR)f thesetools have been
developed to be functional under the traditional conditions of a linear economy approach. There is little or
no evidence, however, in their fusndental development about thedrporation of a CEpproachlt is

arguel in the following that the early capital projects detivphases for a CEhould have distinct stages,
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decision gates, and more appropriate planning methods, such as selectsemifgd CA monetization
protocols, and optimization methods.

The PDRI was developed to assess projects from feasibility through the end of detailed scope and up to the
project execution stage. During scope definition, the most relevant informatiorefprdject, such as

general project requirements, necessary equipment and materials, and construction methods or procedures,
is identified and compiled to permit effective and efficient detailed design to pr¢Ceed2000) The

PDRI allows project teams to assess and measure the gaps in scope definition, providing a basis to manage
the process. According to Bingham and Gib§2dil7) the PDRI estimates an index that measuhe

relative level of definition for the project, where a lower score indicates a more complete scope definition.

It is completed collaboratively and often more than once in th@noject planning phase. Over the past
decades, the PDRI tools have begdlated and revised, and data on their efficacy have continued to be
capturedBingham & Gibson, 2017)

While the PDRI and the early project processes it supports (such as need identification, project definition,
and basis of design) have been effective for conventional capital project planning, they are insufcient

CE approach. For example, in a linear constructiondifele approach, no constraints are recognized for
material resources or their final dispbsin contrast, a circular lifeycle approach aims to preserve
products, components, and materials at their highest possible utility and value in order to create more
sustainable cycles. Tools such as the PDRI have focused principally on the marketgrexéoof building
projects. Externalities such as social and environmental impacts are not included. While this perspective
predominates in North America, it persists worldwide, and it has led to underestimating the real value of
reusing existing buildingtock for an efficien€CE. Values must change and a better understanding of capital
projectplanning for a CEs needed to move forwardhere argosel questions and propoda framework

for that purpose in the next section.

3.4 The advantages of adaptivee@use over greesfield construction

Choosing adaptive reuse for a building project is a complex prdeégsse 31 shows the role of adaptive

reuse in the construction value chain i€B, and it illustrates the capital project planning framework
proposedn this chaptenWhen a new need for a Capital Project arises, choosing greenfield construction is
the most logical option when the main driver of the project is the financial efficiency inside of a resource
based economy, as it is showed in the left@iFigure 31. However, the evidence suggests that this model

is obsolete, unsustainable, and it is reaching its physical limits. Therefore, it is proposed a capital project
planning framework for closeldop cycle construction projects, as it is showetharight part of Figure

3-1. The proposed framework must incorporate the vision of the emergent business model® italkE
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advantage of the vast build environme@apital projects delivery for aEshould havedlistinct stages,
decision gates, and plaing methods, such as selective disassembly, LCA monetization protocols, and
optimization method®s it isdisplayed in Figure-3, adaptive reuse has the potential of helping in closing
theloop for theresources embedded in the build environntlerdudh abuilding inventory analysisMost

of the processes identified as part of the adaptive reuse cyElgure 31 require further research and
developmentMany aspects have to bensideredsuch as the physical integrity of the building, economic
issues, functionality, technological retrofits, social impact, and legal and political issues. For this reason,
limited research has been done regarding establishing feasible methodologies for the assessment of adaptive
reuse of buildings. Some authors stréss intuition and experience are the only guides in making decisions
about adaptive reugelighfield & Gorse, 2009)Some processes and tools have been developed, such as
the Adaptive Reuse Potential (ARP) moflebnejos et al., 2015}he adaptSTAR mod¢Conejos et al.,

2014) and "smart growth code¢Cantell, 2005; DHUD 2001) However, substantially more research to

enable the processes describeBigure 31 is required.

As discussed earlier, undervaluing and thus not including social and environmental iimpadssing

planning tools is misleading. For example, the lower budget segmEigusé 31 summarizes part of the
findings in a case study for developing an L-B8é&sed decisiomaking methodology for evaluating
adaptive reuse of buildings. The situatistiypical. Despite the fact that the contract value of the adaptive
reuse building project did not report a reduction in the final budget in comparison tofigtéen
construction, the distribution of the construction budget was completely differergtr@ziion materials

costs were substantially lower for the adaptive reuse project than thefigtdefternative. In contrast, the

skilled labor expenses increased considerably. The increment of employment represents a completely
unrecognized social beiite and the reduction of the demand for raw materials promotes an intelligent

economy instead of a resource based one.
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Most sustainable development arguments seem to miss this point and thus lose effectiveness in motivating
local change. While the impact of the sheer size of the existing built environment from an energy efficiency
and retrofitting perspective has not been neglected, appreciation of the potential for adaptive reuse as
opposed to recycling and reconstruction has been missing. That said, adaptive reuse can be expensive. It
has a high impact on the EoL value for a buiddili a building is technically difficult to recover, it might

actually increase its environmental and economic cost in comparison to a new building. Therefore, it is
necessary to develop methods to predict the financial, social and environmental peddionadaptive

reuse building projects. This makes it possible to understand and justify objectively when a building asset

should be redeveloped using adaptive reuse.

This last point is important, because the methods and regulations needed rely otiaraivietuitive

planning procedures by experienced professionals in the construction industry to determine the scope and
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convenience of adaptive reuse projects. Intuitive planning procedures are easy to apply but can lead to
suboptimal plans, and expediis in short suppl{Lin & Haas, 1996)Many quantitative planning tools for
adaptive reusneed to be developed (Figuré&)3such as selective disassembly planning, and, among them

a PDRI for reuse is perhaps the tiogportant.

3.5 Developing a project definition rating index for adaptive reuse

The existing PDRI for buildings consists of 64 scope definition elements grouped into 11 categories in a
weighted checklist formaBubstantial revisions are required for adaptieuse projects. For example, the

basis of design is more focused on retrieval of existing information and the evaluation of the constraints
that this process imposes. Also, the basis of design should assist in mitigating the risk stemming from issues
sieh as technical feasibility, cost effectiveness, environmental impact justification, logistics problems, and
permitting requirements. Therefori, this study it issuggestd some modifications to the PDRI for
buildings, so that it could be used as a stgrpoint for creating a PDRI for adaptive reuse projects. The
modifications are organized into four groups according to planning objectives, as follows.

3.5.1 Basis of project decision

For the first group, the main objective is to develop the basis of pdgeision. It involves retrieval of the
information necessary for understanding the project objectives according to circular building principles.
Though the current PDRI includes an option for the evaluation of existing buildings, it does not include any
requirement for the justification of the business strategy, owner philosophies, and project requirements
terms of a CEWhile a single building project would not justify developing an exhaustive macroeconomic
analysis on these topics, a certain levelnafigsis is necessary in order to understand better the role of each
particular project inside the built environment. This information is crucial in setting up the conditions for
making strategic dedins aligned to CBprinciples, such as in the case ofaptive reuse of existing
buildings instead of greeiield building. This approach will be necessary when as a sdtietyuld be

decidal that all project objectives are not strictly commercial, and when social and environmental factors

become monetized.

3.5.2 Basis of design

The second group of modifications has the objective of retrieving existing information for developing the
project's basis of design, according to the imposed constraints. Once the basis of project decision has been
completed, and the cortitins for an adaptive reuse building project have been established, it is possible to
develop the basis of design. Typically, for an existing building, most of the information in this matter is

already documented. For adaptive reuse projects, the defielgmnents should be more focused on the
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affordability of retrieving the existing design documentation, verification of the existing condition's
compliance according to the updated construction codes, and analysis of the current physical conditions.
This point is important, because a change in the scope and approach of the scope definition elements should
change their weights in the overall PDRI score table. A comprehensive study is necessary to determine the
element weights for the PDRI for adaptive repsgects.

3.5.3 Recovery of economic and ecological value

The third group of modifications required has the objective of recovering as much of the economijc, social
and ecological value of a building as possible during the process of adaptive reuse. Trad peteiits

of adaptive reuse rely on the fact that it is possible to take away components from an obsolete building and
then repair, reuse, remanufacture, or recycle them. Some of the most important recovery EoL methods
include design for disassembly, sign for maintainability/serviceability, design for reuse, design for
remanufacturing, and design for recyclabi({8 Smith & Hung, 2015for existing assets, complete design

for disassembly is not possible, ana throcess is reduced to planning for disassembly. Planning for
disassembly must play a key role in the adaptive reuse process, where the disassembly planning sequence
(as well as the disassembly methods used to recover target components) has to balparéoreféicient

way. The target components can be architectural, structural, mechanical, or electrical, among others. The
objectives should be to reduce buil di difg-cycteost s a
persistence. If the design for dé&sembly is too complex or tirensuming, the associated economic and
environmental costs could be higher than installing new components. Therefore, it is necessary to

incorporate a codtenefit analysis for selective disassembly and demolition planning.

3.5.4 Execution approach

The execution approach definition must have the objective of evaluating the project scope elements that are
necessary to fully understand the requirements of the owner's execution strategy, aligned-toagosed

cycle building methodsGroups of elements in the PDRI Execution Plan section inghuoleurement

strategy, deliverables, project control, gnd oj ect executi on pl an. For the
the description of the scope elements in the PDRI has been delinedtedighted according to the most
common and effective practices for grdagid building. In a CEthe project execution plan faces different
challenges due to the inclusion of new techniques for construction (green design methods), more
stakeholders inustainable development (environmental and social stakeholders), and new ways for trading
building resources, such as materials, machinery use and labor, due to the increase in the valuation of the

net environmental impacts that they produce from eclfde perspective.
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In summary, redefining, rereighting, and selectively adding to, as well as deleting from, the current group
of 64 scope definition elements of the PDRI tool would make it applicable for planning-tdogdalilding
projects, such as adae reuse projects.

3.6 Summary of findings oncapital project planning for a Circular Economy in the

construction industry

In this chapter it is argued that project planning for capital projects must chatige lassiness models

shift from a linear to a CEWhile understanding of the real value of the built environment in terms of
economic, environmental and social dimensions has improved through technological development and
research, more progress is requiredthi@ currentinear economy, the economicnaiénsion still drives

capital project planning. The evidence suggests this situation is unsustainable, unbalanced, and is reaching
its physical limits.

Thus, a capital project planning framework is proposed for cltusga cycleconstruction projectdt is

arguel that the capital projects dedivy phase for a C&hould have distinct stages, decision gates, definition
confidence categories, and planning methods, such as selective disassembly, LCA monetization protocols,
and optimization method#. is also siggesed a reference framework for required revisions to develop a
planning tool for adaptive reuse projects. This framework identifies the project scope elements from the
PDRI for buildings that must be modified in order to align them with circular gilgiiinciples. Similarly,

it is argued that some project scope elements should be completely modified according to the nature of the
value chain in a CH-inally, it is defined another set of project scope elements that should remain without
any changes ithe approach. However, they should be investigated in order to demonstrate and validate the
weight that represents their importance in the performance of a dtagedycle construction project. As

well, validation is required to examine the hypothdsid the successful completion of a clo$map cycle

building project is positively correlated with the quality of the project definition during therpject

planning phase. In other words, a wadifined project definition would correspond to a highebability

of project success in terms of sustainability.

In the capital project delivery phase of circular infrastructure, scieased, usefriendly, and fitfor-

purpose methods are needed to decide amongst-figébnonstruction versus adaptive seyto develop
pre-project planning for closelbop cycle construction, and to plan for the optimization of the benefits of
adaptive reuse. Research and development in these areas is required to address the most impaytant miss
pieces of a CEalue chainin construction. The merging of research in this field and the technological
advances in the areas B, CIM, 10T, and the enormous amount of data already available in virtual

platforms will be the drivers to complete the reference framework proposiad article.
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Chapter 4: Analysis of the net environmental impacts and buildings cost performander

adaptive reuseof buildings?

4,1 Abstract

Adaptive reuse of buil dings i s considered a sup
environment. However, ligt research has been done for assessing adaptive reuse building projects in terms

of life-cycle and CE. Because of the great impact that the building industry has on the environment, failing

to optimize buil dingsd u decycieexpdctantymot bemgfully exdoitdd,t i n |
and with it, wasting the resources embedded therein, such as Primary Energy Demand. The aim of the study
presented in this chapter is to develop adifele analysis of the net environmental impacts as wetha

buil dingbés cost performance of an adaptive reuse |
system. Results show that the adaptive reuse of the building structure produces a considerable decrease on
the environmental impacts andethonstruction building cost. Distribution of cost among materials, labor,

and equipment is different than those for a new building. This study objectively demonstrates the
considerable benefits of the adaptive reuse of the structure of an existinipags#tast, the noestructural

building subsystems have been identified as an area with high potential for improving the existing

inefficiencies during the adaptive reuse process.

4.2 Introduction

Buildings play an important role in the depletion of natueslources and in the production of negative
environmental impacts. Therefore, there is an urgent need to mitigate these undesirable problems, arising
from neglecting the direct or indirect processes involved, throughout the building supply chain. Several
studies have recognized adaptive reuse of buildings as a superior alternative to new construction in terms
of sustainability andCE. Many successful projects of adaptive reuse have been documented around the
world including defense estates, airfields, gowsznt buildings, industrial buildings, offices, schools, and

religious buildings, among others.

Little doubt is expressed about the social, economic, and environmental benefits of applying adaptive reuse.
As a matter of fact, the same methodologies usegLitmtify the social and economic benefits of new

building projects have been applied to justify the feasibility of adaptive reuse. However, when proponents

2 The contents ofhis section of the chapter have been incorporated within a paper that has been submitted for
publication.B . Sanchez, M. Esnaashary Esfahani, and C. Haas,
buildings cost performance of an adaptive reuse projeCase study: Region of waterloo county courthouse

r e n o v aSubmisted $odhe Journal &nvironment Systems and Decisiofaibmission datBec 24, 2018. Only

minor editorial changes are applied for being consistent with the University of Watezkis format.
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of these projects justify and communicate the environmental benefits to the stakeholders, theittda s

lack of objectivity. Hence, a weknown and widely accepted sustainability framework rooted in physics,

can serve as the technical basis for characterizing the sustainability benefits of adaptive reuse in a way that
would be understood by the gaal public and that would have a credible scientific basis. Similarly, there

is a lack of studieanalyzingadaptive reuse projects outcomes, in terms of construction buildind best.

aim of thestudypresented in this chapterto develop amnalysisof the net environmental impacts and

building cost performance of an adaptive reuse project.

Through a case study, the net environmental impacts and the building cost of an adaptive reuseeproject
quantified and compared with new construction. A consetial substitution Life CycleAssessment

(LCA) is performed in order to quantitatively demonstrate the relevance of each building subsystem, as
well as their influence on the net environmental impact and building cost due to adaptive reuse. This study
looks to provide objective evidence to help in the understanding of the deeiaking for adaptive reuse
building projects, as well as the main variables involved throughout the design process. This study aims to
develop an accurate case study that sersemaarchetype example through the merging of cuétduge
technology in the fields of Building Information Modeling (BIM) and LCA for buildings. The fieslilts

showed that the adaptive reuse of the building structure produces a considerable amuuirohental

savings, around 388% decrease for Primary Energy Demand (PED), Global Warming Potential (GWP),
and Water Consumption (WC). The budget analysis revealed an important reduction of the construction
cost, around 70% reduction of the constructiane cost, as well as a redistribution of the investment on
materials, labor, and equipment. The investigations unveiled a decrease of the investment on construction
materials, and an increase for labor and equipment, for the adaptive reuse case stdiehgliffdn finally

exposes the potential economic benefits of adaptive reuse due to the shifting from a dessedce

economy towards a Ci the construction industry.

This study objectively demonstrates that the biggest benefits of the adaptive ransexisting asset are

in the structure. Consequently, the rest of the building subsystems have been identified with high potential
for improving inefficiencies during the adaptive reuse process. These inefficiencies should be addressed
from the early stagp of the project planning through the implementation of green design methods and tools,

suchas, PRM planning for deconstruction, and selective disassembly planning.

4.3 Problem statement

In an era of climate change mitigation and adaptation, efficientusebhe eart hés nat ur a
considered a practical means to increase sustainability in urban settlements. Many studies have recognized

the importance of the EoL stage in buildings, and the opportunity of their adaptive reuse as a superior
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alternatie to new buildings in terms of sustainability and BEllen, 2007; Cantell, 2005; Conejos et al.,
2015; DHUD, 2001; Douglas, P6; Highfield & Gorse, 2009; Huovila, 2007; Langston, 2008; Langston

et al., 2008; Schultmann & Sunke, 2007; Tan et al., 2014, Vilches, @dactanez, & SancheMontafies,

2017; Wilkinson et al., 2009; Wilson, 201lowever, there is a lack of studiesr fanalyzing the
performance of adaptive reuse building projects with echfde perspective. Some of the reasons are due

to methodological complexities, process inefficiencies, and technological limitations for developing studies
with these kind of charcteristic{Sanchez & Haas, 2018tgs well as the lack of understanding of the real
value of the built environment in terms of C&anchez & Haas, 2018a)he studypresented in this chapter

aims at addressing this gap by performing a thorougityiéée analysis of the net environmental impacts

and buildings cost performance of an adaptive reuse project.

4.3.1 Embodied environmental impacts in the built environment

Over he course of the last three decades, several studies have approached the problem of the lack of
sustainability in the construction industry through eneffigiency of buildings in their operational stage.

This makes sense, since the energy use of aibuild 6 s o per at i-20% ofahe energyrused f or
during its lifecycle. Also, energy consumption is the main factor responsible for natural resource
exploitation and pollutant emissions in the construction indBigcali et al., 2013)As a result of these

studies, there have been significant advances towards the decrease of operational energy consumption in
new and existing buildingPepending on the level of integration of both an appropriate buildirngrdes

and green technologies, the energy use reduction of affigiency new building can reach 75% or even
higher, of the typical total operational energy consumgiie€C, 2007) In existing buildings, the energy
reductions have been reported from 50% to 90% through deep retief€, 2015) Because of the
advances in this matter, the relatisgortance of the rest of the lifgycle stages of buildings (production,
construction, and EolL) has increas@tari & Abbasabadi, 2018; Beccali et al., 2013; Moncaster,
Pomponi, Symons, & Guthrie, 2018)he energy consumed ail of thelife-cycle stages, excluding the
operational stage, is collectively stated as embodied ernleigy Wang, Xu, Liu, & Luther, 2018)
Likewise, the relatve importance of the neoperational stages of buildings has increased because of the
tradeoff between the operational and embodied en@ggcali et al., 2013)A building can achieve high
energyefficiency leves through energy retrofits; in exchange, the embodied energy will increase due to
the higher environmental burden during the productionsitan construction, transportation, final
demolition, and final disposal of the building materials and componentsd@nergy retrofit¢Jalaei &

Jrade, 2014)

The largest quantity of materials ever extracted are in today's built enviro(iiesit, 2007) Because

the turnover rate dbuildings is considered low (no more than 3% yearly), it would take several decades
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or more, before the energy efficient strategies of new building construction can decrease the amount of
environmental impacts generated, in a global perspe@&ecali et al., 2013; Conejos et al., 2014; Sandin

et al., 2014; Wilkinson et al., 2009y herefore, during the last decade the research has focuskd on t
retrofitting, refurbishing, and renovations of existing as@étsert, 2007; Langston et al., 2008)

4.3.2 Life Cycle Assessment in sustainable building design

LCA is a methodology that accots for the materials and energy involved in a product or service along its
life-cycle, and then measures the associated environmental inf[&@t4997) An LCA shall indude
definition of goal and scope, inventory analysis, impact assessment and interpretation ¢f$€suR97)

LCA has been used for environmental evaluations of todievelopment processes in different industries

for a long time, but it has only been applied to the building construction sector in the last(@atzeia

et al., 2014) Through applying this methodology twetbuilding and construction industry, it is possible to
make important decisions during the design stages of a building, based on a holistic approach that involves
the stakeholders of a global society. LCA represents a rational standardized approaatamwt@eblve

with the development of knowledge and it may help the stakeholders to agree upon common strategies
(Peuportier, 2001)Nowadays, LCA is considered as one of the main tools used to help achieve
sustanability in the building industryAzari & Abbasabadi, 2018; Cabeza et al., 2014; Jalaei, 2015;
Moncaster kal., 2018; Zabalza Bribian et al., 2008%yhen LCA is incorporated into the decisimaking

process for buildings, the stakeholders can scientifically asses thgdieeimpacts of building subsystems,
materials, and components, and then select teenatives that could decrease their net environmental

impact.

Currently, considerable research is being done in the area of integration of sustainability in construction
and BIM. Project teams have found that synergies between green building desigiMacanBielp to

improve the accomplishment of sustainability gq&i&l & Issa, 2015) This interdisciplinary synergy is
known by the name of fAgreen Bl Mo or #A6D -bBdedMo. The
technologies (e.g. BIM and Geographic Information System [GIS]), specialized methods for assessing
sustainability (e.g. LCA, Life Cycle Cost [LCC], and Energy Analysis software), and existing databases
(e.g. building stocks, meteorological information, aral estate databases) which are needed to perform a
realistic simulation. Some researchers have pointed out that a unique software package does not exist that
can providaall of therequired functions for a sustainable assessment for buildirdjsohthestages of an

LCA (Jalaei, 2015; Wu & Issa, 2015jJet, through interoperability and data exchange between applications

it is possible to develop integrated green BIM tools. This is possibleodisga models that have become

the international standard for data exchange in the building industigei, 2015)Despite the increasing

usage ofll of thesekinds of technological advances in the construdtolustry, their implementation in
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existing buildings is still limited. Research approaches are intensifying the application of BIM in existing
buildings to capture and integrate building data, deconstruction functionalities, and reuse of materials and
componentgKokkos, 2014)

4.3.3 The role of adaptive reuse in the Circular Economy

The restorative and regenerative nature of adaptive reuse of buildings is highly aligriedbuddiig

principles such as better managementesources and waste minimization in the construction industry
(Sanchez & Haas, 2018bPn a larger scale, adaptive reuse of buildings is an efficient way to take
advant age embedded r e snvitommerd, sowdrds mdreosdstainable devebo@mment b u i |
(Kibert, 2007; Langston, 2008; Sanchez & Haas, 2018a)

In 2010, it was estimated that the total building stodk@United States was approximately 27 billiohh m

and that annually 0.162 billion ?hof buildings were torn down, while annually 0.464 billioRt were
renovated and/or newly bui{Conejos et al., 2014Moreover for every four commercial buildings
constructed, one is demolished, and for every six houses built, one is dem(lishegbs et al., 2014)
According to Yudelsorf2009) approximately 75% of the buildings expected to be operating in the year
2040 are already built. Existing buildings approa
raw materials, since recovering the components through PRM is often mioienethan extracting raw
materials to produce new ongsngston et al., 2008; Schultmann & Sunke, 200¥jact, Conejo$2014)

claims thatdemolition and equivalent new construction of enegfficient buildings would require decades

to equal the energy savings of rehabilitating and reusing existing buildings. Hence, the greatest natural
resource savings as well as the greatest environmanpelct minimization are in retrofitting and
redeveloping existing buildings rather than producing new eraffipyent buildings(Conejos et al., 2014;

IPCC, 2007; Vilches et al., 2017) i n e susseinncged fAerxei st i ng buil dings.

buildings has emerged as a broadly growing practice.

In this matter, current research has pointed out that the most accessitig éxiildings for adaptive reuse

are the ones with reasonable acceptable structural intégahejos et al., 2015; Conejos et al., 2014; Tan

et al.,2014; Wilson, 2010)From a lifecycle perspective, several studies have revealed that the structural
subsystem of buildings is a main contributor to the negative environmental loads, especially for concrete
and steel structure@sdrubali et al., 2013; Blengini & Di Carlo, 2010; Cabeza et al., 2014; Chastas,
Theodosiou, & Bikas, 2016; Moncaster et al., 20T8grefore, the possibilities for achieving substantial
environmental benefits, along the adaptive reuse process, are higher for the structural building subsystem.
Due to the high impact that buildings have on the environment, it is particularly impodanttop studies

and methods to objectively determine the amount of environmental and economic benefits of the adaptive
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reuse of the structural subsystems of buildings. On the other hand, according to the investigations, the
environmental burden from nestructural building subsystems does not appear to be as high as the one
from the structural core of the buildin@Blengini & Di Carlo, 2010; Moncaster et al., 2018herefore,

the poential environmental benefits of the adaptive reuse ofstarctural subsystems are more dissipated.

Finally, it has been extensively argued that a main barrier for the implementation of adaptive reuse is the
increment of building budget due togh remeliation costs and construction delagemplexity and
technical difficultiesfor refurbishmenwork, andavailability of materials and lack of skilled tradesmen,
among othergConejos, Langston, Chan, & Chew, 2016; Hein & Houck, 2008; Shipley, Utz, & Parsons,
2006) Hence, there is an urgent need to develop financial studaesityrethe building cost performance

of adaptive reuse projects, as well as the didinhuof the construction building cost per building
subsystem.

