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RESUME

Cette recherche examine ’application de I’approche Design for disassembly (DfD)
dans la conception des batiments. Différents aspects de cette approche seront étudiés
afin d’explorer les possibilités qu’elle offre pour conserver les matériaux et
composantes d’un batiment, faciliter leur réutilisation et recyclage, et diminuer la
quantité de déchets de construction. Cette étude analyse les méthodes actuelles de
gestion des déchets dans I’industrie de la construction, identifie les €carts existants, et
propose des mesures que les designers peuvent intégrer dans la conception de leurs
projets.

Afin de faciliter la réutilisation et le recyclage des matériaux et composantes d’un
batiment, design for disassembly offre des stratégies pour éviter la démolition. Nous
aborderons comment DfD peut éviter la démolition, conserver les matériaux et
diminuer la quantité de déchets en intégrant des mesures de flexibilité et d’adaptabilité
dans la configuration des systémes.

Actuellement, les méthodes de conception conventionnelles, le manque de motivations
économiques pour la réutilisation et le recyclage des matériaux, ainsi que 1’absence de
cadre standard pour DfD constituent les obstacles & la mise en ceuvre de cette approche
comme méthode dans la conception des batiments. Malgré de nombreuses barriéres,
les designers peuvent identifier les limitations a la réutilisation et au recyclage des
matériaux issus des activités de construction, de rénovation ainsi que de démolition, et
les prendre en considération dans la conception de leurs projets afin de contribuer ainsi
a la transition vers une économie circulaire dans I’industrie de construction.

La revue de littérature de gestion des déchets de construction au Québec, une revue
d’une série d’exemples, et une étude de cas nous permettront d’identifier le potentiel
pour l’intervention des designers afin de mettre en ceuvre 1’approche design for
disassembly, d’optimiser I’utilisation des ressources et de réduire la quantité des
déchets dans I’industrie de construction.

Mots clés : Design de I’environnement, Design for assembly, Design for disassembly,
construction, fin de vie, adaptabilité, réutilisation, recyclage, réduction de déchets



ABSTRACT

This research project examines the application of the design for disassembly (DfD)
approach in building design. Different aspects of DfD are studied to explore
possibilities to preserve materials and mitigate construction waste by facilitating
component reuse and material recycling. This study reviews current waste management
methods in the construction industry to identify existing gaps and determine the
potential for designers to consider material efficiency in the planning phase of projects.

To facilitate the reuse and recycling of materials and components, design for
disassembly suggests strategies to prevent demolition. This study will discuss how DfD
can prevent demolition, preserve materials and reduce the amount of waste through
flexibility and adaptability of systems during a building’s life span and at the end of its
life.

Currently, anchored traditional methodologies in building design, lack of economic
incentives for reuse and recycling, and lack of a standard framework for DfD are
obstacles to the implementation of DfD as a method. Despite these obstacles, designers
can identify gaps and limitations in the waste management sector and design to address
these gaps and contribute to move towards a circular economy in the construction
industry. Through a review of literature on construction waste management in Quebec,
a review of a set of examples and a specific case study, this project presents potential
interventions for designers to implement DfD principals to reduce construction waste.

Keywords: Environmental design, Design for assembly, Design for disassembly,
Building construction, End-of-life scenario, adaptability, flexibility, Reuse, Recycling,
waste reduction



INTRODUCTION
INFLUENCE OF MODERN ARCHITECTURE ON CONSTRUCTION WASTE,
FROM DESIGN FOR ASSEMBLY TO DESIGN FOR DISASSEMBLY

This research project focuses on the concept of design for disassembly (DfD) in the
building industry. DfD aims to mitigate the negative environmental impacts of
buildings by facilitating the recovery, reuse and recycling of their materials and
components. The recovery, reuse and recycling of materials and components keep them
in use cycles and preserve their physical and economic value and their embodied

energy.