4.3.4 The goal of this study

The goal of thestudypresented in this chapterto develop amnalysis of the net environmental impacts

and the building cost performance of an adaptive reuse profgciugh a case study, that may serve as an
archetypical example, the net environmental impacts as well as the building cost of an adaptive reuse project
will be quantified andanalyzed A detailed consequential substitution LCA is performed in order to
guantitatively demonstrate the relevance of each building component, as well as their influence on the net
environmental impact and building cost due to adaptive reuse. As explained in the last sections, there is a
lack of studies that reveal the advantagethe adaptive reuse of buildings, in terms of sustainability and

CE. With the development of this case stuidys provided enough evidence to help in the understanding

of the decisiormaking for adaptive reuse sustainable building projects, as wétleamain variables
involved through the design process. Finalhis studyaims to develop an accurate case study through

merging cuttingedge technology in the fields of BIM and LCA for buildings.

4.4 Case study:Region of Waterloocounty courthouserenovaions

The Region of Waterloo County Courthouse building is located at 20 Weber Street East, Kitchener, Ontario,
Canada. It is a mi@0th century building built with a modern architectural style. The building is located on

a twoacre parcel of land, situatexh the north side of Weber Street East in the City Commercial Core
Planning Community of the City of Kitchener, within the Region of Waterloo. The Region of Waterloo
County Courthouse building, herein referred to as the courthouse, is recognized ésigis ghysical,
contextual, historical and associative val§Psmard & Wade, 2012)The courthouse is a fostory

structure with a basement and has a shape similar to a boomerang with a footprint area of ar2B83 m
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5,341 ni gross floor areéAppendix A) The primary structural system of the courthouse is a steel frame
and the exterior finished with precast concrete cladding. The main entrance consists of a concrete parabolic
arch influenced by the Conestoga Wagmsed by European settlers to the region. The original courthouse
was designed by the architectural firm Snider, Huget and March, and it was built in 1964. The original
building replaced a previous County of Waterloo Courthouse and remained in seevimauathouse until

2013. Today, it houses Region of Waterloo offices, including the Region of Waterloo Archives, as well as

Provincial Offences staff offices.

The original courthouse was redeveloped using adaptive reuse from 2014 to 2015 by the aatfii@ctur
Robertson Simmons Architects Incorporated. According to the Heritage Kitchener report numbE2-CSD
036(2012) the courthouse was classified as-gesignated property of cultural heritage valdik of the
subsystems of the building had modifications in the reuse project. The modifications were principally due
to the increment of loads, the complete rearrangement of the floor layouts and the expansion of the gross
floor area by 487 faOne of the changéscluded the ifilling of two large doubleheight courtrooms. The
redeveloped courthouse has been rated as a Leadership in Energy and Environmental Design (LEED) Gold

Building.

4.4.1 Life Cycle Assessment goal and scope definition

The goal of the LCA in thistady is to compare the environmental impacts between an adaptive reuse
building project and a new buildinghe net environmental impacts of both an adaptive reuse and a new
building for the project under studye calculated for comparison purpasHse esults of both scenarios

are compared in order to measure the savings on environmental impacts wityeldifperspective. For

the purpose of this studit is called the reduction on environmental impacts between scenarios
fifenvironment alendstleenviognwedtal savings ate imonetized according to the valuation

of the natural resources of the region. The analysis is performed per building subsystem with the purpose
of defining the importance of their contribution to the total environmemiaéct, and to determine the
convenience of keeping each subsystem for an extended life. The subsystems under study are the
substructure and superstructure. A consequential LCA approach is used to quantify the environmental
impacts per subsystem. The build g6 s oper ati onal phase is dismiss
since this study is focused on the quantification of embodied resodéses general assumption the
operational stage of both approaches is considered the same for the purposesudf/thisveever a more

specific and realistic assessment have to include the operational stage for its.artadysisvironmental

impacts that are estimated and monetized are Primary Energy Demand (PED) in Mega Joules, Global
Warming Potential (GWP) in equlent kilograms of C& and Water Consumption (WC) ir'iof water.

Also, the building cost of the case study is estimated in terms of material, labor, and equipment.
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4.4.2 Methodology for evaluating the net environmental impacts and building cost for

adaptive reuse

The methodology for evaluating adaptive reuse of buildings per subsystem is shéignran41. The
framework provides a decisianaking method to determine the environmental savings during the process
of adaptive reuse of a buildinghe lower part bFigure 41 shows theonstruction budget distribution and
comparison just for the rehabilitation and renovation of the building structure.

Revit® BIM
model

Net environmental impacts
New construction vs Adaptive Reuse

Modeling the6D BIM model

h 4

Comparativd CA ¢
Building Scenario 1: Baseline Building Scenario 2: Adaptive Reuse
_ LCA Total _ LCA Total
LCAI + LCA —_ 1 LCAIl —+ LCA — 2
Existing New building Existing Renovations
building (New construction) building  (Adaptive Reuse)

Construction Budget
Distribution & Comparison

A 4

Calculation of the
environmental savings

LCA Reports

v

Monetization of the
environmental savings

Labor EquipmentMaterials  Total Total  MaterialsEquipment Labor

New construction

Figure4-1: Comparative analysis ofémet environmental impacts and buildings cost performance of an

Adaptive Reuse

(Tally®, GaBi® &

adaptive reuse project (* Dollars reported as $2018 USD)
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4.4.3 Results and discussion

The first steps related to the BIM modeling of the existing and the redeveloped subsystems required a
detailed description of the building components as well as the building project. With the project
information, the BIM model of the structure was developed using the software Revit Architecture®. The
defined phases for the purpose of this study were the existildingudemolition plan, and new building.

The BIM model was divided into subsets of components in order to create the breakdown structure for the
environmental impacts calculated in the next steps. The component subsets established for the substructure
subsystem were isolated foundations, concrete footings, concrete wallspsiglede, steel columns, steel

beams, and concrete slabs. The component subsets established for the superstructure were structural

columns, structural beams, and concrete slabs.

In the next step, the LCA of the original and redeveloped subsystems under study were performed. The
specialized software used for this purpose were Tally® and ATHENA®. Tally® is a specialized software
aligned to 1ISO 140404044, which are the most widelycapted and weknown standards for LCAKT
Innovations®, 2015) The LCA modeling principles are aligned to the characterization scheme and
methodology TRACI (Tool for the Reduction and Assessment of ChemicaD#ret Environmental

Impacts) developed by the United States Environmental Protection Agency (US EPA), commonly used for
LCA work in North AmericaUS EPA, 2016)The LCA calculation methodology details are explained in

the LCA Tally® reportysee Appendix B)In this research, the studied objects were the subsets of the
building structure used to compare the relative environmental impacts associated with the building
conponents. The functional unit was the building structure. The reference flow, as well as the system
boundaries, included the production, construction, and EoL stagésagreement with the defined scope.

As part of the modeling process, the most comioh treatments for the construction materials, such as
recycling, incineration, and landfilling disposal, are based on average US construction and demolition waste
treatment methods and rates. The softwarespte for the EoL stage follow. Along with pessing
requirements, the recycling of materials is model
approacho, where the burden of pri mar y-cycebbsed i al p
on the quantity of recovered secondanaterial (KT Innovations, thinkstep, & Autodesk., 2018)

Incineration of materials includes credit for average US energy recovery rates.

In the modeling process, the production and EoL stage® calculated using Tally®. Then the
construction stage was calculated with the software ATHENA®. The environmental impact categories
estimated for the purposes of this study were PED and GWP. The WC was estimated according to literature

on the topic ad according to the materials quantity takéretrieved from the BIM model.
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Then, it was necessary to calculate two comparative scenarios. The first scenario was the baseline case, and
the second scenario was the adaptive reuse case. In the first s¢ardr@A performance of two building
structures was accumulated, the existing one and the new design without adaptive reuse. In other words,
the baseline case represents the current trends in the construction industry of demolishing the entire building
in order to build another one with new characteristics. Therefore, the new subsystem was considered as a
completely new construction. Figuée2a shows the results per subset for the first scenario in terms of PED

for the substructureThe increment from 3.iillion MJ to 4.2 million MJ was due to the features of the
second design required by current building codes. The total PED for scenario number one was 7.9 million
MJ. In scenario number two, the LCA of the two subsystems was accumulated with the diffezamy

that the second subsystem was adaptively reused according to the specifications of the case study. Figure
4-2b shows the results per subset for the second scenario. The total PED for scenario number two was 5.2
million MJ. Appendix C display theeatailed LCA result$or the substructure and superstructiifee main
difference from both scenarios was the reduction of the PED in the stages of production and EoL of the
new building design. The environmental savings were calculated by the differéweeméoth scenarios.

The final comparison showed a reduction of 33.8% of PED, or 2.7 million MJ.

a)
Primary Energy Demand (MJ) Primary Energy Demand (MJ)
Existing Substructure New Construction
g st LCA2
(Total demolition) 4.2 MILL
LCA1 4200000 -
3.7MILL
3,700,000
3,200,000 Concrete slab
2 700,000 Concrete walls
S Slab-on-grade
2,200,000 Steel beams
L0000 W Steel columns
e W Wall footing
1,200,000 M Isolated foundation

- - -
200,000

300,000

Product  Construction End of Life  TOTAL Product  Construction End of Life  TOTAL
Stage Stage Stage Stage

Primary Energy Demand (MJ) Primary Energy Demand (MJ)
Existing Substructure Adaptive Reuse
(Selective Demolition)
LCA 1
3SMILL 3,700,000
3,200,000
2700,000 Concrete slab
Concrete walls
2,200,000 LCA2 Slab-on-grade
1.700.000 1.7MILL Steel beams
B Steel columns
1,200,000 B Wall footing
700,000 B Isolated foundation
- — - 20000 — — ]
Product ~ Construction EndofLife  TOTAL 7%  product  Construction Endof Life  TOTAI
Stage Stage Stage Stage

Figure4-2: Comparison of substructure LCA results based on PED: (a) sceriatatal demolition and

(b) scenario 2 selective demolition
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Finally, the environmental asings for PEDwere monetized based on the distribution of energy
consumption per source and the average fuel price rates. According to the Canadian Industri&righergy

Use Data and Analysis Centre (IEEDARY16) the energy consumption for the construction industry in
Ontario for 2014 was 20% natural gas, 66% middle distillates, 4% propane, and 10% confidential. The
respective prices per unit as well as the prices per Giga Joule of the referred energy products were retrieved
from the public databases of the National Energy Board of C428dé)and Natural Resourc&sanada

(2016) The average prices were estimated for Ontario for the 2018 year. The final calculations suggest that
the environmental savings related to the energy category for the substructuredaptheaeuse scenario

have a current value of $30,851 USD dollars.

The same procedure described above was applied for the superstructure and for the rest of the environmental
impacts under analysis, GWP and WC. The monetization of the GWP and WC wagegstocording to

the available literature on the topic. The cost of air pollution and climate change gases, as well as the cost
of water usage, have been investigated comprehensively in several $8hdiedell, 2015; Van Ast,
Maclean, & Sireyjol, 2013; Yeung, Walbridge, Haas, & Saari, 2017a; Yeung,.28d&)rding to that

literature a conservative cost for carbon emissions and water consumption irAMerica for 2015 was

$84 US dollars per ton of G@nd $1.60 US dollars per®rof water, respectively. Tabke-1 shows the

summary of the results of the calculation for the net environmental savings and building cost distribution.

Table4-1: Case Study Net environmental savings and building cost distribution (substructure and

superstructure)
Building Envr. Envr. Percentage of  Monetization Bare cost Building cost Building cost
Subsystem Impact Savings Reduction Envr. Saving$ Distribution (New Const) (Adaptive Reusé)
Substructure PED 2.7 million MJ 33.80% $30,851 Materials $275,123 (9%) $68,832 (7%)
GWP 283,745 KgCQeq  34.00% $25,689 Labor $517,431 (18%) $222,272 (24%)
wcC 4,511 35.00% $7,779 Equipment $80,139 (3%) $57,548 (6%)
Superstructure| PED 7.81 million MJ 43.67% $90,353 Materials $861,054 (29%) $168,329 (18%)
GWP 669,795 Kg CQeq 43.90% $60,642 Labor $16029, 62C $266,786 (29%)
wcC 9,037 ni 34.90% $15,583 Equipment $171,568 (6%) $138,018 (15%)
Total $230,901 $26934, 93E $921,785 (100%)

aDollars reported as $2018 USD

As part of the scope of this study, the building cost performance of the adaptive reuse project in comparison
to new building constructiowas also edtiated(see Tablel-1). In order to calculate the cost of adaptive
reuse and a new building projettie cost of each construction phasas calculateéind added together.
Selective demolition and selective renovation are the phases for adaptive reuseentalition of the

entire existing building and construction of a new building are the phases for the new building project. In

both scenarios, the cost analysis is limitedht® structural system. The 20R5Means® data base was
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used as a reference foalculating the material, labor and equipment cost of the different construction
concepts. RSMeans® is a holistic reference for construction cost estimation in North America, which
provides the US national average cost of material, labor and equipmeifiteficand construction activities
(RSMeans, 2015At the end the budgets were estimated for the region of Waterloo by using the RS Means
city cost index, and their corresponding annual inflation rate.

According to the cst analysis, the total direct costs of the adaptive reuse and new building scenarios are
0.922 and 2.934 million USD dollars respectively. It indicates a considerable cost savings for the adaptive
reuse scenario (approximately 70% reduction of the stralctyistem construction cost). According to
Conejos et al2014) a building in a reasonable structural condition would be a candidate for adaptive reuse
since the structural modification cost should be muctetaivan its demolition and reconstruction. The
findings of this study are aligned with the assumptions in the literature review since the conditions of the
existing structure were acceptable for its rehabilitation. The cost analysis revealed thatitheiaisof

the bare cost for the construction of the whole structure is similar in labor for both scenarios (See Figure
1). However, there is a significant reduction of 13 percental points on the construction budget for materials.
This reduction makes semshecause the adaptive reuse is focused in the preservation of building
components. In a Cgerspective, the decrease in investment on exploitation of raw materials is fundamental
in order to move towards a more sustainable environment. In this way,detls redistributed for the
investment on labor and equipment that strengthens the local economy through increasing the employment

in the region.

According to the literature review section, one of the main barriers for implementing adaptive reuse is the
increment of construction building costis study demonstrates that an appropriate adaptive reuse of the
structural system decreases the building budget considerably for that system, in comparison to new
construction. In consequence, the evidence stgdkat the increment of the building budget for the
adaptive reuse of the entire buildimgight bein the nonrstructural subsystems such as thélding
envelope, mechanical, electrical and plumbing subsystems. This finding is aligned to the rest of the
literature review, since the naructural subsystems represantincrement in cost, due to risk such as
unknown conditions, anghysical complexities, including, high remediation costs and construction delays,
complexity and technical difficulties for farbishmentwork, and availability of materials and lack of
skilled tradesmeKiConejos et al., 2016Also, adaptive reuse of natructural subsystems requires more
meticulous project planning complexities, s thefulfillment of new building codes and regulations,
accurate information and drawings of the existing conditions,péenthing and management tools for

deconstruction, disassembly, and refurbishment.
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In this matter, the field of adaptive reuse ofsstructural subsystems should be studied in depth in order

to solve the inefficiencies during the restoration process. This should be done from the early stages of
project planning through the implementation of green design mefimad®ols such as PRMlanning for
deconstruction, and selective disassembly planning. In previous ¢{Bdieshez & Haas, 2018a; Sanchez

& Haas, 2018h)it has been pointed out that the implementatiagreén design methods for adaptive reuse
projects have been scarcely investigated. Certainly, the development of this field is promising due to the
high impact of the construction industry on the global environmental loads, the enormous volume of built
environment, and the transfoation towards a CHn the construction industry. In the latter, the
construction industry has a considerable delay in comparison to other industries such as manufacturing,
automotive, and textile, where the development and impitatien of green design methods have

demonstrated a huge amount of environmental and economic savings, in small and large scales.

4.5 Summary of findings onanalysis of the net environmental impacts and buildings cost

performance for adaptive reuse of building

Because of the great impact that the building indt
useful life can result in their residual hégcle expectancy not being fully exploited, and with it, wasting

the resources embedded within.ths matter, adaptive reuse of buildings is considered as a superior
alternative to new building construction, in terms of sustainable development and CE. Several studies have
suggested the possibility of improving the financial, environmental and geefarmance of buildings,

through adaptive reuse. However, to the knowledge of the authors, there are no studies that analyses the

environmental and cost performance of adaptive reuse projects in an objective and methodological way.

The study presented this chapter is a practical way to determine the desirability of applying adaptive
reuse for building projects. With the development of a case study, the technical affordability and practicality
of applying the proposed methodology was demonstrated usncutrent technologies and trends in the
construction industry. The breakdown structure of the LCA per subsystem and subset is a practical way for
practitioners to visualize the impact of their decisimoaking. This methodology represents an objective
appoach to find an empirical stopping point for adaptive reuse projects. This means that designers and
practitioners can select the necessary changes to the building project in order to increase the environmental
savings and to objectively determine whenniadifications in the building are creating a larger negative
environmental impact than a brandw building. Therefore, it is a verifiable way to demonstrate the

environmental justification of adaptive reuse projects.

In the last stage of this study, #iordability of monetizing the environmental impacts, through the current

information technologies and specialized databases applied in the construction industry, is demonstrated.
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From an economic standpoint, the advantages of monetizing environmentgssare meaningful,
because through this kind of metric, it is much easier to compare benefits with costs and make choices
between various alternativ€giscusi, 2005) Moreover, through these practices it wobkl possible to

create the necessary framework to advance energy poéging in regards to sustainable building
management. Through the findings of these kinds of studies, governments will be able to create regulations
to incentivize construction projecthat promote adaptive reuse as the first construction option. These
regulations would be based on the objective monetization of the environmental savings for the community,
city, and nation. The adoption of these practices for buildings can contritauetéanability and climate

change through the mitigation of negative environmental impacts.

Particularly, the case study reveals that a large amount of the environmental savings is due to avoiding the
production of new construction materials, as wellreesdlosedoop of building components in the EoL

stage. The conclusions are aligned with the literature review in regards to the distribution of the
environmental impacts per building material and the opportunities for product recovery through recycling
and reuse. In this matter, concrete is the main source of environmental impacts with around 56% of the total
primary energy demand of the existing structuredifele. Reuse of steel is the main source for avoided
environmental burden when it is recycledthnaround 4.8% of the total PED of the existing structure life

cycle. This study is focused on the analysis of the structural system due to its relative importance to the rest
of the building in terms of environmental impacts and building cost. Howeadropfuture work should

include the analysis of the other subsystems, such as, building envelope, mechanical, ,etetdrical

plumbing subsystems.
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Chapter 5: Selective disassembly sequence planning for adaptive reuse of buildiffjs

5.1 Abstract

Adaptive reusef buildings can be an attractive alternative to new construction in terms of sustainability
and a CE. Achieving net benefits with adaptive reuse partly relies on efficiently planning building
disassembly. The aim of the study presented in this chapterdsscribe a new efficient singfiarget
selective disassembly sequence planning method developed for adaptive reuse of buildings. Finding a
global optimum disassembly planning solution for buildings can be time consuming and physically
impractical due tahe high number of possible solutions. The method developed seeks to minimize
environmental impact and removal costs using-balged recursive analyses for planning recovery of target
components from mulnstance building subsystems based upon physcaironmental, and economic
constraints. Rukbased recursive methods have been demonstrated to be an efficient alternative to find
nearoptimal disassembly sequences by eliminating uncommon or unrealistic solutions. Validation is
achieved through funathal demonstration with case studies, where high quality, practical, realistic, and
physically feasible solutions for singlarget selective disassembly of buildings are found by using the new
method. For adaptive reuse of buildings, the new method casdokto reduce the costs of disassembly
and demolition and improve the planning process.

5.2 Introduction

Due to the high impact that buildings have on the environment, green design methods as well as circular
building principles are becoming an importanttfdrthe building design procegsibert, 2007; Pomponi

& Moncaster, 2017; Sassi, 2008; S. Smith & Hung, 2015; Volk e@l4) All of thesemethods and
principles have the purpose of reducing environmental impacts and increasing economic benefits in a life
cycle perspectivéS. Smith & Hung, 2015)Several studies have recognizedithportance of this stage

for buildings and the opportunity for their adaptive reuse as a superior alternative in terms of sustainability
and CE(Conejos et al., 2015; Dglas, 2006; Kibert, 2007 he potential bnefits of adaptive reuse rely

on the fact that it is possible to take away components from an obsolete building and then repair, reuse,

remanufacture, or recycle them. For existing assets, planning for disagggdays a key role in the

3 This is an Accepted Manuscript of an article published by Elsevier idativmal of Cleaner Productiam 20 February 2018

available onlinehttps://doi.org/10.1016/j.jcleprdd28.02.201 B. Sanchez, and C. Haas, AA novel
planning method for adaptive reuse of buildingso. éestyy minor
of Waterloo thesis format.

4 This work is licesed under the Creative Commons AttributidonCommerciaNoDerivatives 4.0 International License. To

view a copy of this license, visit http://creativecommons.org/licensesfog/4.0/ or send a letter to Creative Commons, PO Box

1866, Mountain View, CA4042, USA.
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adaptive reuse process, where the disassembly planning sequence, as well as the disassembly methods for
recovering target components, have to be performed efficiently.

Finding an optimal disassembly sequence for retrieving conmp®rfeom a building is difficult and
complex due to multiple factors, suchpisysical, environmental, and economic constraints; a high number

of possible disassembly paths even for simple assemblages; and various recovery methods. The goal of the
study pesented in this chapter is to describe the development and validation ofrdensky disassembly

planning method for finding an efficient selective disassembly sequence for retrieving target components
from buildings. The new approach is developedubing environmentampact, buildingcost, and rule

based analysis. This novel disassembly method is derived from the Disassembly Sequence Structure Graph
(DSSG) model used in the manufactured product sector. In selective disassembly planning, fitdialg a gl
optimum solution would be very time consuming and physically impractical. Even for simple assemblages,
advanced searching enumerative algorithms typically require a tremendous amount of computational
resources. Stochastic methods simplify the seagghiacess to find neanptimal solutions; nevertheless,

they often fail to find realistic solutiorfS. Smith & Hung, 2015; S. Smith et al., 2012; S. Smiti.eR016;

S. S. Smith & Chen, 2011 this study, an optimized sequential disassembly plan is generated based on
expert rules. Rukbased recursive methods are used to find-apamal heuristic solutions by eliminating
uncommon or unrealistic solutis and so reducing computational time and space. The disassembly
planning is performed one component at a time and by considering a given disassembly/deconstruction
method per component.

5.3 Problem statement

Conceptualiation of the Ckhas evolved through theears, and it has been gaining momentum since the
late 1970gGeissdoerfer et al., 201 Among the schools of thought on the CE, shared founding principles
lie in the better management of resources anden@asminimizing (or closing) material and energy loops
(Geissdoerfer et al., 2017; Lacy & Rutgvist, 2015; Pomponi & Moncaster, 2DE7} conceived as the

main condition for sustainability in the construction indugtBeissdoerfer et al., 2017)

Due to the growing concern for the environment, sustainability has become a requirement rather than just
a desirable lzaracteristic for products and services. To remedy this situation, the construction industry is
implementing designs and systems with improved H@nm life-cycle performancegSassi, 2008)
Similarly, green design metts such as design for disassemliigve become an important part of the
design process in most imgtdes, including constructiorin the field of design for disassembly or
deconstruction in buildings, improvements can be achieved by considering fsassatnbly of building

elements at the planning stage of new buildif@®rgolewski, 2008) Several investigations have
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demonstrated through case studies the-effsttiveness and the environmental impact redudtam the
application of design for disassembly in building projéétkbarnezhad et al., 201Densley Tingley &
Davison, 2012; Guy & McLendon, 2000; Kokkos, 2014; Schultmann & Sunke, 2007; Silvestre et al., 2014)
Adaptive reuse can be similarly attractive.

5.3.1 Disassembly planning in adaptive reuse oflldings

For existing assets, a completeltng disassembly is typically not possible since they were not designed

for disassembly. However, the process could be reduced to planning for disassembly of building
components that have a value for the adaptive reuse of the buidlimgping for disagsnbly plays a key

role in the adaptive reuse process, where the disassembly planning sequences, as well as the disassembly
methods to recover target components, have to be performed in an efficient way. The objectives are to
reduce building costs and tocimr ease t he bui lifecycie gmesc § the dasignnfors 6
disassembly is too complex or timmensuming, the associated economic and environmental costs could be

higher than installing new components.

The field of planning for disassembly has besudied in the manufacturing industry over the decade
preceding this study, with the purpose of improving the processes in@vegimith & Hung, 2015)
Disassembly planning consists of finding an optimal and feagihath for disassembly under given
constraintsFigure 51 shows a generic classification of disassembly planning methods for buildings and
manufactured products. Several studies and approaches have demonstrated the effectiveness and feasibility
of disasembly planning for manufactured products, in terms of searching time and model congplarity

et al., 2013; S. Smith & Hung, 2015 spite of the advances in this matter, there is a lack of launsl

on disassembly planning for buildings. In this study, the framework for analysis and integration of the topics
related to disassembly planning for adeptreuse of buildingss set(see Figures-1). Then, a feasible

solution for the sequential disassbly for building assemblagéesdevelopedas part of the first steps for

solving inefficiencies during the process of adaptive reuse of buildings.
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Figure5-1: Disassembly planning categories for buigirand products

For the purposes of thetudypresented in this chaptehe term disassembly, or dismantling, stands for the
process of taking an assemblage to pieces. According to Smith and(20ir) the different types of
disassembly planning methods can be classified as destructive addstnrctive. For building projects,
nontdestructive disassembly is better known as deconstruction. The authors explain that destructive
methods destroy the functional capitieis of the components. This destructive process is-kvelivn as
selective demolition in building projects. Finally, sequential methods remove one part at a time, while
parallel methods remove multglparts at the same time. Figurd Shows the disassbly planning
methods for products and buildings, as well as the processes involved in the adaptive reuse of an existing

building.

Adaptive reuse scales the process of disassembly planning to another level of analysis. In this level of
analysis, the diffieent options of disassembly plans for targeted components have to be generated and
compared. The number of possible solutions will depend on the number of retrieval methods assigned per
component in the building assembly. For example, a target compondshbearetrieved through selective
demolition, selective disassembly, or through installing a temporary replacement. Any of the three options
mentioned are valid and would generate a different environmental and economic impact in the final
disassembly plamAs noted above, the complexity of the analysis increases with the number of components
to retrieve. Different complete plans exist & of thepossible combinations. The possible combinations

are driven by the dismantling precedence of the componastsyell as the interdependence of the

dismantling methods.

There are some unique technical aspects that have to be taken into account for developing an efficient

disassembhplanning model for buildings. The components' interdependence analysis i$foriticeling
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realistic solutions rather than just looking for rmetlusion between components, which is the approach

for manufactured products Due to scale proportions, the labor is able to perform
disassembly/deconstruction tasks from the outsidereside of the assemblage. Therefore, the definition

of an appropriate working space and an access route are relevant with the purpose of creating realistic
scenarios. Finally, the physical allocation of the resources for disasseadympact the scheduland

cost of the building project. Due to scale proportions of the plan layout, the relocation and reallocation of
labor and machinery in a disassembly project must be planned properly with the purpose of avoiding

logistics problems such as collisions, oeeowdedness, and unnecessary extra displacements.

5.3.2 The role of green design methods for the reduction of environmental impacts for the
building stock renovation

Adaptive reuse of buildings has been demonstrated to be a superior alternative to newtiooristtamms

of sustainability. Nevertheless, its current implementation relies on conventional intuitive planning
procedures by professionals in the construction industry, leading to suboptimal results with little
guantitative or objective measuremenjustification. This limited implementation is in part a product of

the lack of usefriendly standardized procedures and tools which could assist in the analysis of an adaptive
reuse project. Therefore, there is a need to develop a structured stratedlptsthe quantification of
benefits of adaptive reuse of buildings through a comgitesd method during the disassembly planning
stage of building assets. The development of such a method could provide better understanding of the
parameters involveth the process of adaptive reuse, in order to improve the benefits and expedite its
application towards more sustainable developmenthe building industry. Figure -8 displays the
proposed framework of this study as well as the key role of green desitpods for the reduction of

environmental impacts for the building stock renovation.
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Figure5-2: The role of green design methods in the reduction of environmental burdens for building stock

renovation

5.4 Disassemblyplanning approach for buildings

Disassembly planning consists of creating a disassembly model and then generating disassembly sequences
(S. Smith et al., 2012According to Smith et a(2012) the quality and complexity of disassembly models

affect the solution quality and searching time. For instance, a model that contains more information
improves the solution quality, however a model that contains less informatioreseskarching time. In

contrast with a manufactured product, a building assemblage has an excessive number of components with
their respective fastene(Kokkos, 2014) However, many of these components are the regitatf a

standard pattern. Therefore, a group of standardized components can be simplified as one class or module
without losing generality. The same simplification could be applied for fasteners, grouping them into a
single connection. The disassembly pliaig approach must set the appropriate level of detail or granularity

in the model in order to keep the complexity of the calculations in a reasonable range.

In the field of sequential disassembly planning for buildings, it is critical to group parthés® classes

or modules in an appropriate way according to engineering judgment. This judgment requires an
understanding of the interaction of the different subsystems embedded in the assemblage as well as
particular dismantling project goals, for exampétrieving a higtvalue module in one piece or removing

a set of parts that are interlocked or occluded. Through this approach, it is possible to reduce dramatically

the disassembly steps and disassembly time, which means a reduction in energy ose)@malimpacts,
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and construction cost. In other words, the process becomes mesdfipstt. Similar reasoning is used
in scheduling methodologies, such as the Critical Path Method (CPM), Gantt chart, and Critical Path
Segments (CPS), and in costinggedures, such as Unitary Price and Lefsymn bidding.

5.4.1 The 6D building information modeling prototype

A simplified typical building frame assembly was modeled through a specialized 6D BIM software for the
purposes of this study. The software used wastReand the adén Tally®. The 6D BIM prototype
contains the thredimensional geometry, as well as the physical properties per building component of the
model (3D). Also, the 6D BIM prototype contains information concerning the construction phases and work
schedule (4D), as well as the cost estimating and budgeting (5D). Lastly, the 6D BIM prototype also
contains the information concerning the LCA phases (6D). With the development of an accurate 6D BIM
prototype, it is possible to have access to the negedata for the purposes of this study with a powerful
and highly organized graphical interfaégure5-3 shows the configuration of the final 6D BIM prototype

under study.

Assembly components:

1. Concrete isolated foundation 1830x1830x457mm
2. Concrete isolated foundation 1830x1830x457mm
3. Concrete isolated foundation 1830x1830x457mm
4. Steel column W10X49

5. Concrete column 120x120mm

6. Concrete column 120x120mm

7. Steel beam W12X26

8. Concrete column 120x200mm

9. Ventilation ducting system

10. Compound ceiling 2'x4' ACT System

| Attachment elements specifications:

The interface between the steel column (4) and the concrete
isolated foundation (1) is compounded by a thick base plate,
bolts set in pockets, and anchor plates.

The interface between the steel beam (7) and the concrete
column (3) is compounded by a connection plate on an
epoxy bed, expanding anchors. HSFG bolts. and shims.

The interface between the steel beam (7) and the steel
column (4) is compounded by double angles shop-welded to
the web of the beam and double angles field-bolted to the
web of the column.

The ventilation ducting system (9) is attached to the steel
beam (7) through metal duct straps every 900 mm.

The piece of compound ceiling ACT system (10} is attached
to the steel beam (7) through hanger wire for drop suspended
ceiling grids.

~
z

Figure5-3: 6D BIM building frame structure prototype

According to Smith et. §2012) for assemblies that have horizontal, vertical or round contact surfaces, all
parts can be disassembled in fotx,(-X, +Y, -y) or six principle directions#x, -X, +y, -y, +z,-2) without

losing generality. The twdimensional representation of the simplified hypothetical building frames
assembly under study is shownHigure5-4. This could represent a repeated element of many structural
bays in a buildingThe DSSG theory requires specification of all parts of the assembly under study. One of

the main assumptions in this study is that any group of fasteners between two components can be
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represented as just one element. This assumption makes sense, siseebigaga building, bolt by bolt
iS not necessary, because the structures are much larger in comparison to manufactured products. The aim
of this simplification is to create a practical and realistic method applicable to selective disassembly of

buildingswith an acceptable level of detail.
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Figure5-4: Two-dimensional representation of the assembly prototype

5.4.2 The disassemblygraph model

In this study, a Disassembly Graph (DG) model is represented by conatedrices, in which columns
represent a constraint, and rows represent a part under analysis. A constraint can be physical, functional,
environmental, or economic. For example, components create physical constraints by occupying volumes,
while fastenersreate the constraints by connecting components to other components. Matrix columns also
indicate the disassembly directions. In avmensional application, the disassembly directions include

{+x, -X, +y, -y} directions. The following are the matricesntained in the DG model in this study.

A contact constraint matrix for componentsQ) registers the physical contact between parts. Rows
indicate the component under study and columns indicate the given disassembly direction. Each cell in the
matrix cortains links to components that contact the component under analysis, in a given direction. Also,

the cells contain the fasteners that connect the component under analysis to another component, in a given
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A motion constraint ratrix for componentsMC) records motion constraints for each part per disassembly
direction. Each row element of the matrix contains-feselworking-space parts, parts that intersect with

a partds projection i nsi wokintahyeyivew dinedtian.nirgconsrastatcee f or
manufactured product, a building has much more space inside for removing parts. That is the reason why
it is not necessary to inclu@d of thefirst-level parts that intersect all the way along the projecticheof

part under analysis. For this study, it is defined as a working space, a reasonable physical space for
extraction work by a worker using basic equipment or specialized machinery. As an assumption for the first
experiments in this study, the workingaspe was set at a perpendicular distance of 1.5 meters from the
plane of work of the part under analysis in a given directiormnfasxample, Figurg-4 shows the working

space defined for the component number fau}. (It is important to highlight that ircontrast to
manufactured products, the disassembly of a building has a main movement restriction related to the
ground. It is not practical to include component disassembly directions that intersect with the ground. For
this reason, th&1C also records # motion constraint of each part with the ground. The objective is to
leave the possible disassembly directions that overlap with the ground as the lastoogtialyze. For
example, in Figur&-4, MCy = {f; f1 [f1, ¢ [f1, ground}. Finally, the CC andMC matrices are combined

into a single matrix called physical constraint matrix for compon&tt€)( The MC matrix for Figure 5

4is.
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A contact constraint matrix for fasters CF) records the direction of extraction of the fastener with respect
to the component under study. TGE matrix records the direction of extraction of the fastener with respect
to a component, according to the contact constraints. For exampléacwet fasteners like bolts only
have one disassembly direction along their main axis. For a 2D produaty\vaisteners and foypart
disassembly directions, tHeF matrix hasn; rows and one column. For each constrained fastener, the
possible disasserhybdirections are 1, 2, 3, or 4, which represents a disassembly direction, +y, and

-y. For unconstrained fastendt§i = 0. For example, in Figure4, CF; = 3 andCF; = 2. The CF matrix

for Figure 54 is.
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A motion constraint matrix for fastenefdff) records motion constraints for each fastener in the extraction
direction defined irfCF. Each cell of the matrix contains filgvelworking-space parts, parts that intersect

with a partds projection i wakiday givinairestionr Holi an2) s p ac
product withn; fasteners and foypart disassembly directions, th= matrix has rows and one column.

For example, in Fig. 4MF, = [cy , Cig] and MFg = [cig]. For simplification purposesviF just records

components. For unconstrained fasteméfs= 0. The MF matrix for Figure 4 is.

0 "O,l T )

" o o

:‘Q .‘g’l I?I:«IP Iyl

li’ o |5‘°m Il

li) “Q’| T 5-4

0O [l!‘) Q’. [ LY :

vy “QI 71T N

Wy N

wan U@ 0

A projection constraint matrix for componen®J) registers the intersected components on the projection
of each component under study in a given direction and inside of their workingR@ase. simplification
of MC, if along the projection there are not any other components different to tHeviesitvorking-space
parts. The approach of this study uesPC matrix to choose optimized part disassembly directidhs.

PC matrix for Figure %4 is.
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A hosted component constraint matriQ) indicates the individual relationshiygtween the host and the

hosted components. The compond@t under analysis is defined as the host component, amelgistered

elements per host component are the hosted components. For this study, a hosted conmiysaratilig

attached to the hostiromponent with a fastener. Also, the static condition of a hosted component depends

on the hosting component. These ideas introduce a novel concept called hierarchical liaison graph. Liaison

or connection graphs depict physical links between componkamsagssembly in a graphical representation

but do not incorporate any other information of the assembly like precedestedi@stability relations. A

hierarchical liaison graph establishes dependent disassembly levels to a liaison graph. In thés study,

disassembly level is defined st h e

other components/subassemblies cannot be disassemiliedit compromising the physical stability of
another component in the following upper |éveél higher disassembly level depends on a lower one. This
means that the physical stability of the component in a higirekdepends on the existence of a component
in the lower level. The components in the level zerd@edly physically seHsupported.

According to Mandolini et al(2017) the definition of disassembly levels limits the number of feasible

evel

n

wh i

ch one

or

mor e

comp

paths for disassembly planning. Therefore, the process of finding a disassembly sequence for a targeted

component is improved by avoiding tirensuming calculations of naptimum disassembly sequences

(i.e., nonrealistic sequences). This is a consequence of the next intrinsic rule. Considering a generic level

n for a component under analysis, only componants fasteners belonging to the same lemgeb( the

subsequent leveh{1) are considered for the calculation of the feasible disassembly sequence. The concept

of disassembly levels has been explored in manufactured products taking into account jogsitat p

obstruction of the components but not the physical stability of the assembiage@sosed in this study.

Figure5-5 shows the hierarchical liaison graph for the assembly prototype under study.
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Level 3

Level 2

Level 1

Figure5-5: Hierarchical liaison graph of the assembly prototype

The information related to the hosting and hosted components can be retrieved directly from a well
structured BIM. The model elements in a BIM software represent more than just the 3D gexbriiedr
building components and their spatial configuration. Model elements are also referred to as families.
Technically, all families are hosted. They are either hosted by a level, a wall, a ceiling, a floor, or a surface
of another model element. Théoee, with the appropriate approach, it is possible to create an accurate BIM
model that contains internally the interdependence data related to the physical stability of the modeled
components. For example, in Figlrd, HC:, = ¢, andHC,0 = 0. This meanshatc; is hostingc (in other

words, ¢, is hosted by;) andcio is not hosting componentBhe HC matrix for Figure 54 is.
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A liaison constraint matrix for componentsQ) records the fasteners that physically attach the hosted
components to the hosting component under analysis. For a 2D produad @gthponents, theC matrix

hasn. rows and one column. For Fig.l4C, = [f1]] andLC7 = [fs, f)]. The LC matrix for Figure 54 is.
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In the next step, with the information of th& andLC matrices, théMF matrix has to be completed. The

MF matrix contains the components that physically impede the extraction movement of the fasteners.
However, for builihg components, sometimes the fasteners do not have extraction movement constraints,
but without them the assembly would be unstable. Therefore, it is necessary to add the components located
in the next levels of the hierarchical liaison graph into a coetbconstraint matrixMF-HC). The MF-

HC matrix for Figure %4 is.
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An environmental constraint matrifor components(EnvC) contains the information related to the
environmental impacts associated with the components in terms of their individugicliée Each value
contained in th&envC matrix is the result of an LCA for each component meant to beopéine same
assemblage. The LCA phases included are production, construction, and EoL. The LCA system boundaries
and limitations were settled according to the most common current practices for buildings and in accordance
with a full cradleto-gravelife-cycle analysis. EoL treatment is based on average US construction and
demolition waste treatment methods and rates, including an avoided burden approach for recycling
processing, credit for average energy recovery rates on materials' incineration, amsl &sgagated with
landfilling of materialf KT Innovations et al., 2018)n this respect, further investigations should be done

in order to include an EoL scenario considering the resicagdublife of reclaimed components for their

future reuse. The environmental impacts were calculated per component using the commercial 6D BIM
software Revit® and Tally®. Tally® is a specialized software pfutp perform LCA, for buildings and
building mmponents, aligned to ISO 14048044 which are the most widely accepted and-trewn
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standards for LCA. The calculated environmental impacts were Global Warming Potential (GWP) in
equivalent carbon dioxide kilograms (kg &%) and Primary Energy Dema(RED) in Mega Joules (MJ).
The EnvCmatrix for Figures-4 is.
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An economic constraint matrix for componerEC) cortains the budgeting information associated with

the work for selective demolition or disassembly of each component. The matrix records in each row the
individual demolition/disassembly cost for each component meant to be part of the same assemblage. The
component cost for thesgork was retrieved from the US database RSMd&a045) The data recovered

from this database is considered representative for the scope of this study which is the building market in
North America. Nevertheless, further investigations should be done in order to adjust the fluctuations of
the suggested prices due to particularities of the local economies of the building being adapig!. The
matrix for Figure 54 is.
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5-10

5.4.3 Optimized part disassembly drections

As a generality, a target component can taxelyemoved in one disassembly direction, and it cannot change
directions during disassembly. In buildings, the fasteners can be reached from different directions. In
addition, the building components are subject to hosting constraints to keep the phiescay of the

whole structure. Therefore, for this study approach, the best extraction direction for a component is the one
that contains the highest number of hosted components and then minimizes one of the objectives of interest
(net environmental imgets of the discarded components or the cost of the buildorg). Avoiding

disassembling other components that are not related to the physical stability of the target component reduces
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the number of removed parts, while the best disassembly sequenaedlaas the net environmental
impacts or reduces the total cost of the builduogk, depending on preferences. The approach in this study
chooses optimized part disassembly directions before searching for global solutions. According to Smith et
al. (2012)choosing directions before searching reduces model complexity and searching time.

In the manufacturing industry, some prior studies have utilized advanced searching algorithms to enumerate
and evaluate all possib$mlutions for selective disassembly and to find optimal solutions; however, these
methods typically require a tremendous amount of computational resources, even for simple assemblages
(S. Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et al., 2016; S. S. Smith & Chen,Qbikt)

studies used stochastic random search methods to simplify the searching process and tedptoinaear
solutions; neverthelesthese methods might generate solutions, which are uncommon or unréalistic
Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et al., 2016; S. S. &mitten, 2011) This paper
presents a rutbased recursive method for obtaining reptimal heuristic selective disassembly
sequences for buildings' dismantling. The method uses certain disassembly rules to eliminate uncommon
or unrealistic solutions badeipon physical, environmental and economic constraints. Additionally, rather
than considering the whole geometry of the building's assemblage, the developed method only considers
the geometric relationship and interdependence between a part and itonegbphrts. If a part can be
disassembled, its geometric relationships, as well as its interdependence, with the neighboring parts will be
dynamically updated. The constraint information of the assemblage parts is examined from the inside out.
As a result the developed method can effectively find rejatimal heuristic solutions while reducing
computational time and complexity. The evaluation criteria include number of removed components, as

well as amount of environmental or building cost for selectisassembly/demolitiowork.

5.4.4 The disassembly sequence planadel

The proposed model in this study is an inverted tree where the root node represents a target component and
the leaf nodes represent the parts that constrain the target component. The dpprvaating asingle
targetsequence disassembly plan gets parts from the DG, then it arranges and orders thgpapair

levels.

5.4.4.1Expertrules

Instead of generating all possible paths for the disassembly sequence planning of a component tdrget, exper
rules are used to find an optimized sequential disassembly plan that removes all parts, based upon motion,
hosting, environmentaind economic constraints. The approach in this study uses expert rules to improve
solution quality, minimize graph compléxi and reduce searching tirf®. Smith et al., 20125imilar to

previous studies for manufacturing products' disassef&lgmith & Hung, 2015; S. Smith et al., 2012;
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S. Smith et al., 2016; S. S. Smith & Chen, 2019 rules for this study were derived from case studies for
buildings.The rules use theC, HC, PC, EnvC and EC matrices to choose part disassembly direstio
The following are the expert rules which define the recursive selective disassembly planning process.

1 Rule 1: The best disassembly direction for removing the target compbieerthe direction
EXTRACTION_DIRECTION(ayhich contains the most number lafsted componentdF-HC
in theMC; direction.

1 Rule 2: If the target componenis not hosting any other components, then the best disassembly
direction for removing is EXTRACTION_DIRECTION(ddr which the sum of the environmental
impacts or buildingost of the blocking components is the lowest.

Rule 3: Allf that physically constraio must be removed before

Rule 4: Allc that constraim in EXTRACTION_DIRECTION(phust be removed befope

Rule 5: The best direction for removingalss EXTRACTION_DIRECTION(p)unless the bave
pre-assigned disassembly directions.

1 Rule 6: The least convenient disassembly direction option would be the one that overlaps their

working space with the ground.

The searching process first checks if the target coepta is hosting secondary components. If so, the
direction for the extraction iMC; has to include most of them, according to the Rule 1. According to the
Rule 2, if the target componenis not hosting any other components, then the best disassenggijoth

for removingt is the one in which the sum of the environmental impacts or building cost of the blocking
components, is the lowest. The user has to specify whether the objective is to minimize a specific
environmental impact from the Environmentatrix (EnvQ or the building cost associated with the
disassemblingvork. In this way, different disassembly plans could be generated according to the user
settings and needs of the building project. Then, the searching process checks if componstudynder

cn, is fixed by any fastener. If s@ll of the fasteners need to be disassembled before retrieving the
component,, according to Rule 3. If a pgris not fixed or occluded by other parts, it can be disassembled
and it can be placed in the firdisassembly path. Otherwis#l of thefasteners and components in its way

need to be disassembled first, according to Rule 4. The process retrieves the partsc(6 thatr f 6 )
constraint other parts under analysis in the given direction, puts theatoingtiparts in a queue, and moves
onepart p, at a time from the queue to the sequence disassembly plan. For the next iterations, new
constraining parts of an old constraining part under analysis are added to the queue avoiding the duplication
of any of hem. The process repeats to each pauntil all partsp @re added to the sequence disassembly
plan. In order to make the approach more realistic, it is possible-asgign disassembly directions to any

partp that has to be performed in that way doe€onstruction procedures, according to Rule 5. Similarly,
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according to Rule 6, the overlapping of the working space path with the ground is the least practical option
to disassemble a component. Expert rule 6 is a recursive rule that is usatl @fithe other expertules.

Figure 56 shows a flowchart of the searching process. The selective disassembly planning method is
iterative sincdRules 3 and 4 add new constraining parts to the queue under analysis. Part by part is analyzed
until the entire diassembly planning is complete for a target component.
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Figure5-6: An Approach for Sequentilisassembly Planning for Buildings (SDPB)
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5.4.4.2Disassemblyequenceglanning #&orithms

Algorithm 5-1 in Table5-1 shavs the steps for creating the concatenation of the hosted components in a
second level of nesting, that are linked to a given fastener under study. The objective is to automatically
create the combined matfisF-HC in the disassembly graph model sectiotitiihe information contained

in the MC, PC, EnvCandEC matrices, an algorithm was created that automatically merges them into an
Environmental Cost MatrixgVM) or a Building Cost MatriXBCM) necessary for applying the expert rule
number 2. The type afost to minimize have to be established by the user. Algoft2nin Table 5-2

shows the steps for creating tB®M matrix. This matrix contains the numerical quantification of the
accumulated cost associated withh of the components that intersect withe projection of a given
component to extract, in every extraction direction inside their working space for extraction. With the initial
matrices ready as well as the secondary matrices necessary for applying the expert rules, a third algorithm
was deveadped for creating selective disassembly plans for sitagtgets. Algorithnb-3in Table5-3 shows

the detailed steps for creating disassembly sequence planning for building assemblages. Finally, an
algorithm was created to plot the inverted tree grapthefinal disassembly plan. The algorithm uses a
specialized plot tool from Matlab® libraries called digraph. The algorithm generates the source and target
vectors that the plot tool needs in order to display the final inverted tree graph properiscipts of
Algorithms 51, 52, and 53 can be found on Appendix D.

Table5-1: Algorithm for creating a combined matrix MHC for the first expert rule

Step  Algorithm 5-1: Combined MatrixVIFrc
1 Creating an emgtMFc matrix with theMF matrix size
FOR (each row of th®IF matrix) DO
Assign the hosting component of the fastener under study usihg timatrix
IF (the hosting component have fitsvel hosted components assigned, record them in a vedi&iN T
Add the secondevel hosted components of each fiestel hosted component to tF matrix cell under study
in the respective row position in thF1c matrix

a b~ wWwN

(92}

ELSE Add the components of tMF matrix cell under study in the respective row positin theMFrc matrix
7 END

Table5-2: Algorithm for creating an EVM matrix for the second expert rule

Step  Algorithm 5-2: EVM Matrix

1 Selecting the environmental impact of interest and creating a weittothe associated values;
EVM_VALUES environmental impact values per component;

Extract the components fromMC to createPC and create an empBNVM matrix with the same size &C;
FOR (each cell oPC matrix) DO
Assign the environmental valad every componerty;
FOR (each cell of thEVM matrix) DO
Calculate the sum of the environmental impact of the correspoR@rgll;

~N o bk WN

END
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Table5-3: Algorithm for creating an optimized digasnbly sequence planning for building assemblages

Step  Algorithm 5-3: Disassembly Sequence Planning

1 Select a target componemtto be disassembled;
2 Creating an emptFINAL_EXTRACTION_VECTOR (fev)
3 Select a disassembly direction for the targetpomentc,, using Rule 1

EXTRACTION_DIRECTION (& disassembly direction;
EXTRACTION_VECTOR_UNDER_STUDY (evusparts to be disassemble in the disassembly diredtion

4 FOR (all parts which can be disassembled in direct)ddO

5 IF (the part is a fasner) THEN

6 Add the fastener under study to fle vector;

7 Create a queue vector with the parts that constrain the fastener under study accodffingrtatrix;
QUEUE_VECTORQqV) a parts that constrain the fastener under study;

8 FOR (all parts irtheqv vector) DO

9 IF (the part is a component) THEN

10 Make the current component under study the new target compmnent

11 Go to step 3;

12 ELSE add the fastener under study tofthevector

13 ELSE add the component under study tofehevecor

14 Make the current component under study the new target compmnent

15 Go to step 3;

16 END

5.4.5 Case study

Two examples are used to demonstthésingletargetselective disassembly method for buildings.