The starting point for this project is the author’s previous research undertaken as part
of the one-year graduate program, Diplome d "Etudes superieures Spécilisées (DESS)
en Architecture Moderne et Patrimoine, offered by the School of Design at the
Université du Québec a Montréal. The DESS en Architecture Moderne et Patrimoine
program’s framework follows the Docomomo international’s! goals to document,
preserve and enhance buildings designed and constructed during the Modemn
movement in the twentieth century. This program covers the history of Modern
architecture and studies the cultural and social contexts of the early twentieth century
which led to the evolution in construction technologies. These evolutions consist of the
innovative construction methods, modular design, prefabrication and standardization
of building components, on-site assembly of factory-made components, and the use of
new industrialized materials. These technologies, developed from industrialization,

were basically solutions to the early twentieth century and post-war housing crisis.

'Docomomo, the abbreviated acronym for The International Working Party for Documentation and
Conservation of Buildings, Sites and Neighborhoods of the Modern Movement, is “an international
organization established in 1988 out of concern for the increasing demolition of buildings not deemed
‘historic’ by age” (Carroon, 2010, p. 364).



They contributed to optimize time and cost of construction and were integrated in the
framework of the approach design for assembly in building design. Today, these
technologies can be discussed in the framework of the emerging appraoch of design for
disassembly to address the issues related to material consumption and construction
waste. “ Given the vast inventory of twentieth-century buildings, the challenges and
importance of reuse or preservation for both cultural and environmental reasons is
immense” (Carroon, 2010, p. 364). Construction, renovation and demolition activities
are some of the largest contributors to environmental degradation as they consume
large amounts of raw materials and produce large amounts of waste. The choice
between demolishing and conserving buildings and their systems is sometimes related
to the construction methods used in the original buildings. In most cases, conservation
processes are costly and laborious because construction techniques do not favour the
adaptation and maintenance of buildings and systems, or replacing or repairing of their
parts (Gorgolewski, 2017). Design for disassembly, developed form design for
assembly, suggests strategies and construction techniques to facilitate the adaptation
and maintenance of buildings and systems during their operation life and the recovery
of their materials and components at the end of their operation life. This approach
contributes to preserve materials for reuse or recycling to reduce the quantity of
construction waste and harvest fewer raw materials. In this project we examine how
the innovations of Modern architecture integrated into the DfD’s framework can
contribute to the preservation of building materials and components through
subsequent reuse, repair and recycling. We also discuss how extending buildings’ life
spans through resilience, flexibility and adaptability can reduce the negative

environmental impacts of buildings.



BACKGROUND AND PROBLEM STATEMENT

Population growth, economic developments and technological evolution lead to
constant urbanization and change in the built environment (Lehmann & Crocker,
2012). Rapid evolution in the built environment through the increasingly large numbers
of construction, renovation and demolition activities causes severe stresses on the
environment. After food production, the construction industry is the largest consumer
of raw materials and the biggest producer of waste worldwide (Berge, 2009). In the
U.S., “no other sector of the industry uses more materials, produces more waste and
contributes less to recycling than the construction sector” (US EPA, 2009 as cited in
Lehmann & Crocker, 2012, p. 324). Based on estimates from multiple sources, the
construction industry uses approximately 40% of the total raw materials in North
America and 50% of European resource extraction (Carroon, 2010; Ruuska &
Hékkinen, 2014; Gorgolewski, 2017; USGBC, 2019). Moreover, in developed
countries, 25-30% of the total amount of waste produced in all industries is from
construction, renovation and demolition projects (Gorgolewski, 2017). This amount

rises to 35% in Quebec and 47% in Canada (Morneau, 2009; Giroux, 2014).

The overconsumption of raw materials and the generation of large amounts of waste in
the construction industry is the result of the current linear model of material flow
(ARUP, 2016; Gorgolewski, 2017). A linear model in the construction industry
consists of extraction, transport, production, construction, demolition and disposal of
residual materials in landfills. The constant extraction of raw materials and the
landfilling of products with high embodied energy present three issues with important

negative impacts on the natural environment; 1) the depletion of natural resource



reserves, 2) the emission of significant amount of greenhouse gases (GHG), and 3) the
pollution of waters and soils (Lehmann & Crocker, 2012; Kibert, 2013; ARUP, 2016;
Gorgolewski, 2017; USGBC, 2019).