5.4.5.1Example 1

To clearly demonstrate the feaititlh of the proposed method, the developed algorithms were tested in the
two-dimensional representation of the assembly pypto{see Figuré-4 and5-7). The software used for

this purpose was Matlab®. The new method demonstrates that it is possitglatéoselective disassembly

plans that optimize a given objective function. The method is able to create an individual disassembly plan
for each target component using the default removal method. Selection of target components requires
engineering judgmerbased on structural system understanding and project goals. The method is able to
create realistic and feasible disassembly pl&igure 5-7 shows the 1¢art assembly prototype under

study. If an enumeration method is used, there are 19! =102possible disassembly sequences. If a
stochastic searching method is used, many unrealistic solutions might be generated. However, the new
method approach in this study eliminates many unrealistic solutions and findsptieal selective

disassembly sequees effectively.
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Figure5-7: Assembly prototype

In this study, the method chooses the best direction for removing a given target component and it creates
one singlgarget digsssembly sequence plan. For Fagbr4, the best directions for removing components

c; andcs are-y and+x directions respectively. Figu®8 show the final singléarget disassembly plan

graphs for components andcs generated by the proposed model approach. In this study, theppeaeh

found optimized solutions for number of parts, part order, and amount of environmental impact in an LCA
perspective. The environmental impact selected for illustrative purposes was GWP. The approach also
considers motion and fastener constrainke dpproach found a soluti®@= (c; f2 f ¢o fs €10 fo) for c;, and

S = (csfs fafs ¢7 f2 Co f5 Ci0 fo Cs f6) fOr cs. The associated GWP environmental impact for each disassembly
plan is 208.74 kg COeq and 896.73 kg CQeq respectively. The assomd building cost for each
disassembly plan is $194.16 and $440.50 respectively.
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Figure5-8: Automated graph generation of the singleget disassembly plans for componemntsndcs
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5.4.5.2Example 2

Figure 5-9 and 5-10 shows a 3D example of a hypothetical assembly that may be repeated in a large
building. In this example, component 19 is the target component that &eaiés bar opeweb steel joist

bay span. A selective disassembly sequence planning foretidalgsy compoant 19 is found as shown

in Figure5-11, and it isS; = (C19 f19 f20 C20 f21 C21 f22). The environmental impact selected for illustrative
purposes was GWP. The associated GWP environmental impact for the disassembly plan is 451.54 kg CO
eg.The associated building cost for the disassembly plan is $280.91.

Figure5-9: Example building assembly 2

Figure5-10: Exploded view of example building &ssbly 2
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Figure5-11: Automated graph generation of the singleget disassembly plan for componernts

5.5 Summary of findings onselective disassembly sequence planning method for adaptive
reuse of buildings

The study presented in this chaptstablishes the reference framework of the key role that adaptive reuse
of buildingshas inside the CEalue chain in construction. Also, this study describes the principles for
improving the process of adaptive reusth a technical approach, as well as the importance of disassembly
planning inside this process. In the end, a novel sitagget selective disassembly sequence planning
method for buildings is developed and validated as a contribution for improvingetiieiencies of
adaptive reuse of existing bdihgs. As discussed in this chaptdre importance of adaptive reuse relies

on the fact that there is an enormous built environment nowadays. Therefore, by improving the
inefficiencies in the adaptive reugeocess, it is possible to fully exploit the residiifal-cycle expectancy

of the current building stock.

During the process of adaptive reuse of an existing building, specific targeted components must be
selectively disassembled for repair, reuse, recyar refurbishment. Implicitly, the building subsystem
containing the targeted components will thus be disassembled as well. Prior studies describe methods for
removing single or multiple targets from a manufactured product. These studies have thamngjtred

solution quality, model complexity, and searching time. However, none of these prior studies have been
applied to building disassembly or adaptive reuse. The goal of this study is to improve solution quality and
minimize model complexity in theelective disassembly planning process for buildings. Through case
studies, this research developed and validated a new selective disassembly sequence planning model

approach for retrieving targeted components from buildings. The new model approackdiothdhe
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disassembly sequence structure graph (DSSG) model theory for manufactured pitshjdtss approach
involves an environmentainpact, buildingcost, and ruldased analysis for finding optimized
disassembly sequence plans.

The new model appach contains the set of parts that must be removed in order to remove the target parts.
Aside from this, the model approach is able to optimize the environmematt or the building cost
performance for the disassembly process depending on the sedffiegepces. The approach uses expert

rules to choose parts, part order, and part disassembly directions, based upon physical constraints. The
approach finds practical, realistic, and physically feasible solutions for selective disassembly of buildings.
Thesolutions remove parts in a practical order and with realistic part motions for the building components.
The solutions remove obstructed parts in subassemblies. Thus, whole subassemblies are removed optimally.
Even though the disassembly planning methmor@ach developed in this study can be implemented in a
generic way to any kind of building assemblages, the case studies showed that finding repetitive patterns
or repetitive subassemblies is an excellent way to reduce the complexity of the model aked torare

practical. It is obvious that due to the high standardization of certain types of residential and commercial
buildings, it is possible to find the patterns of repetition of the subassemblies and then to segment and study
them separately in ordéo simplify the complexity of the analysis. In the end, the objective is to find a
generic solution for the set of repetitive elements in a repetitive subassembly. The proposed method has the
flexibility of being adapted to include other constraint neasiaside from the economic and environmental

cost. For example, for disassembly time, the method could retrieve the productivity rates from the BIM

model to be included in a new constraint matrix.

More investigation related to the environmental impacts lawilding costs of selective disassembly,

selective demolition, and building refurbishment could be desirable, with the aim of making the results of
this study more accurate and practical. In the same way, there could be parallel research, to dedve into t
topic of generating the initial constraint matrices in an automatic way, for instance by retrieving data and

constraints directly from the BIM model or through point cloud processing.
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Chapter 6: Deconstruction ganning and schedulingfor adaptive reuse of buidings®

6.1 Abstract

Adaptive reuse is a way of maximizing the residual utility of existing assets. Adaptive reuse makes it
possible to retrieve components from an obsolete building through deconstruction programming.
Unfortunately, current deconstruction pramming practice relies on conventional intuitive planning
procedures by professionals, leading to suboptimal results. The study presented in this chapter describes
and validates a seraiutomated selective deconstruction programming approach for ada&pibesthat can
support quantitative analysis. First, a new method is defined for muliiget selective disassembly
sequence planning, using a Hbilased recursive approach for obtaining regatimal heuristic solutions.

Then, a method is demonstrated fsogramming the deconstructiamork based on the disassembly
sequences. Validation is further achieved through a case study, in whigfulaigly, practical, and feasible
solutions are found by using the new method. The approach helps improve prdchgrece through
process automation that supports quantitative analysis, low cost exploration of alternatives, and an iterative
design process for meeting project constraints.

6.2 Introduction

Adaptive reuse of buildings is considered a superior alternativendw construction in terms of
sustainability and Circular Economy (C&)onejos et al., 2015; Dou@la2006; Kibert, 2007; Langston et

al., 2008; Sanchez & Haas, 2018a; E. A. L. Teo & Lin, 20dbwever,the current implementations of
adaptive reuse rely on descriptive approaches with little objective measurement that depends on the
intuition and expeence of practitioner@viohamed et al., 2017; Sanchez & Haas, 2018a; Volk et al., 2018)
Intuitive planning procedures are easy to apply but often lead to suboptimalTierefore, increasing

the efficiency of the adaptive reuse of buildings through automation and optimization is fundamental to
fully exploit the residual lifecycle of buildings, and with it, avoid wasting the embedded resources. In the
study presenteth this chapter, adaptive reuse of buildings formed of recurring subsystems has been
identified as a potentially efficacious application of deconstruction programming because the programming

effort can be paid off through application to multiple identarasimilar subsystems.

In the same way that project planning for gréen el d constructi on has signif
outcome(Camacho, Cafiizares, Estévez, & NUg 8; Gibson & Gebken, 2003; Kang, Kim, Son, Lee,

5 The contents of this section of the chapter have been incorporated within a paper that has been submitted for
publication.B . Sanchez, C. Rausch, and C. Haas, ADeconstruct.
Submitted to the Jouahof Automation in Construction. Submission date Aug. 29, 2018. Only minor editorial changes

are applied for being consistent with the University of Waterloo thesis format.
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& Limsawasd, 2013)project planning for deconstruction has the potential of improving the performance

of an adaptive reuse projeddeconstruction project planning involves the choice of technology, the
definition of work tasks, the estimation of the required resources and durations for individual tasks, and the
identification of any interactions among the different work tasks. In contrast to the vast literature on
construction project planning, the ligdure on planning of deconstruction projects is limited and scarce
(Hubner et al., 2017)Therefore, the development of project planning methods for deconstruction is
required to increase the efficacy of the processdaftive reuselhe goal of thistudyis to describe and
validate ssemiautomated selective deconstruction programming approach for adaptive reuse of buildings
The proposed approach is able to support efficient programming of the deconstwartiobased on

realistic and optimized selective disassembly planning. Although the proposed approach can be applied to

any kind of adaptive reuse project, this study is directed to buildings formed of recurring subsystems.

Disassembly sequence planning is onettif most efficient methods to increase the reuse rate of
components and reduce environmental impggts. Smith & Chen, 2011 thisstudy, first a multiple

target selective disassembly sequence planning nfimdeuildings is described. This is an extension of a
previous model for singlarget selective disassembly sequence planning for buil@@sgxhez & Haas,

2018b) thus a rulébased recursive approach is uded obtaining neapptimal heuristic selective
disassembly sequences. The disassembly planning is performed one component at a time and by considering
environmental impacts, building cost, as well as physical constraints. The approach finds high quality,
practical, realistic, and physically feasible solutions. The solutions seek to optimize for number of removed
parts, part disassembly directions, and environmental/economic cost. The solutions disassemble parts in

practical order and in directions that aractical from a deconstruction standpoint.

Next, thestudydescribes an algorithm for programming the deconstruetarik based on the disassembly
sequences generated. This includes but is not limited to the activity network, critical path, crititedsacti

and duration of the project. With access to more Project Management (PM) data, the deconstruction project
planning stage can be extended to other dimensions, such as the Program Evaluation and Review Technigue
(PERT), Critical Path Method (CPM) aiization, resource leveling, resource allocation, construction
budget control, and deconstruction optimization methods. This last part opens the possibilities for
customizing the approach described in stisdy according to the needs of each kind of detruction

project, thereby, taking advantage of the benefits of other PM tools. For adaptive reuse of buildings, the
approach described here may be used to improve the performance of projects by enhancing the

deconstruction planning process.

82



6.3 Problem statement

The project planning process of a building is an integral part of the larger and more complex building
procurement process. Project planninghis single most important process in a projectdifele and has

been studied extensiveBingham & Gibson, 2017; Cho, 2000; CII, 1994; Dumont & Gibson, 1996;
Gibson & Gebken, 2003As widely repored, the development of an appropriate project planning process
leads to improved performance on building projects in the areas of cost, schedule, resources, quality, and
operational characteristi¢Ballard, 2000a; Camacho et al., 2018; Cho, 2000; Cll 1994; Dumont & Gibson,
1996; Edkins et al.,®.3; Morris, 2011) Therefore, numerous construction project planning methods and

studies have been developed for either conventional or green buildings.

The contemporary definition of green building is an integrated whole building approach, which rsonside
life-cycle at all levelgKeeler & Vaidya, 2016)According to the US Environmental Protection Agency
(USEPA) : iGreen buil ding i s t he practice of cr
environmentally esponsible and resourefficient throughout a building's lifeycle from siting to design,
construction, operation, maintenance, renovation and deconstruction. This practice expands and
complements the classical building design concerns of economy, ytilitd ur abi | i {(WBEPAand c on
2016b) Consequently, in the last three decades there has been a growing research interest in improving
buil ding pr oj ec alofithelfescycfe stagesa(pradctiom, goastruction, operation, and
Endof-Life [EoL]) in order to move towards true sustainability in the construction ind(&sgrubali et

al., 2013; Aye et al., 2012; Cabeza et al., 2014; Fay et al., 2000; Gustavsson & Joelsson, 2010; Kneifel,
2010; Ranesh et al.,, 2010; Ramesh et al.,, 2012; Zabalza Bribian et al.,. Z\idral studies have
recognized the importance of the EoL stégeng, Zhao, & Sutherland, 2017; Sandimle 2014; Silvestre

et al., 2014)due to the opportunity for fully exploiting the residual difgcle value of buildings, and

buildings' components/materials

A shift of thinking in the perception of sustainability in construction has arisen in theviaslecades,
switching from a creative and innovative approach to a restorative and regenerative one. This change of
perception is founded in the needed transformation of the current linear economic model, that is reaching
its physical limits, to a cirdar one(Geissdoerfer et al., 2017; Pomponi & Moncaster, 20Ifgrefore,

CE building principles and green design methods are becoming an important part of the green building
project planning process. Some examples of these principles and methods are design for assembly, supply
chain management, Product Recovery Management (PRfé)Cycle AssessmentLCA), design for
disassembly, design for manufacture, disassembly sequencénglashesign for adaptability, design for

the environment, design for deconstruction, closed materials loops, dematerialization, andbofpsed

cycle constructiofKibert, 2007; Sassi, 2008; S. Smith & Hung, 2015; Volk et al., 20049 se principles
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and methods have the purpose of reducing environmental impacts and increasing economic benefits in a
life-cycle perspectivéS. Smith & Hung, 2015)The implementation of CE building principles and green
design methods in the construction industry are considered a disruptive innovation which is currently
transforming the fundamentals of the natural resources value whduhwide (Lacy & Rutgvist, 2015;
Sanchez & Haas, 2018dj this regardadaptive reuse of buildings is considered by most as a superior
alternative to new construction in terms of sustailitg (Conejos et al., 2015; Douglas, 2006; Langston,
2008; Sanchez & Haas, 2018Bdaptive reuse takes advantage of many of theéwiing prirciples and

green design methodis order to restore and redevelop existing buildifiydlen, 2007; Langston et al.,

2008)

6.3.1 Construction planning inside a circular value chain

The constructip planning inside a circular value chain has gained a lot of importance in the last decade
due to the huge benefits that can be achieved in terms of sustainability. Some studies have approached this
topic from a holistic perspective by analyzing the resesisupply chain networks in a local economy, the
urban material flows and waste streams, and the resource management for buildingAstdekson,
Wulfhorst, & Lang, 2015; Mastrucci, Marvuglia, Leopold, & Benetto, 2017; Ortlepp et al., 2016; Stephan
& Athanassiadis, 2017)On the other hand, several studies have focused on improving the buildings'
materials/components flow stream of individual ¢omnstion projectgHulbner et al., 2017; Jaillon & Poon,
2014; Sassi, 2008; Won & Cheng, 201&nong the different approaches in the research field ohGlaei
construction industry, shared founding principles lie in the optimization of resources use and waste
management by closing material and energy |¢Ggsssdoerfer et al., 201Pomponi & Moncaster, 2017)
Similarly, for all of the approaches, the communication and information technologies, such as highly
specialized software for complex simulations, ##ake upto-date databases, and interconnectivity of

infrastructure systes) plays a fundamental role.

In their work, Sanchez and Hag)18a)point out the importance of the ppeoject planning for closed

loop cycle building construction, as well as the main differences in cesopao the fronend planning

for greenfield construction. At the end, they propose the reference framework for: (1) defining the role that
adaptive reuse of buildings has inside the construction value chain in the CE and (2) developing a Project
Definition Rating Index (PDRI) for adaptive reuse of buildings. Due to the importance in the field of
buildings retrofit and renovation of the building stock, in 2009 the Construction Industry Institute (ClI)
(Cll, 2009) developed the Front End Planning for Renovation and Revamp (R&R) Projects. The
investigations concluded that an appropriate feamd planning has the potential of improving the
performance of R&R projects. As part of thisnkothe existing PDRI tools for buildings were revised to

reflect unique issues related to R&R projects. Other studies have focused on developing sophisticated
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modelling tools for quantifying and mapping construction material flows and waste streamsbana u
scale, in order to improwie management of building stock in terms of (C&ngston, 2013; Mastrucci et
al., 2017; Ortlepp et al., 2016; Stephai&anassiadis, 2017)

On a smaller scale, there has been a growing interest in recent years in the field of planning methods for
closed loop cycle of buildings' materials and components. Won and Q@&tigdid an extensive review

of construction and demolition (C&D) waste management and minimization studies in order to identify the
inefficiencies and to improve them through implementing appropriate technology, such as Building
Information Modeling (BIM) and 3xoordination, control and planning. Similarly, Huber et.(2017)

provided a comprehensive overview of methods for deconstruction project planning of buildings as well as
research gaps in the field. Other studiesve delved into the field of potential of reusable building
materials/components towards a CE, such as reclaiming and reusing structuf@sigakewski, 2006;
Gorgokwski, 2008; Yeung et al., 201%nd urban mining from old existing asggiacy & Rutqgvist, 2015;
Luscuere, 2017)

6.3.2 Deconstruction programming for adaptive reuse

The design and planning praseof an adaptive reuse project is arguably more complex than the design and
planning of greedffield construction projects. The extra complexity lies in the initial existing conditions

that represent initial design constraints and restrictions. If thalietaluation of the existing conditions is
incorrect or underestimated, the i (Corejostetal,2006) t he
Also, the adaptive reuse process first includes an inemdanning stage associated with the selective
deconstruction of the existing building asset, followed by the planning of the constwotibfor the
redevelopment, adaptation, and in some cases the expansion of the buildinthassteidy is focuse on

the selective deconstruction planning stage. In the selective deconstruction planning stage, the designers
decide which building components, or subsystems, should be retrieved and the deconstruction methods to
apply.Although the field ofdeconstrugon project planning of buildings has been studied for years, there

is no evidence of studies developed for the selective deconstruction planning for biiHtdibgsr et al.,

2017; Sanchez &aas, 2018bAll of the previous studies presented in the last section have focused on the
total or partial deconstruction of building assets with an assumed fixed programming of work activities and
work packages. For adaptive reuse projects, the progiragrof the work activities and work packages can
change according to the design decisions of the building components to retrieve. For adaptive reuse projects,
the selective deconstruction planning is an iterative process where the different designcoplisime

driven by financial, technical, functional, and/or aesthetic needs, among dtbengjos et al., 2014;
Langston et al., 2008)
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The process of deconstruction programming, also knowtreasnstruction scheduling, in adaptive reuse

projects is a cornerstone to influence the project's outcome. Through appropriate programming the
designers can estimate projectds parameters such
resource allocation. Then, planners can apply methods in the literature of PM in order to improve the
projectdés performance, such as resource | eveling
methodqBakry, Molhi, & Zayed, 2014)In this matter, the adaptive reuse process has the challenge that

there could be numerous selective c onstruction plans based on the de
Every plancan lead to a distinctly different programmirfglee activities which has a profound impact on
deconstruction planning. These have been some of the technical limitations perhaps explaining why the
current implementations of adaptive reuse planning rely on descriptive approaches with little objective
measurements that depend on the intuition and experience of practitiSaechez & Haas, 2018a; Volk

et al., 2018) Due to the importance of adaptive reuse inside the CE, there is a neegroring the

selective deconstruction programming process thorough automation and optimization in order to maximize

the benefits of the building stock renovation.

This study is directed at adaptive reuse projects in general. However, the importancevamnd e efler
adaptive reuse projects that are repetisiveuld be highlightetlecause of recurring building subsystems.

Due to the need of increasing the efficiency of the building projects' outcome, prefabrication and
modularization are construction processhat the industry has used and mastered for centBeksy et

al., 2014, Isaac, Bock, & Stoliar, 2016Fonstruction projects take advantage of prefabrication and
modularization for creating reming building subsystems and modules, with the same group of sequential
activities. Today's built environment contains repetitive building subsystems and modules in almost all
construction sectors, and the evidence suggests that this trend will contihaduturglsaac et al., 2016;
McGraw Hill Construction, 2011)n this matter, existing assets formed of recurring building subsystems
represent a good opportunity to take advantdgbe benefits of the intensive and rigorous design process

for adaptive reuse described in this paper, including the selective deconstruction programming. Once the
deconstruction scheduling is developed for a single subsystem, the programming caniivple@asented

on all other repetitive modules, generating profound efficiencies and cost/schedule savings over
deconstruction planning for a single (unique) construction assembly. Possible use cases for selective
deconstruction programming in adaptive repisgects, that are repetitive because of recurring subsystems,
include layout changes for unitary apartments in Higé buildings, reconditioning repetitive rooms in

low-rise buildings, and redeveloping recurrent spaces in existing residential bufbegsigures-1).

According to Hubner et. a{2017) applying deconstruction planning methods can only calculate up to a

specific level of detail due to computational and practical constraints, limiting theiermeptation in

86



construction projectsdowever, adeep level of detail for the selective deconstruction programming of
repetitive building subsystems is affordabl e and
in the large scalesuch as therew work continuity(Bakry et al., 2014)and the learning phenomenon
(Hassanein & Moselhi, 2005Additionally, with the appropriate level of detaid the use of the 4DIR,

the deconstruction programming could become a powerful communication and training tool for the
workforce. This being said, there are certain levels of detail which should not be considered due to practical
implications. An example of this would be mdlohgy the exact location of nails in wood framing. While it

is possible to model and reuse each nail in a wood frame assembly, the cost savings of harvesting each
individual nail is not practical. As such, it is not necessary to model the exact spdiglredion of certain
components. While this study does not explore or propose the required levels of detail for certain
deconstruction planning methodisis simply suggestdthat increased detail is proportionately favorable

for analysis as the repetit nature of an adaptive reuse project increases. In the next séotigmsposed

approach and its application in an adaptive reuse project casdssprdgented

Figure6-1: Examples of repetitive mothar units in the built environment: a) set of lab rooms with a
recurrent layout, and b) repetitive apartment rooms on arfgglbuilding.
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6.3.3 The knowledge gap

Adaptive reuse of buildings plays a key role in the construction value chain of a Circular Ed@temy

In order to improve the outcomes of adaptive reuse building projects, it is necessary to implement an
appropriate project planning. This includes the development of a correct, quantitative, analytical, and
objective selective deconstruction prograimgn According to the literature review, there is a lack of

met hods for deconstruction programming for adapti:
first study that describes and validates a method for selective deconstruction progydornaidaptive

reuse of buildings. This study provides a better understanding of the parameters involved in the process of

deconstruction programming for adaptive reuse projects, in order to improve the project performance.

6.4 Deconstruction project planningfor adaptive reuse of buildings

Planning for disassembly plays a fundamental role within deconstruction project planning for adaptive
reuse, where the disassembly planning sequences for recovering targeted components have to be performed
efficiently accordhg to the building project objectives. The targeted components to recover depend directly
on the adaptive reuse design of the building. In this regard, the adaptive reuse design could be directed by
multiple design criteria that have been defined in sdvyanevious studieBullen, 2007; Conejos, 2013;
Conejos et al., 2014; Wilson, 201Gome of these design criteria are mandatory (e.g. physiegrity,

legal requirements, and functional service) while others ones optional (e.g. technological retrofits, social
aspects, architectural vision and programming, and political context). In the end, the designers are
responsibldor making the finablecisions of a functional and affordable adaptive reuse design. Because of
the multiple possible designs for adaptive reuse of a fixed asset, the planning for disassembly of targeted
components will also change from design to design. Based on a propsassskdibly plan, it is possible

to continue the deconstruction planning in detail through the programming of the deconstmackon
estimation of resource allocation, and computing the associated budget, among others. In the end, this
becomes an iterativiesign process, much of it intuitive, where the best design will be the one that fulfills

the projects needs and limitations.

However, intuitive planning has inevitably led to poor project outcomes and in some cases has even led to
project failures. Thiss due to the technical limitations and complexities that the entire process requires,
such as the large amount of required project data to gather and compute, the multiple criteria for different
possible designs, and the lack of us@mdly standardizegrocedures for optimizing the outcomes. In this
study framework for deconstruction project planning by using-Bided phase planningproposedsee
Figure6-2), in order to improve the inefficiencies inside the process of adaptive reuse of buildsnds. |

this framework, a deconstruction programming method for adaptive reuse of buildings based on a multiple
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target selective disassembly sequence planning model for buildidgselopedin addition, the basis for
retrieving data from the BIM modéd establishedh order to fully automate the process for deconstruction
project planning.
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Figure6-2: Process map for selective deconstruction project planning by usindp&kt pase planning

6.4.1 The disassembly sequence plan model for adaptive reuse of buildings

This study is an extension of the previous work related to staghet selective disassembly planning for
adaptive reusé€Sanchez Haas, 2018h)The singletarget disassembly sequence plan model for buildings

is an inverted tree that contains a minimum set of parts that must be removed before retrieving a target
component. A part can be a component (building component) or agiadteiiding connection), and they

are represented as a square and a circle, respectively. Root nodes represent target components, leaf nodes
represent parts that constrain the target components, and the links between them represent constraints. A
buildings assembly model is represented by constraint matrices where each cell position contains
constraints for a part under study. The rows of the constraint matrices represent the assembly parts, and the
columns represent the extraction direction under arsafysi -x, +y, -y, +z and-2). A constraint can be
physical, functional, environmental, or economical. The approach for creating ataigie selective
disassembly model for buildings gets parts from the Disassembly Graph (DG) model, arranges and orders
the parts in levels, and adds the parts to the invertedSeeehez & Haas, 2018b; S. Smith et al., 2012)
Finally, the approach uses expert rules to improve solution quality, minimizegaypexity, and reduce
searching time for finding optimized disassembly sequence (Bamehez & Haas, 2018b; S. Smith et al.,

2012; S. Smith et al., 2016)

6.4.2 The 6D BIM disassembly model

BIM offers designers the ability to assess different design alternatives at the conceptual stage of the project,

through the virtual simulation of the performance of the final prodiadaei & Jrade, 2@0). The potential
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of BIM tools to correct mistakes at the early stages, aid in accurately scheduling and sequencing the
construction, identifying conflicts, advocating design alternatives, and facilitating the selection of
appropriate solutions for compl@roject has been proven for the past ten ygas et al., 2018; Jalaei &

Jrade, 2014)A 6D BIM model of a building integrates the thréenensional geometry, topology, and
physical proprties of the model (3D), time of building activities (4D), buildimgrk cost estimating (5D),

and environmental impact assessment (6D). For the process described irbFRIg&d is used as the

main digital platform in the iterative process of adapteugse design, including the deconstruction project
planning. Figures-1 a shows a schematic view of an adaptive
building at the University of Waterloo campus, as well as the 6D BIM model of one of the roons7 In 20

an entire corridor of office rooms, located on the second floor of the E2 building, was redeveloped,
reconditioned, and repurposed as part of an adaptive reuse project at the University of Waterloo. The office
rooms where converted into laboratoriegtsf Department of Civil and Environmental Engineering. The
renovated rooms had a similar recurrent layout with the same construction systems6-Bighmvs the

details of a specific assembly subset of the original existing building just as an exanthpig $tudy.

Assembly components:
1. Laboratory laminar flow fume hood

2. Convertible fume hood and ducting system section
3. Metal door wall laboratory cabinets

4. Stainless steel laboratory countertop

5. Base cabinetry

6. Fire resistant drywall panel

7. Steel frame wall system-{20 )

8. PVC water piping (%)

9. EMTconduit installation (%4 )

10. Fire resistant drywall panel

Attachment elements specifications:

The interface between the steel frame wall system (7) and the structure
of the building, is through expansion plugs along steel tracks in the
floor and ceiling, respectively.

The PVC water piping (8) and the EMT conduit installation (9) are
attached to the steel framing (7) through special anchor brackets.

The interface between the drywall panels (6 &10) and the steel framing
is compounded by screws for steel distributed over the panels.

The cabinetries (3 & 5) are attached to the steel framing (7) througcﬁ)
special anchor brackets. Similarly, the countertopg4ttached to the
base cabinetry (5).

The ducting system (2) is attached to the ceiling through metal du@
straps, and the fume hood (1) is connected to the ducting system. |

Figure6-3: 6D BIM disassembly modelCluster 1: Isolated assembly under study

It is well known that the quality and complexity of disassembly models affect biigosoquality and
complexity of the calculations. Smith et al., 2012)n Chapter 5the simplification of multiple fasteners

in one single connection as just one analytical fastener in the disassemblyswestielished in order to
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keep the model in a reasonable complexity range and in realistic terms for bujSamghez & Haas,

2018b) Similarly, in this study the conappledforof Al
buildingsis defined In the process of adaptive reuse design some building parts, subsystems, and/or entire
systems do not have to be modified at all. Therefore, their inclusion as part of the disassembly model is
unnecessary. In this studyet unmodified elementge considereds the limits of design. A BIM model is

a powerful and highly organized graphical interface that brings the designers the flexibility to decide and
visualize what parts of the building would be part of the limits sfgieand what parts would be include

in the disassembly model. Figuse8 shows in colors the disassembly model, cluster 1. On the coatitary,

of theelements of the building that are part of the limits of design are displayed in white. Irséruatlired

BIM model, the determination of the limits of design as well as the assembly components is straightforward
just by selecting either isolated components, subsystems, or entire systems, and then clustering them. This
simplification reduces the complexity the model and the computational requirements. Also, this graphical
interface feature of BIM models, gives extraordinary freedom for the designers to explore different design
solutions according to different criteria. Fig@rd shows the hierarchicahlson graph for the disassembly

model (cluster 1) where componergs c,, C; and cy represent the limits of design. The concept of
hierarchical liaison graph for the disassembly model is explain€thépter 5and is used for improving

the process of fiting disassembly sequences for targeted compo(featshez & Haas, 2018b)

Level 4

Level 3

Level 2

Level 1

Level 0

Figure6-4: Hierarchical liaison graph of the disassembly model: Cluster 1

Since manybuildings being evaluated for adaptive reuse do not haie-date BIM models, it may be
necessary to obtain an-bsilt model through manual or automated methods. A growing area of research
is expanding the capabilities of automateebast model credon; which is cheaper, faster and more

accurate than manual methddisefer & TruongHong, 2017; Patraucean et al., 20IH)ese automated
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methods often utilize asuilt data from laser scamyg (dense 3D point clouds), which has a rapid, accurate

and agile workflow. Geometric algorithms are continually being developed to classify 3D point clouds for
modelling building interfaces (e.g., steel frames, doorways, facade penetration§i&tme Macher,

Tania Landes, & Pierre Grussenmeyer, 20D8&rivation of algorithms for detection of architectural and
structural building elements is made possible using many common computer vision c{itcepshev,
Riemenschneider, B6diszomoru, & Van Gool, 2017However, current automated methods are limited

to either geometrically simple features (planar, cylindrical, etc.) or very specific primitives that are extracted
through means of machine learning, neural networks or other advanced means. The challenge with these
methods is that shape descriptors need to be created for each unique component or part. This can be very
tedious especially considering that many objects itdimgs undergoing adaptive reuse have geometric
characteristics that vary even between similar components (e.gfoffneed concrete elements, geometric
distortions in pipes, stickuilt steel framing). To address these challenges, this study recomivensiag

on repeating (or modular) assemblies so that an automateditasiodelling workflow can be developed

in detail on a single assembly and then carried out on all like assemblies, thus achieving economies of scale

for asbuilt model extraction.

6.4.3 Retrieving BIM data from the model

The proposed method relies on rich data in order to compute economically viable solutions that take into
account the practical limitations of deconstructing a construction assembly as well as LCA benefits. The
authors demastrate how all data required can be extracted from a detailed BIM model. Specifically, the
following types of data are retrieved from a BIM model:

Geometric data (areas, volumes, linear lengths of components)

Spatial constraints (the direction that eachmponent is allowed to move for dissasembly)
Dissassembly constraints (the precedent relationships between components which dictate how
dissasembly takes place)

1 LCA data (embodied environmental impact of building materials)

In addition to the data being teacted from a BIM model, data pertaining to resource and project
management is utilized, which comprises of construction resources (materials,aladanachinery),
scheduling, and deconstruction costs. While some of this data might be obtainedfdmeciyBIM model
(depending on the level of detail), it can also be readily collected from any project management software

package.
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While some BIM models contain purely surfdussed data (e.g., a 2D rectangle to represent a window),

it is preferable to &ive solidbased data (3D rectangular prism to represent a window), since this improves
the accuracy of component interaction within an assembly. While the proposed selective dissasembly
method ultimately requires that a user create several matricesre ttediinformation retrieved from the

BIM model, the authors are currently investigating methods to automatically conduct selectisentilsa

through computational algorithms. Figug® shows thexploded view ofhe disassembly model (cluster

1) understudy.

Figure6-5: Exploded view of the disassembly model: Cluster 1

6.4.4 An approach for creating a multiple-target disassembly sequence planning for

buildings

The approach for creating a multighirget disasambly sequence plan model merges sitgiget plan
models to create one with multiple targets. If the shtatget plan models have identical nodes, including

the extraction direction, then the approach merges them in one plan model with multiple @Gargetgise,

the plan models will remain disjoint. In this study, the method chooses the best direction for removing each
target component and creates one sHgiget plan model for each target component. Then the method
looks for the identical nodes bretween the singlaarget plan models. If there are identical nodes between
two plan models, the method merges them to create one plan model with ntaltjels. The method

compares plan models one by one, starting from the plan model with more nuipdées.of there is more
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than one extraction direction for a target component, the method can create moraugegielan models

and select and merge the best one in the mulioget plan model. The best singéeget plan model is

defined as the oneith a maximum number of target components and a minimum number of parts. The
final multiple-target disassembly sequence plan model represents a high quality, realistic, practical, and
physically feasible solution that is optimized for the number of remqgearts. Figuré-6 shows the
workflow for the proposed method for buildings disassembly. This kind of model approach for multiple
target disassembly sequence planning has been proven successful in the manufacturing industry. According
to Smith et al(2012)this approach improves solution quality and reduces model complexity, compared to

prior approached he scriptof theagorithmdescribed in Figure-6 can be found on Appendk

Retrieve target
components, ¢’

Create the single-
target disassembly
plan models, SDP’

Associate single-
target SDP’

Does
the individual
SDP’ have identical
nodes, p’?

yes

v

Rule 1
Merge the identical nodes into
multiple-target SDP’
Update the SDP’

Rule 3
Generate a new SDP for the
shared root node, ¢,
Update the SDP’

Does the
individual SDP”’
share the same root
node, ¢,?

A

Rule 2
Separate the SDP’ with a unique
root node
Update the SDP’

Figure6-6: An algorithm for creating a multiplarget sequential disassembly planning (SDP) model for

buildings
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6.4.5 Expert rules

The singletarget disassembly sequence plan model approach for buildings uses expert rules to improve
solution quality, minimize graph complexity, reduce searching time, and reduce computational
requirementgSanchez & Haas, 2018b)he multipletarget disassembly sequence plan model approach

for buildings uses expertlas to choose the best singérget plan models of different target components

that are meant to be part of the same disassembly plan model. Different rules can be used for different
applications, and in this study the rules were derived from disassphahhjing case studies for buildings

and literature review in the topic. The following are the expert rules which define the recursiviaurgetti

selective disassembly planning process.

1 Rule 1: If the individuals D Phave identical nodeg, éincluding treir extraction direction, then
merge the identical nodgs,fof the singleargetS D Rdcreate multiplg¢argetS D P 6

1 Rule 2: If the individuab D RI6 not have identical nodgs,6and they do not share the same root
node,c;, then keep separated tBEP @vith a unique root node.

1 Rule 3: If the individuas D RI6 not have identical nodgs,8out they share the same root node,

¢, then generate a né8DPfor the shared root node, with a different extraction direction.

For Figure6-5, the best direabin for removing components, ¢s, andcs are-y, -x, and-x, respectively.
Figure6-7 shows thaingletarget disassembly sequence plan model for compoagnisandcs. The plan
model for components contains the plan model for componepnandcs. Therefore, the approach merges
the plan models for componertsandcsto create one multiplargetdisassembly sequence plan model

for three components.
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Cs

Figure6-7: Multiple-target disassembly sequencarpmodel for components, ¢s, andcs

6.5 Selective deconstruction programming

As pointed out in the literature review section, this is the first study in the field of selective deconstruction
programming for buildings. In this matter, similar studies havenbgeveloped and validated in the
manufacturing industry principally, showing extraordinary results since the last decade. For manufacturing
products, the selective disassembly time estimation has been focused on sequential planning, dismantling
one part aa time. This makes sense since typically only one worker can be involved in the process of
dismantling a product. In contrast, buildings can be deconstructed by numerous workers operating in
parallel. This study describes an approach to generate theuproing of deconstructionork based on a
selective disassembly sequence plan model. The approach builds and stores individual source and target
vectors with the precedent information for the building's parts to deconstruct, along the execution of the
suboutine. The source and target vectors represent nodes. Then, the individual vectors are merged into a
main deconstruction plan. In the end, the main deconstruction plan is used to create the activity project

network of the deconstructiomork.

In first indance, the deconstructiavork consists of nomestructive disassembly of the building's parts.

The information related to the construction resources (materials, labor, and machinery), labor productivity
rates, duration, and the associated direct codteofdeconstructiomork is retrieved from the 6D BIM

model. Then, all this information is exported to a PM software package in order to complete the selective
deconstruction programming. The objective is to determine essential deconstruction projecg plannin

information such as project duration, critical activities, resource allocation, and total project cost. Also,
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other project parameters could be estimated, such as, work assignment, cashflow, and material inventory
management. In a deeper analysis, ttages of the deconstruction project planning can be improved by
using other PM methods like resource leveling, schedule crashing, and resource allocation. Also, it could
be possible to apply any of the optimization methods covered in the literature redeéensThese
optimization methods brings the opportunity of expanding the scope of the deconstruction planning to other
fields such as minimizing the environmental impact and maximizing theyldfie of the building

components.

After a preliminary decortiiction planning has been calculated, the stakeholders can decide if the planning
satisfies the needs of the adaptive reuse project. If the objectives of the project are not fulfilled, then the
designers can go back to modify the adaptive reuse designb@tomes an iterative process where the
decision makers can learn from the old designs and move forward in order to improve the final adaptive
reuse design. The automation of the selective deconstruction project programming is the cornerstone to

make ths process feasible and affordable.

6.6 Case study

The following case study is used to demonstitaepresenapproach for deonstruction programming for
adaptive reuse of buildings, which includesiltiple-target selective disassembifhe software used for

this purpose were Matlab® and MsProjecf®6D BIM assembly model was prepared for the University

of Waterloo adaptive reuse case study displayed in Figttas-3 andé-5. The new method demonstrates

that it is possible to create an optimized maljective selective disassembly plan for the building
assembly. The method is able to create an individual disassembly plan for each target component, and then
to merge them all in a multibjective disassembly plan. The method is able to create realistieasiole
disassembly plans for buildings. Based on the final disassembly plan, the method builds up the
deconstruction plan with the information of the deconstruction activities and their interdependence. The
deconstruction plan is used to create the #gtjwoject network of the deconstructiovork. Figure6-5

shows the 2part assembly model under study.

This study uses a previously described algorifBanchez & Haas, 2018tw) create optimized singlarget
disassembly sequences for the targeted components. For Bi§urthe best directions for removing
componentss andcy are-x and+x directions respectively. Figu8 shows a multiplkearget disassembly
plan for componentss andcr. The approach fouha solutiorS1 = (6 fs ¢2 2 €1 f1 Cs fs €4 f4 C3 f3) for cs, and

S2 = (¢ f7fs Cs f Co f10 Cs fo C10T11 C2 f2 €1 f1 Cs f5 €4 f4 €3 f3) fOr ¢7. Then the approach merged the single plans
into one with multiple objectives. The final solution V&&= (¢ f7 fs Cs fs Co f10 Ca fo C10T11 C2 T2 C1 f1 Cs f5 Ca

f4 c3 f3). The associated lifeycle environmental impact for the final disassembly plan is 1,434 kGO
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and 22,611 MJ. The associated building cost is $1,703.67 USD. In the final step, thetappiidaap the
deconstruction plan with the information of the deconstruction activities and their interdependence. Figure
6-8 shows the deconstruction programming for comporsdc;. In Figure6-9, the CPM is displayed,
showing the critical activiis in red. The final duration of the dismantlingrk is 20 working hours.
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Figure6-8: Automated generation of the multigigrget disassembly plan for componentandc;
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Figure6-9: Automated generation of the deconstruction programming for companemsc;
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6.7 Summary of findings on deconstruction planning and scheduling for adaptive reuse of

buildings

Adaptive reuse of bldings has demonstrated to be a superior alternative for new construction in terms of
sustainability and CE, when it is applied properlyeTdtudy presented in this chapestablishes the
reference framework about the importance of developing an apteodeconstruction project planning

for improving adaptive reuse projects' outcomes. In order to remedy the current inefficiencies in the
deconstruction planning phase for adaptive reuse projects, this study describes the critical processes and
sub proceses associated to the Bibased deconstruction project plannidgsemiautomated selective
deconstruction programming method for buildings is developed and validated as a contribution for
improving the deconstruction project planning for adaptive reugeqts. As discussed in the paper, there

is a lack of technical methods to assist in the decision making inside the selective deconstruction planning
of a building. Therefore, by developing udgendly standardized procedures and tools, it is possible to
fully exploit the benefits in adaptive reuse projects.

The design process for adaptive reuse is an iterative process where the design decisions could be driven by
diverse criteria, such as financial, technical, functional, and aesthetic needs. DuritegétiN® process,

it is necessary to evaluate the different design options in an objective way, in order to improve the project's
outcome. The first phase involved in the evaluation process is through deconstruction planning. In this
matter, prior studie have developed methods for deconstruction planning of buildings. These studies have
thoroughly considered practicality of the methods, areas of opportunity for optimization, and technical
affordability. However, none of these prior studies have beeieddpl deconstruction for adaptive reuse.

The fundamental difference is that those previous studies are based on a fixed programming of the
deconstructionvork, and the deconstruction planning for adaptive reuse projects involves a deconstruction
programming based on selective deconstruction of building compon&hts.goal of this study is to
describe and validate a semitomatedelective deconstruction programming approach for adaptive reuse

of buildings The proposed approach is able to create aneffiprogramming of the deconstructioork

based on realistic and optimized selective disassembly planning. The new approach builds on a previous
work related to singktarget selective disassembly sequence planning algorithm for adaptive reuse of
buildings. The approach is able to create the programming of deconstmwotikhor recovery multiple
components of a building assembly, in an automated way. The automatization of this complex process is a
critical feature in order to make the iterative proceksadaptive reuse affordable, measurable, and

comparable for real adaptive reuse projects.
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The deconstruction programming approach developed in this study aims to improve adaptive reuse projects'
outcomes in terms if sustainability and CE. This methodiseafriendly tool that helps during the iterative
process of evaluating different design options for repurposing an existing building Risassembly
planning and deconstruction time estimation has been the focus of many research efforts in different
industries including the manufacturing and construction industry. In comparison to the manufacturing
industry, the construction industry has more limited research in this field. The manufacturing industry has
developed studies iall of thelevels of prodat disassembly, including 1) destructive vs fu@structive,

2) complete vs selective, and 3) sequential vs parallel. Because of the particularities and specific objectives
of these kind of studies, the level of detail for the analysis has been very benmgive and complete. For
example, the disassembly time estimation analysis for products include reorientations, change of extraction
directions, hardness of joint elements, selecting working tools, postural requirements, and material handling
requirements Contrasting, there is no evidence of studies in the field of selective deconstruction
programming for buildings. The approach developed in this paper is the first one in its class and it represents

an opportunity for closing the knowledge gap in thisterat

This study demonstrates the affordability and practicality for applying selective deconstruction
programming for adaptive reuse projects by using current technologies such as 6D BIM, disassembly
planning optimization models, and PM softwarhis stuly can be broadly used with different objectives

and purposes, for example the reduction of waste stream in the construction industry through the recovery
of building components for reuse and recy8eme degree of waste may still result if not all congods

in the existing assembly are fully reused. While these components could be recycled, an alternative
approach could be the creation of facilities that house construction components while they await reuse in
other projects. A great example of this cobkfacilities that house old steel frame components. Rather
than recycling or melting down old steel members, components could be kept in a warehouse until needed
for future projects. This is similar to warehouses which house parts for manufacturiagditateuse in

like assemblies.

One of the limitations for the application of the proposed approach for existing assets, is the need of a
representative and accurate BIM model. However, there is a strong push and development in the field of
generating BIMmodels from existing buildings by using 3D scanning and-Destructive Testing
explorations. Developing an accurate BIM model of existing buildings could be used for many other
purposes aside the repurposing of the asset, such as maintenance scheddimgsjstem analysis, asset
management, and disaster planning. On the other hand, since the last decade BIM has become a required
feature for planning new buildings and infrastructure. Therefore, the proposed study could be applied

straightforward fortie selective deconstruction planning of these kind of assatdly, the development
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of deconstruction planning by using BIM has other benefits such is the highly organized graphic interface
for the designers, and the possibility to make BIM a poweduiraunication and training tool for the

workforce involved in the deconstructiarork.

As future research, the method approach has to incorporate more deconstruction techniques aside
disassembly such as selective and partial demolition. Depending on ithiegoeomponents, more
deconstruction techniques should be added in order to create alternative dismantling plans. These
alternative dismantling plans would affect the interdependence of the activity network for the
deconstructiowork and therefore theegonstruction programming and planning would change. In other
topics, more investigations related to the labor rates, deconstruction timing, direct cost, and environmental
impact of the deconstructiamork could be desirable with the aim of making the Itssof this study more
accurate and representative. In the same way, there could be parallel research, to delve into the topic of
retrieving the BIM data from the disassembly model in an automatic way, in order to make the planning

process more efficient.
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Chapter 7: Multi -objective analysis forselective disassembly of buildings

7.1 Abstract

Adaptive reuse has the potential to maximize the residual utility and value of existing assets through green
design methods such as selective disassembly plar@tindiesin the field of selective disassembly for
adaptive reuse of buildings are scarce and there is no evidence of established methodologies and/or analysis
for the optimization of the environmental and financial benefitsnulti-objective analysis is key to
obtaining several effective selective disassembly plans for the adaptive reuse of an existing asset through
the combination of different deconstruction methddse analysis is carried out in terms of the physical,
environmental, and economic constraintstied deconstruction methods per building component. The
Sequential Disassembly Planning for Buildings (SDPB) method, presented in previous studies, is used in
order to generate the optimized disassembly plans for retrieving target components. At thvecégited
multi-objective optimization analysis is incorporated to generate the set of noninferior solutions that
minimizes environmental impacts and building cost. The results show that different complete disassembly
plans exist foall of thepossible corpinations. The possible combinations are driven by the deconstruction
methods per component, as well as the dismantling interdependence. For adaptive reuse of buildings, the
methods described in this study can be used to improve the project outcomem@aoosgecific goals

and constraints (e.g. environmental, economic, technical).

7.2 Introduction

Adaptive reuse of buildings plays a key role in the transition from a resbasesl economy and towards

a Circular Economy (CE) in the construction industry. ptde reuse has the potential to maximize the

residual utility and value of existing assets by "giving them new life" through green design methods, such

as selective disassembly planning. Green design methods are used to reduce environmental impacts and to
increase economic benefits over the entire product or service lifecycle. Adaptive reuse is considered a

di sruptive practice in the current capital project
(Geissdoerfer et al., 2017; Sanchez & Haas, 20I8#refore, the field of green design methods for

buildings is still underdeveloped in comparison to other industries such as automotive, textile, and
manufacturing. In @rticular, the studies in the field of selective disassembly for adaptive reuse of buildings

are scarce and, to the knowledge of the authors, there is no evidence of established methodologies and/or

5 The contents of this section of the chapter have been incorporated within rathtpeill be submitted for

publication. B. Sanchez, C. Rausch, C. Haas d R. Saar.i, AMul tiobjective opti mi
of buil di ngso Su b Building andl Entironméntflannedl ebmissima datéebfuary 20190nly

minor editorial changes are applied for being consistent with the University of Waterloo thesis format.
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analyses for the optimization of environmental and fir@roenefits The aim of the study presented in this
chapter is to develop raulti-objective optimization analysis for the selective disassembly planning of an
existing asset through the combination of different deconstruction methods. The analysisdsocain

terms of the physical, environmental, and economic constraints of the deconstruction methods per building
component. The Sequential Disassembly Planning for Buildings (SDPB) method, presented in previous
studies(Sanchez & Haas, 2018b; Sanchez et al., 20iQused in order to generate the optimized
disassembly plans for retrieving single or multiple targeted components. The SDPB method is extended
with the purpose of includg more than one deconstruction method per component. Finally, a weighted
multi-objective optimization analysis is incorporated to generate the set of noninferior solutions that

minimizes environmental impacts and building costs.