The first issue caused by a linear model of material flow is the depletion and scarcity
of natural resources. Resource scarcity is highlighted by a global consensus that the
consumption of natural resources is growing at an alarming rate (Lehmann & Crocker,
2012; Kibert, 2013; Gorgolewski, 2017). Worldwide metal and mineral use has
increased by 66%, from 19 billion tons in 1980, to 31.5 billion tons in 2010 and it is
estimated that this amount will grow to 53.7 billion tons by 2030 (Friends of the Earth
Europe, n.d. as cite in Gorgolewski, 2017; Mckinsey & Partners, 2015 as cited in
Gorgolewski, 2017). “The Worldwatch Institute? has estimated that by the year 2030,
the world will have run out of many raw building materials “(Brown, 1990 as cited in
Gorgolewski, 2017, p.10). It is believed that we have already consumed most of the
easily accessible material supplies and in the near future, material markets will compete
with energy markets for resources (Gorgolewski, 2017; Lehmann & Crocker, 2012).
Ruuska & Hikkinen (2014) emphasize that materials such as coal, oil, and metallic
minerals have more limited reserves, and some materials like oil are approaching their
production peaks while others have already passed their peak. Lehmann & Crocker

(2012) point out that iron ore, lithium and copper are already much rarer than oil.

Unlike the global consensus on the rate of resource depletion, the condition of material
reserves used in the construction industry remains undefined (Lehmann & Crocker,
2012; Ruuska & Hikkinen, 2014; Gorgolewski, 2017). There are still large reserves of
the most common building materials such as aggregates, clay lime, stone, gypsum and

quartz (Ruuska & Hikkinen, 2014). However, there are doubts about the production

2 The Worldwatch Institute works to accelerate the transition to a sustainable world that meets human
needs through research and outreach that inspire action (Worldwatch Institute, 2019).



capacity of oil, which is needed for manufacturing polymer-based building materials
(Ruuska & Hékkinen, 2014). There is also a continuous decrease in ore grades which
are the sources of some other common building materials such as metals and ceramics

(Ruuska & Hékkinen, 2014).

Resource scarcity is not only linked to the physical exhaustion of supplies, but also to
their availability which can be limited by the financial resources needed to extract,
process or transport materials (Gorgolewski, 2017). There are materials that are still
abundant in nature but are considered scarce as economically and environmentally they

are becoming less accessible (Gorgolewski, 2017).

Two other issues related to the linear model of consumption in the construction industry
are gaseous emissions and soil and water pollution. The extraction, manufacturing,
processing, transportation, construction, demolition and disposal are energy-intensive
activities that emit a high amount of greenhouse gases (Kibert, 2013). In addition to
gaseous emissions, waste disposal in landfills and waters causes soil contamination and
water pollution, which present serious problems for future generations (Jackson, 1996;
Carroon, 2010). Large cities generate huge amounts of waste and nearby landfill sites
have already reached or are reaching their capacity (Melnyk, 2016). Since 1978, three-
quarters of North America’s landfill sites have been filled to capacity and are now
closed (Carroon, 2010; Melnyk, 2016). The U.S. is rapidly running out of landfill space
(McCarthy, 2018). Due to the decrease in landfill capacity, areas are expanding near
cities and consequently, the nearby environment is becoming contaminated (WRAP,

2009).

The awareness of the negative impacts of the linear model of material flow in the
construction industry has led to constant evolution in waste management perspectives.
Over the past few decades, new strategies, methods and policies have been
implemented to protect the environment and the population from the negative impacts

of waste disposal (Thormark, 2001; Durmisevic, 2006). Governments and



policymakers have been implementing regulations to divert materials from landfills.
One of the most effective measures that have been implemented are tax increases for
material disposal in landfills and for incineration to reduce the number of residues in

elimination facilities (Gorgolewski, 2008; Jeffrey, 2011).

Ruuska & Hékkinen (2014) highlight that there are many potential ways for the
building industry to reduce waste. The reuse and recycling of residuals from
construction, renovation and demolition activities are the most significant practices
developed and implemented in the construction industry to reduce waste (Gorgolewski,
2008; Zelechowski, 2012). These two practices help to divert materials from landfills
and convert a linear model of material flow to a closed-loop material flow (Thormark,
2001). Reuse and recycling of materials are more effective if building materials and
components are recovered without damage and contamination. Deconstruction is an
alternative to demolition that prevents the damage of materials and contributes to reuse
and recycling. During the last 15 years, the U.S. Environmental Protection Agency (US
EPA) has initiated a series of deconstruction pilot projects and created several
deconstruction manuals. It conducted and documented a residential DfD pilot project
in 2006 to examine the impact of the approach on reducing construction waste (US
EPA, 2018). The results show that disassembly potentials integrated into different parts
of the house would favour the recovery and reuse of several parts, such as interior walls,

that may considerably reduce the amount of waste (EPA, 2010).

Deconstruction and disassembly of buildings or their systems for reuse show a growing
recognition of the benefits that deconstruction and material reuse provide
(Zelechowski, 2012). In some places in the world, reuse is an evolving industry in the

building sector with social and economic benefits (Zelechowski, 2012).

Despite a significant evolution in waste management, reuse and recycling, studies show
that the conventional methods in building design provide limited possibilities for the

deconstruction of buildings, and the reuse and recycling of their components and



materials (Durmisevic, 2006). The chemical complexity of composite and engineered
products that are increasingly used in the building industry makes recycling and reuse
difficult as it is energy-intensive to break down composite components into their
constituent parts (Guy & Ciarimboli, 2007). Currently, most buildings are demolished

with little or no attempt to recover their materials for reuse or recycling.

Durmisevic & Yeang (2009) relate demolition and the lack of material reuse to current
building design scenarios that are based only on easy assembly but not disassembly.
Conventional building design scenarios do not consider changes during the life cycle
of a building or the end of its life span in the planning phase. Although assembly
methods evolved and improved to optimize efficiencies in the construction phase, there
have been limited attempts for the deconstruction phase. As such, components and
materials are designed and prefabricated in a way to be assembled rapidly on-site, but

not designed to be separated easily for reuse.

Recently, the issue of solid waste from construction activities has become an area of
interest for developing methods and strategies to relate building design to waste
management. To make the connection, designers and architects suggest approaches that

plan the management of residual materials at the end of a building’s life.

Design for disassembly is an approach that considers waste mitigation with a focus on
the architecture of components, methods of connection between components and
material selection (Rios, Chong, & Grau, 2015; Durmisevic & Yeang, 2009; Guy &
Ciarimboli, 2007). One of the DfD’s goals is to make the components and parts of a
building accessible and flexible. Flexibility and accessibility allow for spaces to be
adapted to the needs of a building’s occupants, prevent demolition and contribute to

preserve materials and reduce waste.



Through a review of the literature and a series of examples and case studies, this
research study investigates the following questions to explore the impact of design for

disassembly to mitigate waste in the construction industry.

First, this review will investigate how policies and regulations contribute to diverting
residual materials from landfills and to promoting reuse and recycling? and what are
the existing gaps in the reuse and recycling practices that can be addressed by design
for disassembly to reduce construction waste? Second, a discussion of design for
disassembly and its different aspects will explore how design for disassembly considers
the waste mitigation in the planning stages of a project? Third, a series of examples
will look at what aspects of design for disassembly promote the reuse and recycling of

components and materials?

Following a series of examples, an in-depth analysis of the interior partition assembly
system of a local building is presented to assess the literature and identify the
limitations of current design practices for material recovery and reuse. It will also
discuss how the implementation of DfD in the same system could allow for the reuse

of a large number of materials.



CHAPTER 1
WASTE MANAGEMENT IN THE CONSTRUCTION, RENOVATION AND
DEMOLITION INDUSTRY

In the construction industry, waste comes from three major activities; new construction,
renovation, or demolition and is associated with two sectors; civil engineering and
building (Boisvert, Bosniak, & Dallaire, 2014). It is known as C&D waste
(construction and demolition) or CRD waste (construction, renovation, demolition)
(Jeffrey, 2011). CRD waste is essentially composed of asphalt, concrete, cement, stone,
brick, ferrous and non-ferrous metals, wood, plasterboard, asphalt shingles, paper,
plastic and cardboard packaging (Jeffrey, 2011; Boisvert et al., 2014). This chapter

reviews the material flow and waste management strategies in the building sector.