The results show thatférent complete disassembly plans existdtiof the possible combinations. The
possible combinations are driven by the deconstruction methods per component, as well as the dismantling
interdependence. For adaptive reuse of buildings, the proposedcatudy used to improve the project
outcomes according to specific goals and constraints (e.g. environmental, economic, technical). The results
of this study improve the decisiamaking process for adaptive reuse building projects by adding
comprehensive upntitative analysis towards resource optimizatidinis study provides a better
understanding of the management of the multiple variables involved in the process of selective disassembly

for adaptive reuse in order to improve the project performance.

7.3 Problem statement

Over the |l ast two decades, environmental <concerns
cycle performance towards a holistic approach to sustaingfilityerson et al., 2015; Blengini & Di Carlo,

2010; Chastas et al., 2016; Ortiz et al., 20@@) a result, circular building concepts, such as a CE for
infrastructure, closetbop cycle construction, and CradteCradle construction, have been identified as
feasible and effective alternatives towards a more sustainable development in the construction industry.
These alternatives imply a radical change in the conceptualization of new building projects, in compariso
to the traditional way for greenfield construction, where circular building principles become a fundamental
part of capital project delivery, including theuilding project definition process. In this matter, several
studies have recognized the imporeraf the End of Life (EoL) stage in existing buildings, and the
opportunity of their adaptive reuse as a superior alternative in terms (@f2@gston et al., 2008; Sanche

& Haas, 2018b; E. A. L. Teo & Lin, 2011owever, for the capital project delivery in a CE framework,

there is a lack of sciendmsed, useiriendly, and generic methods to: 1) improve adaptive reuse project
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outcomes, 2) develop appropriate plannig €losedioop cycle construction, and 3) plan for the
optimization of the benefits of adaptive reuse.

7.3.1 Capital project delivery for a Circular Economy

The development of the closéabp cycle capital project delivery for buildings is the pursuit of artess

strategy of an enterprise in principle and the kickoff of a project in practice. Until now, the traditional
business strategy in project delivery for buildings has been based on the premises of increasing productivity,
profitability, and efficiency irthe construction and operational phag&elko & Gibson Jr., 2001)This is

simply the response of the building market to the challenges of an increasing demand for buildings,
accelerated competition, increased epuit pressures, and rapid technological change. However, it has
been demonstrated that the traditional emphasis on meeting time, budget, and project performance goals is
no longer sufficient to guarantee the achievement of sustainable development ahiethigeconstruction
industry(Asdrubali et al., 2013; Sanchez & Haas, 2018a)

The understanding of the challenge of sustainable development, as well as the implementatiegie§strat

to tackle this global concern, has continuously changed due to technological advances and interdisciplinary
applied research all around the globe. It is claimed that the world today is facing immense social, economic
and environmental challenges likever beforg(UN, 2015) Therefore, it is necessary to expand the
business strategy planning of building projects into the dimensions of sustain&bbitxsiness strategy
planning for a CE in constction is a means to effectively tackle the aforementioned challenges. This new

business strategic planning should not disregard the traditional mindset; instead, it should expand it.

7.3.2 Green design methods for adaptive reuse of buildings

In previous work, ie important role of green design methods and deconstruction planning methods in the
adaptive reuse process of buildings has been disc(Saadhez & Haas, 2018preen design methods

are intended to reducevéronmental cost and increase economic benefits over the entire product or service
lifecycle (S. Smith et al., 2016Examples of green design methods are design for assembly, supply chain
management, Product Recovery mdgement (PRM), Life Cycle Assessment (LCA), design for

disassembly, design for remanufacture, and disassembly sequence planning.

In the field of design for disassembly and deconstruction for buildings, improvements can be achieved by
considering futureidassembly of building elements at the planning stage of new buil@uygolewski,

2008) For example, researchers studied the-effisttiveness of deconstruction compared with traditional
demolition of residerml constructionGuy & McLendon, 2000)Akbarnezhad, Ong and Chand2814)

demonstrated the efficiency of using Biddsed economic and environmental assessments inwiiwstr
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strategies to quantify the affordable benefits accurately. This study included the effect of prices and energy
embodiment of the materials and components, transportation, energy use and costs associated with the
recycling processes, inflation ratepsts of designing the components for reusability, and costs of
disassembly and +assembly. In his work, Kokko&014) developed a sophisticated parametric and
associative toolbox that exposes the environmentalfiaadcial impacts of the concept of design for
deconstructionShultmann and SunK007)delved into the energy savings, in terms of embodied energy,

that could be achieved through using different recovetnigues on deconstruction projects. Other studies

have investigated the optimization of the economic performance of the deconstruction and recovery
processes of EoL buildings by using mixateger and binary linear programmi@jdonis, Xanthopoulos,

Vlachos, & lakovou, 2008; Xanthopoulos, Aidonis, Vlachos, & lakovou, 2012)

Despite the advances in the area of building deconstruction planning, only a few studies have developed
decontruction planning methods for the adaptive reuse of existing assets. Sanchez arjdOdab)
developed the firsin-its-class selective disassembly sequence planning method for adaptive reuse of
buildings. The method seeks to minimize disassembling cost of retrieving a single selected component from
a building assembly, based upon physical constraints. As an extension of this work, Sanchez, Rausch, and
Haas(2019 developed a multipkarget sequential disassembly planning model for buildings, as well as a

novel approach for deconstruction programming for adaptive reuse of buildings.

7.3.3 Multi -objective optimization analysis for selective disassembly

The field of sebctive disassembly planning of manufacturing products have been explored during the last
30 yearsln their work Smith et al2012)demonstrated that their Disassembly Structure Sequence Graph
(DSSG) model approacmproves solution quality and search time for disassembly models in comparison

to prior techniques. The DSSG model approach has been developed and successfully tested in several case
studies for the manufacturing indus(8. Smith & Hung, 2015; S. Smith et al., 2012; S. Smith et al., 2016)

The DSSG model approach has been adapted in each study to optimize single or multiple objectives such
as minimizing the search time, minimizirgetnumber of removed parts, minimizing the number of changes

on the reorientation for extracting parts, minimizing the amount of labor for disassembly based on the
difficulty of dismantling parts or modules, minimizing the disassembly cost, maximizifiRetele Value

(RV), and optimizing the codienefit of partial disassembly planning with a life cycle impact assessment
approach(S. Smith & Hung, 2015; S. Smith et al., 2012; S. tBndt al., 2016) These studies have

implemented different methods for developing single and robjgctive optimization analysis.

According to Revelle & Whitlaclj1996) the goal of multiobjective optimiation analysis is to quantify

the degree of conflict among objectives. The conflict between objectives originates when a strategy that is
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optimal with respect to one objective may be nonoptimal for another. Therefore, the concept of optimality

may be inapmpriate for a multobjective analysis. Instead of searching for an optimal or the best overall
solution, the goal of a multibjective analysis is to define the set of solutions for which no other better
solutions exist for the objectives of interestisi$et of solutions is well known with the name of noninferior
solutions or Pareto frontier. The concept of noni
multiple and conflicting objectives is noninferior if there exists no other feasithlgian with better
performance with respect to any one objective, without having worse performance in at least one other

0 b j e c(Revellee&OWhitlach, 1996)An important characteristic when dealing with altirobjective

analysis is that each objective is measured in different units. In other words, the units are incommensurable.

At the end of the analysis, the decision makers have the responsibility of choosing the appropriate solution

from the set of nonimfrior solutions.

The multiobjective optimization analysis for this study deals with managing environmental and economic
resources in the process of selective dismantling of an existing ksestudymight seek to evaluate
environmental quality and enomic efficiency trad®effs throughout the deconstruction process. For this
study, one of the objective functions seeks to minimize the amount of environmental impacts due to the
discarded parts during the selective dismantling process of a buildingig¢hatinvolve the total or partial

di sassembly of multiple buildingsd subsystems. De|]
can select a specific environmental impact of interest, such as Global Warming Potential (GWP), Primary
Energy Denand (PED), and Water Consumption (WC). The second objective function seeks to minimize
the overall cost of deconstructimmrk. Justification for such an analysis exists if the deconstruction process

is repeated across many similar or identical buildingsgstems such as repetitive lab or living layouts.
The conflict or tradeff between these objectives is found in the incommensurable differences between the

environmental value and removal cost of different selective disassembly plans for components.

7.3.4 The knowledge gap

Adaptive reuse of buildings plays a key role in moving the value chain of the construction industry towards

a more sustainable development and E@aptive reuse is considered a disruptive practice in the current
capital project delivery mad | for the renewal o Therefaved they field forb ui | t
improving the inefficiencies inside the process of adaptive reuse of buildings through the implementation
of green design methods, such as selective disassembly planning and PRMuislerdeveloped in
comparison to other industries (e.g. automotive, textile, and manufacturing). The purpose of this study is to
describe and validate a methodology for optimizing the environmental and financial performance of the

selective disassemplplanning process for adaptive reuse of buildirgsnulti-objective optimization
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analysis is key to finding several effective selective disassembly plans for the adaptive reuse of an existing

asset or building subsystem class through the combinatidffevedt deconstruction methods.

7.4 Methodology

The proposed methodology for a multiple objective optimization analysis is incorporated into the

framework of glective deconstruction project planning by using the Bided phased planning presented

in a prevous work(Sanchez et al., 201%irst, the Sequential Disassembly Planning for Buildings (SDPB)

method is used to generate the optimized disassembly plans for retrieving single or multiple target

components 'm a

gi ven

buil ding6s

assembl

Y, an

d accor di

method optimizes disassembly plans in terms of the physical constraints per building component and by

using just one deconstruction method per building component, whitldie st r uct i ve di

sasse

the disassembly plans are ready, more deconstruction methods per component are included in the next stage

of t he

anal ysi s.

The

ot her

deconstructi

on

met hoo

di s as s e méédng, aweighitead miHbbjective optimization analysis is implemented to generate the

set of noninferior solutions that minimizes a specific environmental impact and the building cost (see Figure

7-1). After finding the set of noninferior solutions fogeaven disassembly plan, the decision makers can

select the alternative that is more aligned to the objectives of the overall project, and they can continue with

the next stages of the deconstruction planning, in order to estimate the final cost addraiah. As

shown on Figuré-1, this becomes an iterative process whereby if the project needs are not fulfilled, the

adaptive reuse design should be changed by the designers.
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Figure7-1: Multiple objective optimization analysis foelective deconstruction project planning
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7.4.1 The disassembly sequence plan model for adaptive reuse of buildings

This study is built on previousork related to selective disassembly planning for adap®gus€Sanchez

& Haas, 2018b; Sanchez et al., 2Q1Biyst, the authors developed the SDPB sitatget disassembly
sequence plan model which is an inverted tree that containdgraunirset of parts that must be removed
before retrieving a target component. A part, in this case, can be a component (building component) or a
fastener (building connection). Root nodes in the inverted tree represent target components, leaf nodes
represenparts that constrain the target components, and the links between them represent constraints. A
constraint can be physical, functional, environmental, or economical. The SDPB method for creating a
singletarget selective disassembly model for buildingts gparts from the Disassembly Graph (DG) model,
arranges and orders the parts in levels, and adds the parts to the inve(®drickez & Haas, 2018b; S.

Smith et al., 2012)Finally, the aproach uses expert rules to improve solution quality, minimize graph
complexity, and reduce searching time for finding optimized disassembly sequen¢&ataiez & Haas,

2018b; S. Smith et al., 2012; S. Smith et al., 2016a subsequent study, the authors extended the SDPB
method to multiplgarget selective disassembly of building components, and also provide the programming

of deconstructionvork.

Both previously develped disassembly sequence plan models rely on a set of initial matrices, which are
derived from geometric and spatial properties of components from a BIM model. The function of these
matrices is to define how components and fasteners are related to escim ognms of direct contact,

primary movement constraints for disassembly, and overall spatial constraints within a predefined working
space parameter. Currently, derivation of these matrices is a manual process that is very tedious and time
consuming folarge assemblies. In addition, human input is required since most BIM models do not contain
the granularity for establishing matrix data such as fastener motion constraints. Most BIM models in
construction are simply not detailed enough to include atefeer details (as compared with 3D models

used in manufacturing applications). To address these challenges, the authors are exploring methods for
deriving initial matrices automatically through use of heuristics (to address modelling discrepancies in BIM
models such as lack of fastener data and geometric inconsistencies) and spatial parametrization algorithms
(to automatically build constraint matrices once components and fasteners are properly detailed). This work
is important in the context of this papgnce the overall quality of the multbjective optimization relies

on having accurate and -olemand data for selective demolition, selective disassembly, and complete

disassembly methods.
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7.4.2 Deconstruction methods per building component

For the proposed gpoach in this study, it was necessary to estimate the environmental and economic
information related to the deconstruction methods included for the-ofjgtctive optimization analysis.
Theenvironmental data for building components includes the LCAletsed environmental impacts for
each componerjt(j =1 ,) éeait to be part of the same assembhe LCA system boundaries and
limitations were determined according to the most common current practices for buildings and in
accordance with a full cradte-grave life cycle analysis as in previous studi&snchez & Haas, 2018b)

The calculated Environmental Impad#, where a8 A, were: 1) Global Warming Potential (GWP) in
kilograms of carbon dioxide equivalent (kg ££9)) and 2) Primary Energy Demand (PED) in Mega Joules
(MJ). The phases included in the LCA were production stage, construction stage, aofeLEadEoL).
According to Schultmann & Sunk@007)the operational stage of an LCA cannot be assigned to a building
component or material separatdfprtunately, the sustainability of disassembly plans should theoretically
not differ based on the building use phase, assuming they support the same functions. Three different
deconstruction methodsr (m= 1 , @ wave analysed for the EoL stage per building component: 1)

selective demolition, 2) destructive disassembly, and 3¢@edisassemblyTherefore, the LCAD 0 0,

of a specified environmental impabf a building componerjtin deconstruction methaa is calculated

according tdequationsr/-1 to 73.

666 006 06 oX) 71
03 03 03 03 72
06 08 0'd 7-3

Selective demolition is defined in this methodology as being synonymous with the destruction of
components and connections. ThReL treatment for selectivelemolition is based on average US
construction and demolition waste treatment methods and rates, including an avoided burden approach for
recycling processes, credit for average energy recovery rates on materials' incineration, and impacts
associated wittandfilling of materials(KT Innovations et al., 2018)he LCA for selective demolition

was calculated per component using tbenmercial 6D BIM software Revit® and Tally@ally® is a
specidized software consistent with LCA standards ISO 1404044 and EN 15978, which are the most
widely accepted and welinown standards for LCA for buildind&T Innovations et al., 2018TheLCA

modeling principles are aligned to the characterization scheme and methodology TRACI (Tool for the
Reduction and Assessment of Chemical and Other Environmental Impacts) developed by the United States
Environmental Protection Agency (US EPA), commordgd for LCA work in North Americ@JS EPA,
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2016) The organization of building lifeycle stages as described in EN 15978 and the processes included
in Tally® modelingscope for the purposes of this study are as follows: product stage (Al. raw material
supply, A2. transport, and A3. manufacturing), construction stage (A4. transport and A5. construction
installation process), and EoL stage (C2. Transport, C3. Waste sirg;e€4 disposal, and D. reuse,
recovery, and recycling potential).

Destructive disassembly is defined in this methodology as the disassembly of components and connections
in a manner which preserves their physical integrity. As a simplification for @k &f destructive
disassembly, the results of selective demolition were used with a reduction of 80% of the production stage
for raw materials supply and manufacturing, assuming that disassembled components could be reused with
only minor refurbishments beg made. This is an important simplification in order to have a reasonable
approximation of the LCA for destructive disassembly per building component for several key reasons.
First, there is a lack of research in the field of estimating the environngestdibr deconstruction activities

and refurbishment of building compone(&hisellini, Ripa, & Ulgiati, 2018)Second, the complexity of
defining the LCA system boundaries of the different EoL option®piéding component may become too
tedious for low building component quantiti€ghormark, 200Q) Finally, this simplification is required

due to the scarcity of reliabtechnical information of deconstructiomethods and procedures per building
component. Some studies have demonstrated that the rate for recovering reusable building components
could vary from 70% to 100% depending on the typ:¢
(how difficult is todisassembly a component), and the product losses during the deconstruction processes
(Séara, Antonini, & Tarantini, 2001)n light of this information, an 80% reduction of raw material supply

and manufacturing LCAsiused for characterizing selective demolition in this work.

For estimating the LCA for destructive disassembly, the avoided environmental burden of the recycling
processing was neglected from the selective demolition LCA calculations since destrigzisseaibly

does not presume the recycling of the recovered components. Perfect disassembly in this approach is
defined as the disassembly of building parts with extreme care in order to warrant their direct reuse (i.e.,
complete physical and functional ity). The LCA for perfect disassembly assumes 100% reduction of the
production stage for raw materials supply and manufacturing from the selective demolition LCA. These
simplifications were made to accelerate the process of calculating LCA per buildipgreemh and also

due to technical limitations of the LCA software Tally® employed in this research. Further investigations
are required in order to make these calculations more accurate and representative. Therefore, the
environmental impackEl® of the LCA production stage for a building compong¢ntith an associated
deconstruction methodn (m=sekctive demolition, destructive disassembly, perfect disassenmbiy

calculated according to Equationg} to 7-6:
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0P 4 0P 00 0P 75
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Where:
op 0P, 8 77
op 0P, 8 78

Similarly, the environmental impa&ii® of the LCA EoL $age is calculated according to Equati@rsto
7-11:

08, (o)} (oX] ok} ok} 7-9
00

00 , 0'd 00 7-10

08 00 00 7-11

The economic data for building compongnti@cludes the information related to the budgeting (bare cost)

C associated with the three deconstruction methodsscribed above. The cost information fostdective
disassembly was retrieved from the national database RSMeans®. The data recovered from this database
is considered representative for the scope of this study (i.e., the building market in North America).
Nevertheless, further investigations stibbke done in order to adjust for the fluctuations of the suggested
prices due to particularities of the local economies of the building location. Even though RSMeans®
contains the prices for a wide variety of construction activities, in the matter ofstiedion activities

such as selective deconstruction, selective demolition, and building refurbishment, the estimations are
limited to only a few options according to the most common trends in the construction industry. RSMeans®
was therefore used for @mtiting the building cost for the destructive disassembly per building component,
and adjustment factors of 0.65 and 1.35 for estimating the selective demolition and the perfect disassembly
costs, were used respectively. This is just a rough approxintdtiba cost variation between conventional
demolition and deconstruction/disassembly of building components. This assumption is built in the fact
that some studies have reported an increment of 70% on the overall operation costs of a building removal
project, if the building is deconstructed instead of being traditionally demol{€welho & de Brito, 2011)
Certainly, the adjusting factors proposed in this study should be calibrated as desired in the future for a
more detailed and specific analysis. Furthermore, future research development in the field of estimating

economic and environmental cost for deconstruction activities is expected to incéasslini et al.,
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2018) Consequently, it will be possible to use more accurate and realistic data of the selective demolition,
destructive disassembly, and perfect disassembly per building component.

The cost estimations in this study do not include salvaged mateeild vedue for simplification purposes.

As part of future research, the assumptions used for estimating of the LCA and deconstruction cost should
be refined. Therefore, the cdStassociated with each deconstruction metinddr a building component

is ddined as:

CERAT & oy 12

The developed form of Equatidhl2 for the deconstruction methoatsare:

0n s R R @ g 7-13
Oh s 0n 8 T L 7-14
0 OF s P& L 715

7.4.3 Multi -objective optimization analysis for selective disassembly

Several methodologies have been devised to portray a-objdittive optimization analysis. For the
purposes of this studyit is usedthe weighted method of multibjective optimization that boasts
widespread use among engineers and is acknowledged as the oldesbjaciive solution technique
(Revelle & Whitach, 1996) The multiobjective optimization problem in this study is to minimize the
environmental impactCA?, as well as the total co§t for the selective deconstruction of a building
assemblyDepending on the approach of the overall analysis, 4keaan select a specific environmental
impact of interestFor each building componep{j = 1 ,) that i3 part of the final disassembly sequence

plan calculated by the SDPB, one of the three different deconstruction metiiods 1 , @ estdblished

in the previous section could be applied. Each deconstruction method has an associated environmental

impactEI* and building cos€. Therefore, the two objective functions have been formulated as follows.

7-16
0 Q¢ Q&Qa Q 0060

7-17
0 Q¢ "QAQG Q 0

According to the multbbjective weighted method, the objective functions must be combined into a single
objective function, or grand objective function, by multiplying each objective function by a weigind

adding them together. For minimization objectives the grand objective function is multiplieid tby
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change its sense to a maximization. The weight is a vanafbse value will change systematically during

the solution process. The resulting grand objective function is:

7-18
0 W Qaca Qo 000 U 0
Subject to:
7-19
© p 0 pB
o 7-20
0 P T pB
w N Tip O pBRp  pB D 7-21
Where:

j building component of a building assembly=1 ,, é , J

deconstruction method for a building componem 1 , ¢ , M

m
a type of environmental impact, = 1 , & , A
k associated weighting famtk =1, ,é , K
0 0 LCA for an environmental impaetof a building componerjtin deconstruction methan
Cim  total cost for deconstruction of a building comporjéntdeconstruction methad
Wi value of the associated weighting fadtor
Xm  decision variable
ph EABOE 1 AIEN &1 AT BB AAT 1 O OOORKIEA 1
T Qai Q
The grand objective functio#18 will generate the set of noninferior solutions for the rmjective
optimization problem. Constraint&-19 ensure that every deconstruction method is processed once.
Constraints/-20 ensure that every weighting factor is processed once. Constraihtdefire the decision

variablexm N {0,1} as binary.

7.5 Case Study

For the process described in Figar&, BIM was used as the main digital platform for the case study.
Figure7-2 shows the 6D BI M model of an adaptive reuse
the University of Wgerloo campus. In 2017, an entire corridor of office rooms and old labs, located on the

second floor of the E2 building, was redeveloped, reconditioned, and repurposed as part of an adaptive
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reuse project at the University of Waterloo. The office roomscddahdabs where converted into modern
flexible laboratories of the Department of Civil and Environmental Engineering. FigRrshows the

details of a specific assembly subset of the original existing building as an example for this studg.. Table

1 showshe LCA results with an EoL of selective demolition per building component for GWP and PED,
respectively. As alluded to in the previous sections, the LCA for building components were calculated with
the software Tally®. Even though the plugin Tally® i¢ able to calculate the LCA of mechanical and
electrical equipment for buildings (MEEB), such as the fume hoods and lamps, auxiliary data were
employed from other LCA studies. LCA studies for specific MEEB are scarce and their characteristics are
specific. Here, LCA results from similar mechanical and electrical equipmesite usedsuch that the
technical considerations were consistent with those proposieestudy. For example, even thouiglvas
possibleto align appropriately the organization of lifgcle stages and the modeling scope processes, it
was hot possible to find LCA studies referring to the samelifde inventoryCastorani, Rossi, Germani,
Mandolini, & Vita, 2018; KI' Innovations®, Thinkstep®, & Autodesk®, 2018egardless, the differences
between inventory datasets are not significant, since they refer to generic processes applicable in several
geographic areas of the world. Consequently, the LCA for these MEERppreximations with a
reasonable degree of accuracy. For the scope of this study, only a few MEEB are included (laboratory
laminar flow fume hood and the convertible fume hood); therefore, improving the accuracy of their impacts
would not significantly cangethereportedresults. However, this approach could make use of new data as
LCA software for buildings improve their representation of mechanical and electrical components in the

future.
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Assembly components:
Laboratory laminar flow fume hood Y
Convertible fume hood and ducting system section
Metal door wall laboratory cabinets
Stainless steel laboratory countertop

Base cabinetry

Fire resistant drywall panel

Steel frame wall system-{20 )

PVC water piping (¥ )

. EMTconduit installation (% )

10. Fire resistant drywall panel <
11-14 & 19 Air duct system r/
15. Fire water piping

16 & 22.EMT conduit installation (%4 )

17,18,20 & 21. PXC water piping 80 )

23-26 Ceilindrop ceiling systemg fixed lamps

27 & 28 Drop ceiling system

CoNOOA~WNE

Attachment elements specifications:
The steel frame wall system (7) is attached to
structure of the building in the floor and ceiling.
The PVC water piping (8) and the EMT condui
installation (9) are attached to the steel framing (7).
Drywall panels (6&10)attached to the steel framing (
Cabinetries (3&5) are attached to the steel framing
and the countertop (4) is attached to the cabinetry (5).
The ducting system (2) is attached to the ceiling and the
fume hood (1) is connected to the ducting system.
Components (11,13,188) are attached to the structural
ceiling through hangers and fasteners.

The air ducts (12&14) are attached to air ducts
(11&13), respectively.