The amount and type of waste from buildings differs depending on the context
(residential, industrial, commercial, institutional) and the type of activities
(construction, renovation, demolition) (Boisvert et al., 2014). Table 1.1 shows the
characteristics of CRD waste generated in different types of activities in the building

sector.
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Table 1.1. This table shows the characteristics of waste form CRD activities in the

building sector (Boisvert et al., 2014).

Type of Quantity of : Sorting, reuse &
- Type of residues :
activity residues recycling potentials
New Mostly surplus, offcuts & : )
. Low to moderate ] High potential
construction packaging

Combination of old
Renovation Moderate materials & surplus of | Moderate potential

new materials

A mix of old, damaged &
contaminated materials
(crushed concrete,
Demolition High drywall, bricks, wood Low potential
scraps, doors &
windows, sanitary

equipment, etc.)
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In general, a significant amount of CRD waste is generated from renovation and
demolition activities. Environment Canada (2014) estimated that in Canada, 89%
(about 3,562,100 tons) of the total waste generated in the CRD sector came from
renovation and demolition activities in 2010. A demolition project produces 20 to 30
times more waste than a new construction or renovation project. However, since
renovation projects outnumber demolition projects, the renovation sector is considered
more wasteful (Boisvert et al., 2014). According to a study by Environment Canada
(2014), the amount of waste from the renovation sector was two times higher than the
waste from the demolition sector in 2010. In the U.S., the Rebuilding Exchange, a
Chicago company that recovers building materials for reuse announced that its major
source of supply, about 80%, is from renovations (Zelechowski, 2012). This is due to
the far larger number of renovations compared with full deconstructions or

demolitions.

There have been various attempts to address the large volume of waste generated from
the construction industry. The current management strategy for CRD waste is based on
the 4R-D principle. 4R-D stands for ‘reduce, reuse, recycle, recovery for energy, and
disposal.” This waste management hierarchy, generally illustrated in the form of a
pyramid, indicates the order of priority for processes first to reduce waste production,
and then to divert waste. Landfill disposal is the last option in the pyramid for materials

that cannot be reused, recycled or used for energy recovery (Figure 1.1).
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\ Reduce /

Recover energy

Figure 1.1. This pyramid shows the order of priority in waste
management. Created by S. Sadraee.

4R-D remains a complex strategy in the waste management sector associated with
social, economic, organizational and technical challenges (Boisvert et al., 2014). These
challenges make waste disposal in landfills more economically beneficial than
recovery practices (Boisvert et al., 2014). However, there is a growing interest in

directing waste management from elimination to recovery.

Design for disassembly can be implemented as a part of the 4R-D strategy as both, DfD
and 4R-D, emphasize the reduction of resource use and waste generation. Introducing
the DfD approach to the 4R-D process can address gaps resulting from inefficiencies
in the ‘reduce’ process and present opportunities for a design approach to reduce the
amount of construction waste. In the following section, current waste management

policies and practices in the CRD sector in Quebec will be reviewed.
1.1 CRD waste management in Quebec

This section covers three topics related to the CRD waste stream in Quebec; 1) the

types and amounts of residual materials, 2) the legal framework for waste management,
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and 3) the current methods and facilities that sort, recover, recycle or eliminate residual

materials.

1.1.1  Type and amount of residual materials

The construction, renovation and demolition industry generates approximately a third
of the total waste produced in Quebec (Morneau, 2009; RECYC-QUEBEC, 2016;
RECYC-QUEBEC, 2018). In 2008, this industry produced 4.57 million tons of residual
materials in both the civil engineering and building sectors in the province (RECYC-
QUEBEC, 2018). In 2008, 3.22 million tons (74%) of CRD debris were recovered and
revalued (Morneau, 2009; RECYC-QUEBEC, 201 8). The high recovery rate for CRD
debris in Quebec is widely related to the increased recovery of aggregates notably
concrete, asphalt, brick and stone and to a lesser extent, the recovery of wood (Boisvert
et al., 2014). Aggregates, mostly from the civil engineering sector, represent 2.72
million tons of the total CRD debris that were recovered and revalued (RECYC-
QUEBEC, 2018). The high recovery rate of aggregates is due to the implementation of
a standard by the Bureau de normalization du Québec (BNQ)® in 2002 for the
development of markets for recycled concrete (Vachon, Beaulne-Bélisle, Rosset,
Gariépy, & McGrath, 2009). In Quebec, concrete is recovered from renovation or
demolition sites and is recycled and used as road base, and if free of contamination, it
is used as dry aggregate to produce new concrete (Gagné, 2008). Apart from
aggregates, various types of other materials such as wood, metals, shingles and
gypsum, representing 500,000 tons, were recovered and revalued in the CRD industry