Figure7-2: 6D BIM disassembly modelCluster 1: Isolated assembly under study

Table7-1: LCA results with an EoL of selective demolition per building component for GWP and PED

Building Product stage Construction stage EoL stage Source
component [A1-A3] [A4-A5] [C2-C4,D]
GWP PED GWP PED GWP PED
(Kg COz2e0) (MJ) (Kg CQec  (MJ) (KgCQeq (MJ)

C1 270.5 4,030.3 10.8 154.7 0.0 0.0 (Castorani, et al., 2018)
C2 181.9 2,550.4 3.6 51.6 -26.4 -233.0 (Castorani, et al., 2018)
C3 127.3 3,597.0 4.6 65.2 35.9 -934.0 (KT Innovations et al., 2018)
Ca 311.9 4,500.0 4.9 70.6 -62.4 -722.0 (KT Innovations et al., 2018)
Cs 127.3 3,597.0 4.6 65.2 35.9 -934.0 (KT Innovations et al., 2018)
Cs 117.0 2,066.0 4.6 66.1 7.4 125.0 (KT Innovations et al., 2018)
c7 202.4 2,663.0 2.7 379 -58.3 -514.0 (KT Innovationset al., 2018)
Cs 6.9 146.0 0.1 18 0.1 1.0 (KT Innovations et al., 2018)
Cy 317 416.6 0.4 5.9 -9.1 -80.4 (KT Innovations et al., 2018)
Cio 117.0 2,066.0 4.6 66.1 7.4 125.0 (KT Innovations et al., 2018)
Cu1 91.7 1,207.0 1.2 17.2 -26.4 -233.0 (KT Innovations et al., 2018)
C12 137.6 1,810.5 1.8 25.8 -39.6 -349.5 (KT Innovations et al., 2018)
C13 91.7 1,207.0 1.2 17.2 -26.4 -233.0 (KT Innovations et al., 2018)
C14 137.6 1,810.5 1.8 25.8 -39.6 -349.5 (KT Innovations et al., 2018)
Cis 20.8 438.0 0.4 5.4 0.2 2.9 (KT Innovations et al., 2018)
Ci6 15.8 208.3 0.2 3.0 -4.6 -40.2 (KT Innovations et al., 2018)
C17 62.4 1,314.0 1.1 16.3 0.5 8.6 (KT Innovations et al., 2018)
Ci8 62.4 1,314.0 1.1 16.3 0.5 8.6 (KT Innovations et al., 2018)
C19 210.9 2,776.1 2.8 39.5 -60.7 -535.9 (KT Innovations et al., 2018)
C20 62.4 1,314.0 11 16.3 0.5 8.6 (KT Innovations et al., 2018)
C21 62.4 1,314.0 11 16.3 0.5 8.6 (KT Innovations et al., 2018)
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C22 15.8 208.3 0.2 3.0 -4.6 -40.2 (KT Innovatbons et al., 2018)

C23 91.7 1,207.0 3.6 51.6 -26.4 -233.0 (KT Innovations et al., 2018)*
C2a 91.7 1,207.0 3.6 51.6 -26.4 -233.0 (KT Innovations et al., 2018)*
Cs 91.7 1,207.0 3.6 51.6 -26.4 -233.0 (KT Innovations et al., 2018)*
C26 91.7 1,207.0 3.6 51.6 -26.4 -233.0 (KT Innovations et al., 2018)*
Co7 389.1 4,314.0 4.4 63.0 -184.0 -1,624.0 (KT Innovations et al., 2018)
Czg 389.1 4,314.0 4.4 63.0 -184.0 -1,624.0 (KT Innovations et al., 2018)

* excluding electronic components

The E2 case study is used to demonstreggresentedpproach for a muhbbjective optimization analysis

for selective disassembly planning for buildings. The software used for this purpose vwasRMEitjure

7-3 shows the 5part assembly model under study. This study uses a previously described algorithm
(Sanchez & Haas, 2018t create optimized singkarget disassembly sequences, SDPB, for thettaige
componentg; andcis. For Figure 2, the best direction for removing componerdsadc:s is +x direction.

Figure 7-4 shows a multipktarget disassembly plan for componeotsand ciz. The approach found a
solutionS1 = (& f7 fs Cs fe Co f10 Cs Tg C10 f11 C2 f2 €1 f1 €5 f5 €4 f4 €3 f3) for ¢z, andS2 = (G f14 C14 f15 Coa f25 C22

f23 Cos f24 Co7 fog) fOr €13, Then the approach merges the single SDPB into one with multiple objectives.
Because the single plans do not share nodes in common, thafditisdarget plan has two root nodes.

Figure7-3: Exploded view othe disassembly model: Cluster 1
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Figure7-4. Automated generation of the multigigrget SDPB for componentsandcs

Once the disassembly plan DSPB is ready, the weighted-ojdttive optimization analysis for
deconstruction methods is implemented to generate the set of nonirderim s that minimizes a specific
environmental impact (GWP) and the building cost. TaeResummarizes the result of the calculations,
and Figures/-5 and7-6 displays in a graphical way the noninferior solutions founded with the proposed

approach.

Table 7-2: Case Study Set of noninferior solutions for the SDPB of componentmdcis

k W1 w2 Solution GWP Deconstruction Cost
(Kg CCzeq) ($USD 2018)
1 1.0 0.0 A 120.24 $2,955.76
2 0.9 0.1 B 121.56 $2,930.15
3 0.8 0.2 C 135.98 $2,856.87
4 0.7 0.3 D 144.10 $2,833.03
5 0.6 0.4 E 330.42 $2,507.99
6 0.5 0.5 F 640.59 $2,117.37
7 0.4 0.6 G 844.87 $1,900.10
8 0.3 0.7 H 981.64 $1,876.64
9 0.2 0.8 | 1,930.50 $1,462.24
10 0.1 0.9 J 2,080.67 $1,430.96
11 0.0 1.0 K 2,199.75 $1,423.14
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Figure7-5: Pareto frontier for minimizing the Global Warming Potential and deconstruction cost of the

SDPB for components; andci; by using diffeent deconstruction methods
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Figure7-6: Set of noninferior solutions for the SDPB of componentndc:s

The result of the case study shows that the different deconstructiondsgikr building component

influence the environmental and economic cost of the selective deconstruction process. The solution A
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represents the eddendlier option because it is the one which reduces its negative environmental loads as
represented by GWHnN contrast, the solution K represents the most-effettive option because it
minimizes the cost for the deconstruction of the building assembly. The peb#syeen are intermediate

points that balance the negative environmental load and buildstgaccording to the weighting factors
defined by the user. Potential weighting factors determine solutions that are part of the Pareto frontier. This
method is thus an effective approach to generate a set fifesior solutions for multiple objectivas

the selective deconstruction planning of buildings. In the end, the decision makers have the responsibility
of choosing the most appropriate solution from the set ofimfenior solutions, according to the specific
adaptive reuse building project gaal$he methodology described in this study is an effective and user
friendly tool for practitioners and decision makers to perform a rohjgctive analysis based on scientific

and holistic lifecycle techniques.

With the set of notinferior solutions, dasion makers can focus on the interpretation of the results in terms

of sustainability and CE. For example, in this particular case study the solution A costs $1,534 USD more
but avoids over 2,000 Kg G@g. This represents the best option for decreabimgrnvironmental burden

for the deconstruction process. However, the intermediate points give alternatives to acknowledge the
components with the highest environmental value to recover the net environmental burden of the different
deconstruction plans. Treconomic value associated with £€5 emissions can be estimated using the
Social Cost of Carbon (SCQC). Itis intended to represent the full economic damages associated with emitting
one ton of CQ (or CQ eq). Impacts include agricultural productivityyrhan health, property damage,

flood risk, and ecosystem services, among otf@hnmdell, 2015) The SCC has been estimated through a
wide variety of studies (see, e.(Nordhaus, 2017%)including for the purpose of U.S. regulatory analysis
(Greenstone, Kopits, & Wolverton, 2013nd applied to evaluate damagé€Shindell, 2015; Yeung,
Walbridge, Haas, & Saari, 2017lhe recommended regulatory SCC for emissions in 2020 range from
$12 to $123/ton (in 2007 USD), with a value of $42/ton discounted &{Sbf#et, 2013)Therefore, the
monetization of the avoided carbon emissions for the solution A of the case study is around $84 USD which
is the 5% of the deconstruction over cost. Economically speaking, solution A does not represent an attractive
alternative with this estiate of the social cost of carbon emissions. However, regulatory carbon prices
vary, and the theoretical cost of carbon is uncertain in the mid and lon¢gSkimdell, 2015) Therefore,

finding the solutions on thPareto frontier for the environmental and economic cost, as proposed in this
study, can help decision makers select the best option under the regulatory and epistemic uncertainty
associated with carbon emissions price, and also with other environmegpeaats of interest, such as PED,

water Consumption, etc.
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The results of the case study show that the proposed methodology is able to efficiently find different
deconstruction plans that optimize multiple objectives for the selective deconstruction lofiregagset

class. The proposed methodolaygates high quality, practical, and realistic selective deconstruction plans
that are part of the Pareto frontier of the malijective optimization analysis. Some of the main strengths

of the proposed methoday is that it is user friendly for analysts and practitioners, and it is easily
customizable according to the specific objectives pursued in an adaptive reuse building project. Some of
the set ups that could be customized are: 1) the number of objetctioggimize (2 or more), 2) the
environmental impact to minimize, 3) the number of deconstruction methods per building component, and
4) the amount of solutions to include in the Pareto frontier. This characteristic of the methodology brings
to the user #xibility and a full range of options to test along the compound process of adaptive reuse
design, and everything under a practical level of complexity. Even the simplifications proposed in this study
related to the approximate estimation of the LCA aritlling cost for selective deconstruction processes
represent a feasible alternative with a reasonable amount of precision, considering that the investigations in

this field are scarce and sometimes null.

As discussed in the literature review, the compjerit adaptive reuse projects is due to the different
constraints for a specific building project in context. The constraints range from technical, economic, and
even social needs. Therefore, the proposed methodology helps in improving the performaapévef ad
reuse projects through optimizing the selective deconstruction process according to the specific needs
(objectives) of the project. Furthermore, this methodology is an advance in thawemation of the
complex process of adaptive reuse desigt ttivolves complex subprocesses in the fields of LCA for

buildings, selective disassembly planning for buildings, and BIM modeling.

7.6 Summary of findings on multi -objective analysis for selective disassembly of buildings

Adaptive reuse has the potentiaht@ximize the residual utility and value of existing assets through green
design methods, such as selective disassembly planning. Green design methods are used to reduce
environmental impacts and to increase economic benefits over the entire producticer Ifenycle.

However, he field of green design methods for buildings is still underdeveloped in comparison to other
industries such as automotive, textile, and manufacturing. Attending to the aforementionédenagd,

of the study presented in thisapter is to developraulti-objective optimization analysis for the selective
disassembly planning of an existing asset through the combination of different deconstruction methods.
The analysis is carried out in terms of the physical, environmental, @braic constraints of the
deconstruction methods per building component. The SDPB method presented in previous studies is used

in order to generate the optimized disassembly plans for retrieving target components. The SDPB method
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was extended with the guowse of including more than one deconstruction method per component. At the
end, a weighted multbjective optimization analysis is incorporated to generate the set of noninferior

solutions that minimizes environmental impacts and building cost.

This stugy demonstrates that there is a considerable environmental and economic savings potential along
the selective deconstruction planning for adaptive reuse of existing assets. During the process of selective
deconstruction planning, the designers have to ywsaluate the environmental and economic cost of the
building components to deconstruct and the deconstruction methods to apply. In this way, it is possible to
maximize the net benefits of the selective deconstruction of a building. Even though thdjectineoof

this study is focused on the optimization of selective disassembly planning for adaptive reuse of buildings,
emphasis is placed on the potential for reusing the recovered building components through the proposed
selective disassembly methodsisl well known that reuse of components is the best EoL alternative in
terms of sustainability due to the amount of environmental beereiiteddedAs demonstrated in the case

study, the recovery of building components through selective disassembbsiextbe building cost, but

it decreases considerably the negative net environmental loads (emissions to the atmosphere, energy
demand, water depletion, etc.). Other potential environmental benefits of deconstruction are: decreased
disturbance to the sifés soil, ground cover, and vegetation), conserved landfill space, reduction in material
mass sent to landfill, conservation of natural resources by reused materials replacing new building materials
(this allows the regeneration rate of natural resou@de faster than the depletion rate), and decreased
air-borne lead, asbestos, and nuisance dust at and around the [@oslt® & de Brito, 2011; Lund &

Yost, 1997; Punl.iu, Langston, Treloar, & Itoh, 2006)

The proposed study represents an advance in the field of understanding the economic and social benefits of
recovered building components towards a CE in the construction industry. Specifically, it provides a means
for quantifying the value of reuse across multiple dimensions that may be neglected in traditional analysis.
Conventionally, the economic value of a building component or material reaches its peak after construction
and drops to zero after demolition andpdisal (Pun et al., 2006; Sara, Antonini, & Tarantini, 2Q00)
Nonetheless, reutilisation of recovered building components in other construction projects enables the
economic value of building cgmonents to be boosted to another peak level after the recovery process
through selective deconstruction. The reuse of building components also provides steady supply for
regional construction activities and stimulates the creation of new employment ogpstior the
construction industry. There is societal benefit to any operation that increases the employment of people in
the region. The deconstruction methods, such as selective demolition and destructive disassembly, involved
in the partial deconstrtion of an adaptive reuse building project are highly labor demari@ioglho &

de Brito, 2011)which is translated as the generation of new sources of employments. Also, because the
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field of jobs related to decomactionwork is relatively new, and it has been scarcely explored, there are
interesting opportunities for the creation of new kinds of job. For example, the different range of methods
to deconstruct a building component such as selective demolitionyates disassembly, and a perfect
disassembly. Job creation can be an important policy consideration for federal agencies or communities
engaged in building removal. This topic should be deeply researched in the future in order to fully

understand the damics and synergy between the different agents inside the CE value chain.

The major contribution of this work is the development of an integrated deaisikimg methodological
framework for the adaptive reuse design process, encompassing the optinozadtienenvironmental

impacts as well as the building cost along the deconstruction processes. In contrast, the past research efforts
focused mainly on suggesting qualitative and quantitative approaches for the entire deconstruction of a
building asset witha fixed deconstruction programming of activities that do not capture the issues of

customized selective deconstruction processes.

A number of methodologies have been devised to portray the noninferior set among conflicting objectives
in engineering proeims. For the purposes of this studge weighted method of muitibjective
optimizationwas usedhat has widespread use among engineers. The final goal is to generate the set of
noninferior solutions by the appropriate technique. Based in previous ssindike field of selective
disassembly planning for buildings, the proposed approach has been demonstrated to be a strong and
efficient way to generate comprehensive information about the best available choices for the selective
deconstruction of a buildg asset. This method represents an affordable tool for the decision makers along

the deconstruction process for the adaptive reuse of an existing building.

This study has demonstrated the technical affordability of applying the proposed methodology with a
reasonably level of complexity and accuracy. The tools and methods that are part of the workflow in the
proposed approach, such as 8&#PB method, 6D BIM modelinfRSMeans® databases, and Tally® LCA
analysis are available in the market and they are isgieed tools for buildings with simplified procedures

in order to keep the overall analysis in a reasonable range of complexity. The evidence suggests that in the
futureall of theseools and methods will be continuously developed in order to make tloeenefiicient,

simple, and reliable. The proposed study represents an advance on the integration of diverse technologies
in the fields of deconstruction building planning, virtual building modeling, environmental assessment, and

cost performance of adaptiveuse building projects.

122



Chapter 8: Summary, Conclusions and Recommendations for Future Work

8.1 Thesis summary

Buildings contribute significantly to the global environmental load caused by human activities. As such, in
the last decades there has been a growing stteranproving a building's performance over its-lifecle

stages (production, construction, operation, and-dridfe [EoL]). Several studies have recognized the
importance of the EoL stage in buildings, and the opportunity of their adaptive ressgasar alternative

to new buildings in terms of sustainability and Circular Economy (CE). Adaptive reuse, identified as a
process to improve the financial, environmental, and social performance of buildings, involves restoring
and in some cases changthg use of existing buildings that are obsolete or are nearing their disuse stage.
The aim of this research is to add a-tifecle perspective to the decistaraking for adaptive reuse building

project planning to improve environmental and economic pedaoce outcomes.

In a first stage of this study, the framework of capital project planning for a CE is defined, as well as the
fundamental role of adaptive reuse of buildings inside the circular construction valudtéhargued that

the early capitaprojects delivery phases for a CE should have distinct stages, decision gates, and more
appropriate planning methods, such as selective disassembly, Life Cycle Assessment (LCA) monetization
protocols, and optimization methods. An investigation of relatedies underpins the capital project
planning framework proposed and the research that must still be accomplished to enable a more CE in the
capital projects sectoAside, a lifecycle based decisieamaking methodology for evaluating adaptive
reuse of bildings is developed with the purpose of understanding and unveiling the environmental and
economic implications. This methodology is used for the analysis of the net environmental impacts and
buildings cost performance of an adaptive reuse case stublg itity of Waterloo, Ontario, Canada. A
detailed consequential substitution LCA and a building cost analysis are performed in order to
guantitatively demonstrate the relevance of each building component, as well as their influence on the net

environmentalmpact and building cost due to adaptive reuse.

In a second stage, semuitomated optimization approaches to assist in maximizing the environmental and
economic benefits in the process of adaptive reuse through selective disassembly planning are developed
and validated. These optimization approaches are performed employing advanced Building Information
Modeling (BIM), Product Recovery Management (PRM), and LCA technologies which have recently
opened up a wide range of solutions in the field of sustaihapili i n t he construction in
knowledge, these are the first methods developed for selective disassembly planning of buildings. Although

the proposed methods can be applied in any types of construction assembly, this thesis maislgriocuse

buildings assemblages. Contributions of developing the described framework include developing (1) an

123



efficient singletarget selective disassembly sequence planning method approach for buildings, (2) an
efficient approach for the selective deconsiarciprogramming of buildings, and (3) a mwdtjective
optimization analysis approach for selective disassembly planning of buildings. Validattinobthe
proposed methods is achieved through functional demonstration with adaptive reuse casensudnloés,

high quality, practical, and physically feasible solutions for selective disassembly of building components

are found.

The overall proposed framework in this research have demonstrated to be effective to improve sustainability
in the constructio industry by proving the lifeycle net environmental and economic potential benefits of
buildings' adaptive reuse. Also, this research marks a referent for the developmenfraéndigmmethods

and tools applicable for improving inefficiencies in fir@ecess of adaptive reuse through optimization of

the selective disassembly planning, with a-tifele perspective.

8.1.1 Capital project planning for a Circular Economy in the construction industry

Adaptive reuse synthesizes many of the CE principles and dsethrder to restore, reconfigure and
repurpose existing buildings. An urgent need exists to develop and validate effective planning principles,
methods and tools for adaptive reuse building projects. In particular, while the PDRI for buildings is known
to be an effective planning tool for grefild building projects, it has limited applicability to the circular
model. Compdmentary tools are also required such as selective disassembly planning methods, LCA
analysis procedures, and methods to justifyett@jment incentives offered by government. Thus, in
Chapter 3it is proposeda capital project planning framework and related research that must be
accomplished to enable a more CE in the capital projects sector. Chapter 3 provides a short introduction to
the main concepts addressed in this study, the CE in construction, CE for the built environment, and the

implications of circular building principles in capital project delivery.

8.1.2 Analysis of the net environmental impacts and buildings cost performance fadaptive
reuse of buildings

Adaptive reuse of buil dings i s considered a sup
environment. However, little research has been done for assessing adaptive reuse building projects in terms

of life-cycle and CEBecause of the great impact that the building industry has on the environment, failing

to optimize buildingsd us ecyclekxpdctantysmot bemngfully ex@oitdd,t i n |
and with it, wasting the resources embedded thereaih,asiPrimary Energy Demand. The aim of the study
presented in Chapter 4 is to develop adijele analysis of the net environmental impacts as well as the

buil dingbdbs cost performance of an adapt structurar eus e

system. Results show that the adaptive reuse of the building structure produces a considerable decrease on
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the environmental impacts and the construction building cost. Distribution of cost among materials, labor,
and equipment is different thathose for a new building. This study objectively demonstrates the
considerable benefits of the adaptive reuse of the structure of an existing asset. In contrassfthetae
building subsystems have been identified as an area with high potemtimhgroving the existing
inefficiencies during the adaptive reuse process.

8.1.3 Selective disassembly sequence planning for adaptive reuse of buildings

Adaptive reuse of buildings can be an attractive alternative to new construction in terms of sustainability
and a CE. Achieving net benefits with adaptive reuse partly relies on efficiently planning building
disassembly. The aim of the study presented in Chapter 5 is to describe a new efficiefargjagle
selective disassembly sequence planning method dexklign adaptive reuse of buildings. Finding a
global optimum disassembly planning solution for buildings can be time consuming and physically
impractical due to the high number of possible solutions. The method developed seeks to minimize
environmental imact and removal costs using Ridlased recursive analyses for planning recovery of target
components from mulinstance building subsystems based upon physical, environmental, and economic
constraints. Rukbased recursive methods have been demonstmated an efficient alternative to find
nearoptimal disassembly sequences by eliminating uncommon or unrealistic solutions. Validation is
achieved through functional demonstration with case studies, where high quality, practical, realistic, and
physically £asible solutions for singlarget selective disassembly of buildings are found by using the new
method. For adaptive reuse of buildings, the new method can be used to reduce the costs of disassembly

and demolition and improve the planning process.

8.1.4 Decongruction planning and scheduling for adaptive reuse of buildings

Adaptive reuse is a way of maximizing the residual utility of existing assets. Adaptive reuse makes it
possible to retrieve components from an obsolete building through deconstruction pnogam
Unfortunately, current deconstruction programming practice relies on conventional intuitive planning
procedures by professionals, leading to suboptimal resulksstlidy presented in Chaptedéscribes and
validates a serautomated selective deciruction programming approach for adaptive reuse that can
support quantitative analysis. First, a new method is defined for muliget selective disassembly
sequence planning, using a Hbilased recursive approach for obtaining regatimal heuristicsolutions.

Then, a method is demonstrated for programming the deconstruabidnbased on the disassembly
sequences. Validation is further achieved through a case study, in whiajulaidgly, practical, and feasible

solutions are found by using the newethod. The approach helps improve project performance through
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process automation that supports quantitative analysis, low cost exploration of alternatives, and an iterative
design process for meeting project constraints.

8.1.5 Multi -objective analysis for seleiive disassembly of buildings

Adaptive reuse has the potential to maximize the residual utility and value of existing assets through green
design methods such as selective disassembly plariindies in the field of selective disassembly for
adaptive rese of buildings are scarce and there is no evidence of established methodologies and/or analysis
for the optimization of the environmental and financial benefitsnulti-objective analysis is key to
obtaining several effective selective disassembly planthe adaptive reuse of an existing asset through

the combination of different deconstruction methddse analysis is carried out in terms of the physical,
environmental, and economic constraints of the deconstruction methods per building component. The
Sequential Disassembly Planning for Buildings (SDPB) method, presented in previous studies, is used in
order to generate the optimized disassembly plans for retrieving target components. At the end, a weighted
multi-objective optimization analysis is ingmrated to generate the set of noninferior solutions that
minimizes environmental impacts and building cost. The results show that different complete disassembly
plans exist foall of thepossible combinations. The possible combinations are driven bigtioastruction
methods per component, as well as the dismantling interdependence. For adaptive reuse of buildings, the
methods described in this study can be used to improve the project outcomes according to specific goals

and constraints (e.g. environntel) economic, technical).

8.2 Discussion

The field of barriers to adaptive reuse has been studied and documented deeply, due to the importance of
the topic(Conejos et al., 2016)he framework and the methods deypeld in this thesis helps to tackle

some technical barriers, such as, physical restrictions, technical difficulties, and inaccuracy of information
and drawings, as well as other barriers related to the resoaseel business model in the construction
indudry, such as, inertia of production, commercial risk, and financial perceplibisthesis marks a
referent for the development of usdaendly methods and tools for improving inefficiencies in the process

of adaptive reuse through the optimization lod selective disassembly planning and with adifele

perspective.

The methodologies described in this thesis use BlNhagnain technological platform to assistthe
planning, and desigstages for adaptive reuse building projects. Howeavdras ben pointed outthat
current BIM approaches are insufficient to efficiently support adaptive reuse prgBdtss insufficient

when adaptive reude conceptualizeds a flow of building materials and components through a circular
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value chain. While recauzing the role of 6D BIM within project and asset management that assumes a
single use cycle for parts, materials and syst@emsent BIM models do not support important project

activities of adaptive reuse projects, such as, disassembly planning, tprecliwery management, or
parametric design and simulation to integrate recovered produdtse presented methodshas been

identified some needs and requirements for BIM models that support these activities. The requirements are
focused on how to edttively represent parts, materials and systems, as well as, interfaces between them.
Also, additional properties need to be defimath as adaptable geometry, life cycle cracleradle
characteristics, functional state, usage history, as well asuthelbdi ng el ement sd member

within the overall building system.

The functionality of the methodologies presented in this thesis has been demonstrated for isolated clusters
of building components meant to be part of a whole building. Thibd&sin order to keep the complexity

of the models and the computational requirements for the calculations in a reasonable range. Once, we have
tested and validated the models in a small scale, in the next stage more investigattode done in

orderto extend the application of the methods to entire buitdimgnfrastructure system#lthough, this

should be a straightforwastalingstep, there are some technical implications that migltitobsidered

such as, the elevated amount of data and-detato manually extract from the BIM models, the missing
adaptive reuse characteristics in current BIM modatg] the integration of performance analysis of
buildings' subsystemge.g. energyperformanceanalysis, structural analysis,u i | dCA etd). These

are some of the main technical barriers that have to be solved in order to besahle theappication of

the presented methodologies in this thesis in an effectiveReaunately, advancements in the fields of

1) automationin constructbn (e.g. computeraided workflows automation,machine learning toolfor
construction process simulation modeg) (Chen, Garcia de Soto, & Adey, 2018) digitization of the

built environment(e.g. scafto-BIM, digital twins, 10T) (Bosché, Ahmed, Turkan, Haas, & Haas, 2015;
Whyte & Hartmann, 2017)and 3) information modeling for buildingge.g. BIM, CIM, building
information systemsdntegration ofspecializednodeling software for buildinggASCE, 2015; US GSA,

2007; Volk et al., 20143re helping towardgetting over these technical barriers and the evidence suggests

that this trend will continue in the coming years.

The practical implications of implementing the methods presented in this thesis towards moving to a CE
can be discussed in terms of the gseither for particular sustainable building projects or for the whole
circular value chain in the construction industfe direct benefits for particular building projects are
improvement on the management of resources and waste by minimizingsjogrimaterial and energy
loops, minimizing the negative environmental impaats] adding quantitative analysis to the decision

making process during the process of building dismantling. It is well known the fact that project planning
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has the potential amproving projects outcomg®ingham & Gibson, 2017; Cho & Gibson Jr., 2001;
Collins, Parrish, & Gibson, 2017; Edkins et al., 2Q01Bgreforethe methods and tools presented in this
thesis aims to improve adaptive reuse projects outcomes thappgbpriateprojectplanning during the
phase of buildings dismantling and adaptation planiisp, the quantitative methods approach presented
here, rpresent a stepping stone to overcome the technical bgeigrphysical restrictions, complexity
and technical difficulties, and inaccuracy of information and drawj@gsejos et al., 201pB}hat impede
and ®metimes underestimatihe implementationof closedloop construction such aadaptive reuse of
buildings(Sanchez & Haas, 2018a; Sanchez & Haas, 2Q#i@8k)gn for future adaptaityl (Conejos, Chew,

& Yung, 2017; Douglas, 2006; Kibert, 200desigring with reused building componenf&orgolewski,
2008; Sassi, 2008rradleto-cradle building desigiiBastein et al., 2016; Lacy & Rutqvist, 2018nd
designing buildings as future raw material baflksrntoo®, 2019)

The direct benefits for the whole circular value chain in the construction industheaesluction of waste

streams to the landfills, the appreciation on the value of reusable building components, a better management
of building stocks and raw materials for construction, gnedtability on the inflationary pricesf building
materials/componentsver theincreasingscarcity of raw materialsThe global building sector, as its
demand for raw materials, is growing at ume@ented rates and it will continue to do so in the coming
decadegUN, 2017) For instance, it is expected that by 2050 the building floor area by world region will

at least double its sizés discused in the background and motivation sectbrihis thesisit will be
physically, economically, and environmentally impossible to reach the projected building development
without taking advantage of the current building stdckane handthe building industryis responsibldor

40% of waste to landfill and 32% of world resource depldiioiergovernmental Panel on Climate Change
(IPCC), 2015; IPCC, Langsh et al., 2008)On the other hand, the scarcity of raw materials in the
construction industry is a concept presently high on the agenda of resource policies all over the world due
to the increasing trend i n théweddurimgithetast tleeafMareinis 6 pr i c
De Camillis, & Pennington, 2013; Sieffert, Huygen, & Daudon, 20E4En though, the vast global
endowment of raw materials may not be exhausted somexthaction and production are becoming more
challenging due to an increasing dependence on ever more dilute and distant stocks of ores and other
resources and the parallel increase in waste from extraction of materials and the disposal -@frawigner

built environment{Kibert, 2007; Mancini et al., 2013)s soon as a lower grade of resource banks becomes
available, extraction implies increasing negative environmental impacts suehesagy consumption,
emissions, water requirements, mining waste, bigger impacts on landscape as well as the exploration of

ecologically sensitive areaSherefore, there is an urgent need to reducexleessivevaste of resources
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along the entire suppbhain in the construction industoy increasing thenplementatiorof CE strategies

for the current and future build environment.

The implementation othe CE principlespresented in this thesisas he potential of improving
sustainability of the infragicture systems by taking advantage of the inherent redundancy created by the
expansion of urban developmeiithe premise isimproving infrastructure sustainability and resilience
through redundancy. According to Ah€B®13) the sustainability of cities involves resilience, the capacity

to recover from disturbances without changing fundamental state to be sustainable over a longer term.
Redundancy is achieved when multiple elements or components provide the isafag, & backup
functions, spreading risks across time, geographical areas, and multiple systems. Therefore, through
guantifying and mapping the potential environmental benefits embedded in the building stock, such as
initial embodied energy, greenhougEs emissions, water and material stock, it will be possible to generate
relevant information for the governments acity councils for better understanding, planning, and
managing the infrastructure systems towards sustainable development, resiliens,syste € by using

the existing redundancy of the built environment.

The work presented in this thesepresents an advance of the forefront for the regulation of energy and
natural resourcei® a circularvalue chain in the construction industiijhis gudy proposes an innovative
understanding of the real value of the built environment in terms of sustainability through merging cutting
edge software technology with the most wupdated an
on the monetizadin of environmental impacts (e.g. primary energy demand and global warming potential).
Consequently, consumers and decisimakers will be able to improve the management of energy and
natural resourceim a CE For examplepolicy makers could usthese tols to objectivelydecide how to

use taxes, credits, or incentives to influence adaptive ens®ther close loop construction strategies
Finally, the shift towards a CE is transforming the fundamentals of the natural resources value chain
worldwide, ircluding the sources of primary energy. The presented study develops technical methodologies
for fully exploiting the residual life cycle value of existing assets, and with it, taking advantage of the

embedded resources.

8.3 Conclusions and contributions

The lkey contributions and associated conclusions of the work presented in this thesis are summarized

below.
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8.3.1 Capital project planning for a Circular Economy in the construction industry

In Chapter 3 it is argued that project planning for capital projects masgehasusiness modelshift

from a linear to a CE. Thus, a capital project planning framework is proposed for-ldopedycle
construction projectsAlso, a reference framework for required revisions to develop a planning tool for
adaptive reuse projesis suggestedThis framework identifies the project scope elements from the PDRI
for buildings that must be modified in order to align them with circular building principles. Fiita#ly,
concludel that in the capital project delivery phase of circudrastructure, scieneleased, usefriendly,

and fitfor-purpose methods are needed to decide amongstfiglbnonstruction versus adaptive reuse,
to develop preproject planning for closebbop cycle construction, and to plan for the optimizatiothef

benefits of adaptive reuse.

8.3.2 Analysis of the net environmental impacts and buildings cost performance for adaptive

reuse of buildings

The main conclusions and contributions of the study presented in Chapter 4 Tdgllewemolition of a
building may beprematureif its residual utility is ignoredCurrent implementation of adaptive reuse relies

on intuitive planning procedureghe structural system of buildings has the highest potential for adaptive
reuseMain inefficiencies for adaptive reuse prdgeare in nosstructural subsystemadaptive reuse plays

a key role in the transformation towards a GBe studypresented in Chapterig a practical way to
determine the desirability of applying adaptive reuse for building projects. With the develajraease

study, the technical affordability and practicality of applying the proposed methodology was demonstrated

using the current technologies and trends in the construction industry.

8.3.3 Selective disassembly sequence planning for adaptive reuse of dinbs

The main conclusions and contributions of the study presented in Chapter 5Boliow.] di ngs é di sas
planning can improve adaptive reuse performance.-Baged building's disassembly methods efficiently

find nearoptimal solutions. Parts' independence analysis is critical for effective disassembly planning.
Simplification of the disassembly model reduces computational requireriggineering judgment of
target components sel ect iTheselectve disassemblygsieree plaonthg | 6 s ¢
method for buildings presented, developed, and validated in Chapter 5 represents an advance for improving

the technical inefficiencies of adaptive reuse of existing buildings. t he aut hors6 knowl e
first study that descrilseand validatesraoptimizationmethod for sequentialisassembly planning for

adaptive reuse of buildingSDPB)
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8.3.4 Deconstruction planning and scheduling for adaptive reuse of buildings

The main conclusions and contributions of the study presented ineCh&agbllow. Deconstruction
planning methods for adaptive reuse of buildings have been scarcely invesfit@stidypresented in

this chapterdevelops and validates a pioneering selective deconstruction programming approach for
adaptive reuse of buildgs.Correct deconstruction programming has the potential of improving adaptive
reuse projectsod Amdticangetalisassprebly planning anatlwoe for buildjngmssed

on the singlgarget SDPB method described in the previous chaigtelesribed and validatethrough
functional case studie$he approactior selective deconstruction programming barilding assemblies

a~

presented in thischaptermpr oves adapti ve r thnoulgproqessajtomations 6 per f o

8.3.5 Multi -objective analysisfor selective disassembly of buildings

The main conclusions and contributions of the study presented in Chapter 7 Aalkgptive reuse has the
potential to maximize the residual utility and value of existing assets thtteghptimization of the
deconsruction/disassembly planning. multi-objectiveoptimizationanalysis is key to obtaining several
effective selective disassembly plans for the adaptive reuse of an existing asset through the combination of
different deconstruction methodihe proposed sthodologydescribed in this studgreates high quality,
practical, and realistic selective deconstruction plans that are part of the Pareto frontier of the multi
objective optimization analysfer minimizing the environmental and economic coatso, the proposed

study represents an advance in the field of understanding the economic and social benefits of recovered
building components towards a CE in the construction induBkmre is societal benefit to any operation

that increasethe employment of mgle in aregion as is the case of implementing and promoting selective
deconstruction methods in the building indus#iso, reutilisation of recovered building components in

other construction projects enabtescuing the marginal economic value afsable building components

instead of wasting them through demolition and landfill disposal.

8.4 Limitations

One of the limitations of the selective disassembly/deconstruction methods presented in Chapters 5, 6, and
7, is that they require accurate and rekablputs All of theseinputs come from different sources such as
databases of the economic cost of deconstruetmwh for buildings components, LCA with a specific EoL

for the buildings components, and manual generation of the-da&aof the DisassemblGraph (DG)

model (Initial constraint matrices) for the SDPB approach. Therefore, the accuracy of the results of the
presented methods rely on the quality of the input data. As discussed in each chapter, nowadays the quality
of this input data is questiable (and it could be improved) due to the lack of studies in each field related

to deconstruction/disassembly of buildings components. However, all the evidence points that these fields
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are becoming the center of the research towards advancing on distao@astruction, green design
methods, and CE in the construction industry.

Another limitation of the work presented in this thesis, is that the usability of the SDPB method approaches
is mainly threatened by the amount of data to manually enter (inadditthe actual work of a designer)

to use it properlyAll of the spatial, topological, and interdependence constraints of a building assembly
under study have to be manually organized in DGs for their computational processing. Simplifications and
assumptions could facilitate and speed up the process, but they could also decraasebitity of the

output. Therefore, a compromise between these two positions must be determined to ensure a maximization
of outcomes and insight with a minimization of addhal work. Nevertheless, automation can be developed

to help embed intelligence into the data generated in digitization workflows. For example, there could be
developed algorithms with the objective of retrieving (or generating) the necessary SDR8nlat&IM

model.

Another limitation is that the different methods presented in Chapters 5, 6, and 7 are not fully automated
yet. The main reason is that the methods requires different kinds of technological platforms for
preprocessing the data at differetages. The main technological platforms used are the BIM software
Revit®, the LCA software plugin Tally®, the RSMeans® databases, the spreadsheet software MS Excel®,
the programming platform MATLAB®, and the project management software MS Project® iShew

single platform that is able to develajy of thespecialized tasks required for the goals of the proposed
studies. However, all of them are able to exchange the postprocessed data in a compatible format for the
other platforms. The presented nmdh in this thesis still need manual processing and cognition per
platform before exporting the postprocessed data to the next processing step. The evidence shows that the
advances into interoperability between technological platforms will continuously developed with the

computational technology improvement.

8.5 Recommendations for future research

In this section, some potential research thrusts for extending the work initiated in this research are discussed.

8.5.1 Development of a preproject planning tool for adaptive reuse

In Chapter 3 suggest a reference framework for required revisions to develepraj@ce planning tool

for adaptive reuse projects. This framework identifies the project scope elements from the PDRI for
buildings that must be modified iorder to align them with circular building principles. Similarly, it is
argued that some project scope elements should be completely modified according to the nature of the value

chain in a CE. Finally, another set of project scope elements that semaihrwithout any changes in the
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approactare definedHowever, they should be investigated in order to demonstrate and validate the weight
that represents their importance in the performance of a elospctycle construction project. As well,
validationis required to examine the hypothesis that the successful completion of alolysaycle
building project is positively correlated with the quality of the project definition during therppect
planning phase. In other words, a wadifined projectlefinition would correspond to a higher probability

of project success in terms of sustainability.

8.5.2 Analysis of the net environmental impacts and building cogperformance of adaptive

reuse ofnon-structural building subsystems

In Chapter 4 an analysis dfg net environmental impacts and building cost performance of an adaptive
reuse building projeds presentedThe analysis focused on the structural building subsystem due to its
relative importance to the rest of the building. Part of future work shiocliade the analysis of the other
building subsystems, such as, building envelope, mechanical, electrical, and plumbing subsystems. As
discussed in Chapter 4, the field of adaptive reuse obtrantural subsystems should be studied in depth

in order to slve the inefficiencies during the restoration proc#ss.worthy to highlight that the analysis

of the adaptive reuse of natructural subsystems faces major challenges due to the lack of data and studies
to estimate the lifeycle environmental impaand economic performance of the processes involved, such

as, selective deconstruction methods, building restauratiok, and refurbishment of retrieved building
components. The literature on these topics is very limited, therefore there is a neetbjp mhere accurate

investigations on this matter.

8.5.3 Incorporation of complex deconstruction methods for the SDPB approach

As future research, the new selective disassembly planning approach SDPB presented in Chapter 5 has to
incorporate more than a singleethod of disassembly or deconstruction according to the most common
practices in this matter. In the study presented in Chapter 5, the default method is the one that creates a
complete disassembly sequence plan for a target component. Depending on threecdnmpore methods

can be added in order to create alternative disassembly sequence plans. The added methods can involve
removal of a componentés subset without the need
case of a component replacemenmethod could be included where a temporal edmaponent is added

to the original assembly. Overall, the approach has to be able to allegit¢he alternative disassembly
sequence plans and choose the best option. For multiple targets, the lappesanted in this study could

be extended to create a whslghsystem disassembly sequence plan comprised of a combinaioglef

targetplans, with their respective internal optimal directions. The final goal of all of these is to develop a
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more robst and realistic approach with more deconstruction options according to the trends in the

construction industry.

8.5.4 Selective frallel disassemblyplanning for adaptive reuseof buildings

The studies presented in Chapters 5, 6, and 7 have demonstratesbibsgrdbly sequence planning plays

an important role in green design for the adaptive reuse of buildings. Selective sequential disassembly
planning removes parts one at time in order to retrieve targeted components in an efficient way. However,
several invetigators have conducted research on disassembly plannimgafarfactured productsas
demonstrated that parallel disassembly planning has the potential to reduce disassembly steps, disassembly
time, and environmental impad¢s. Smith & Hung, 2015; Sosa, Eppinger, & Rowles, 2007; Tseng, Chang,

& Cheng, 2010)The objective of parallel disassembly planning is to apply modular design theory to group
parts into modules to rede products complexity and, as a result, to simplify the complexity of the
disassembly planning. The issue of product modularization responds to the exploration of selective
disassembly. In other words, decomposing a product into modules reduces th#ydiffisearching for
feasible solutions to disassembly planning problems. Also, it is possible to divide modules into specific
kind of clusters according to the modular design theory selected. For example, it is meaningful to divide
modules into two clusts, one valuable for recycling and the other not worth recycling. This illustrates that
different policies can be chosen for different types of modules. To the knowledge of the authors, there is
no evidence of studies in the field of selective parallshsiembly planning for buildings. As it has been
discussed and demonstrated in Chapter 5, disassembly planning plays a fundamental role for improving the
performance of adaptive reuse building projects. Therefore, the development of effective toatstivesel
parallel disassembly for building assemblies is necessary. The general framework for understanding the
fundamental technical differences between the disassembly plannintaruifactured productand

building assemblies has been established in Ch&pt and 7. Therefore, the topic of selective parallel
disassembly planning for adaptive reuse of buildings is a natural progression of the ideas/methods

developed in those chapters.

8.5.5 Analysis across the building stock to determine the potential environental/economic

benefits of adaptive reuse of buildings

Several authors have claimed that as a part of sustainable urban development, adaptive reuse of buildings
plays an important rol@Bullen, 2007; Conejos, 2013; Cqas et al., 2015; Conejos et al., 2014; Douglas,

2006; Highfield & Gorse, 2009; Langston, 2012; Langston, 2008; Langston et al., 2008; Schultmann &
Sunke, 2007; Tan et al., 2014; Wilson, 20EBByond isolating the potential benefits of adaptive reuse per

building it is necessary to understand their effects in a holistic way. This statement introduces the concept
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of improving infrastructure sustainability and its resilience through building redundancy and practicing
modularization. According to Aher(2013) sustainability of cities involves resilience, the capacity to
recover from disturbance without changing their fundamental state to be sustainable over a longer term.
Redundancy and modularization are achievedrnwhaltiple elements or components provide the same,
similar, or backup functions. Redundancy and modularization spread risks across time, across geographical
areas, and across multiple systems. When a major urban function or service is provided byizedentra
entity or infrastructure, it is more vulnerable to failure. When the same function is provided by a distributed
or decentralized system, it is more resilient to disturbance. Redundancy and modularization are strategies
for preparing and prplanningfor when (not if) a system fails. Examples include site orvgatershed

based sewerage or stommater systems as in the Chicago, lllinois Green Alleys program, or the

Augustenborg Housing Project retrofit in Malmo, Swedinern, 2013)

Existing buildings approaching the end of their
resourceembeddedd.g. embodied energy, marginal economic value, recycle/reuse potenfiakiete
recovering the components thgiuPRM is often more efficient than extracting raw materials to produce
new onesln an ideal system, whereby EoL building materials/components are maximally reused and
recycled in other construction projects (either new construction or adaptive remstiog duildings), the

overall construction will have a slower natural resourgsoitationrate than the rate of regeneration of
those natural resources, which will definitely benefit the environnidmatefore, through quantifying the
potential net evironmental and economicbenefits of adaptive reuse of the building stock in urban
developments, it could be possible to generate the necessary information for the -tesksionin order

to manage natural resources in a sustainable way and to promaieahisand resilent infrastructurdy

using the existing redundancy of the built environment. Through this approach, it could be possible to

estimate the level of relief on the demand on the current centralized infrastructures on urban settlements.

8.5.6 Resarch on environmentaland construction cost of deconstruction methods

As discussed in Chapter 7, there is a current need of developing research on green design methods for the
deconstruction of existing buildings, including selective disassembly plarfifiegonclusions of the case

study presented in Chapter 7 show that different deconstruction methods per building component influence
the environmental and economic cost performance of the selective disassembly process, in terns of life
cycle. Unfortunatelythe research related to the environmental and cost analysis for deconstruction methods
is very limited. What is more, the studies related to relitgalenical information of deconstruction methods

and procedures per building component are very scahig.tdchnical information is critical to develop

accurate environmental and cost analysis of the different deconstruction methods for building components.
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Therefore, there is a need of developing these kinds of studies in order to advance in the fesdd of g
design methods for buildings.

8.5.7 Automated metadata generation from BIM models for buildings' adaptive reuse

design

The studies presented in Chapter 5, 6 and 7 are built over the theory of structure Disassembly Graphs (DG)
for sequential disassemblysAexplained in Chapter 5, the theory of structure DG needs as data inputs the
spatial, topological, and interdependence constraints of the disassembly models. These data inputs have to
be prepared in forms of matrices (initial matrices) for its computatianalysis. The initial matrices are

the metadata that is processed by the structure DG theory in order to create effective disassembly plans for
a given disassembly model. If the building assembly under study has a high number of components the
amount & metadata to generate will be substantially large. Even for small assemblies, such as the case
studies presented in Chapters 5,6, and 7, the amount odatetdo generate is considerable. In the first
instance, this metdata is manually generated sris the most easy and recurrent way. However, manual
processing of metdata is slow and it increases the probabilities of incurring through human error. After
developing the case studies in the chapters mentioned aboasebeemoticed that BIM model could be

used for automated metkta generation. A weéitructured BIM model could contaall of the spatial,
topological, and interdependence information for the disassembly model. Then by using a plugin software
(such as Dynamo® for Revit® faohe case studies) it could be possible to develop algorithms to generate

the metadata from the BIM model in an automated way. The benefits of automated digitization workflows
far outweigh existing manual approaches. Some of the benefits include better predtstotievelopment

of the tasks, reduction of mistakes, faster processing time, saving of time due to rework, efficient protocols
to detect and correct mistakes, possibility for the analysis of more complex assembly models, possibility of
increasing thedvel of detail of the assembly models, and taking advantage of the work embedded in BIM

models (that nowadays represent the standard for building design and planning).

8.6 Publications

The peetrefereed publications, directly related to the scope of thissthesd authored by the candidate

are listed below:

8.6.1 Peerrefereed journal articles

1. Sanchez, B. & Haas, C. (2018). Capital project planning for a circular econ@ownstruction
Management and Economics, 36(®)3312. doi:10.1080/01446193.2018.1435895
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8.6.2

Sanchez, B, & Haas, C. (2018). A novel selective disassembly sequence planning method for
adaptive reuse of buildingsJournal of Cleaner Production, 1839981010. doi:
doi.org/10.1016/}.jclepro.2018.02.201

Sanchez, B.Rausch, C., & Haas, C. (2019). Dastruction programming for adaptive reuse of
buildings.Automation in Constructiorgubmitted in September 2018Jr(der review).

Sanchez, B, Esnaashary Esfahani, M., & Haas, C. (2018). Analysis of the net environmental
impacts and buildings cost perfornt@ of an adaptive reuse projectase study: Region of
waterloo county courthouse renovatioi&vironment Systems and Decisiosbmitted in
December 2018Under reviewy.

Sanchez, B, Rausch, C., Haas, C., & Saari, R. (2019). Muifiective optimizdabn analysis for
adaptive reuse of building8uilding and EnvironmentSubmitted in February 2019Under

Review).

Peerrefereed conference papers

Sanchez, B.& Haas, C. (2017Methodology for improving the net environmental impacts of new
buildings though product recovery management. Paper presented Btdbeedings of the 6th
CSCE/CRC International Construction Specialty Confereviaacouver, Canada.

Sanchez, B, & Haas, C. T. (2018A novel singletarget selective disassembly sequence planning
method for adaptive reuse of buildings. Paper presented astheternational Conference on New
Horizons in Green Civil Engineerin¥ictoria, British Columbia, Canada.

Eray, E.,Sanchez, B.& Kang, S. & Haas, C. (2018)sage of interface managementutaptive
reuse of buildings. Paper presented at 3»h CIB W78 2018 Conference IT in Design,
Construction, and Manageme@hicago, lllinois, USA.

Sanchez, B.Rausch, C., Haas, C., & Saari, R. (2019). Maitijective optimization analysis for
selectivedisassembly planning of buildings. Paper presented &gtfelnternational Symposium
on Automation and Robotics in Construction (ISARBa)ff, AB, Canada.

Rausch, C.Sanchez, B.& Haas, C. (2@9). Spatial parameterization of ngemantic CAD
elementdor supporting automated disassemdbnming. Paper presented at #8149 Modularand
Offsite Construction (MOCBanff, AB, Canada.

Sanchez, B.& Rausd, C. & Haas, C. (2019%elective deconstruction programming for adaptive
reuse of buildings. Pappresented at thEhe 2019 ASCE International Conference on Computing
in Civil EngineeringTheme: Future Cities and Resilient Infrastructur@sorgia Institute of

Techrology, Atlanta, Georgia, U.S.A.
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Appendix A: Region of Waterloo county courthouse renovations

Location Map

LOCATION MAP:

SOURCE:(Robertson Simmons Architects Incorporated, 2015)

Region of Waterloo County Courthouse
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Appendix B: Tally LCA reports for the existing structure of the Waterloo county

courthouse building

Tally LCA report for the existing substructure

Waterloo Court House

Waterloo Court House
6/16/2016
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