in 2008 (Morneau, 2009; RECYC-QUEBEC, 2018).

There is a lack of precise information regarding the composition of the total CRD debris

generated in Quebec as there is not a system that tracks materials from CRD sites to

3 This standard classifies and characterizes recycled materials, a mixture of concrete, bituminous coated
and brick in order to control and encourage their use to replace new granular materials (Bureau de
normalisation du Quebec (BNQ), n.d.)
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management facilities (Vachon et al., 2009). The most relevant data that is available is
from an exhaustive study of the Quebec waste management sector in 2009 carried out
by Vachon et al. (2009). This study presents an estimation of the composition of CRD
waste by the Regroupement des récupérateurs et des Recycleurs de Matériaux de
Construction et de démolition du Québec (3R MCDAQ). This data has been referenced

in several research projects and is presented in Table 1.2.
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Table 1.2. This table, designed by Vachon et al. (2009, p. 7) and based on the 3R
MCDQ’s estimations and data from the Institut de la statistique du Québec. It shows
the approximate proportion of different types of construction and demolition debris
generated in Quebec.

Approximate composition Equivalent quantity
Type of waste
(after 3R MCDQ) (metric ton)
Stone, brick, concrete &
40 to 60% 1,75M to 2,63M
asphalt
Wood (treated or
10 to 20% 0,44M to 1,1M
untreated)
Metals 3to 15% 0,1M to 0,7M
Paper & cardboard 3t0 10% 0,1M to 0,44M
Soil 2 to 10% 0,09M to 0,44M
Others (plastics, asphalt
, 10 to 20% 0,44M to 0,88M
shingles, gypsum)
Total 100 % 4380 141 mt




1.1.2 Legal framework for waste management |

In 1989, the Ministére de I’ Environnement du Québec adopted the Politique de gestion
intégrée des déchets solides. This policy set a target for a 50% reduction in the disposal
of residual materials by the year 2000 (Ménard, 2008). In 1995, the Bureau d'audiences
publiques sur l'environnement (BAPE) established a committee and a public
consultation on waste management at the request of the Ministére de |’Environnement
et de la Faune (BAPE, 1997). In 1997, the committee presented a report entitled
Déchets d’hier, Ressource de demain in which it analyzed the opinions of more than
one hundred stakeholders. Following this report and based on the results of the
consultation, the Quebec government created the Plan d'action québécois sur la gestion
des matieres résiduelles 1998-2008 (BAPE, 1997). In 2000, the Quebec National
Assembly adopted the action plan and introduced it as the Politique québécoise de
gestion des matiéres résiduelles 1998-2008 (Millette, 2010). Within the context of the
policy’s principles, the Quebec government aims to implement measures to reduce
waste at source and create a zero-waste society. It seeks to maximize added value
through sound waste management and to make end-waste the only residual material
sent for disposal (Q-2, r. 19, 2005; Q-2, r.43, 2006). The policy outlines and discusses

the following 11 principles:

e 4R-D,
e Social equity and solidarity,

e Environmental protection,

e Participation and commitment,

e Access to knowledge

Subsidiarity,

Prevention,

\
e Economic efficiency,
Responsible production and consumption,
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e Polluter pays, and

e Internalization of costs (Légis Québec, 2019).

The Politique québécoise de gestion des matieres résiduelles is accompanied by a plan
that describes initiatives, sets intermediate goals, and establishes deadlines for a period
of five years. RECYC-QUEBEC is the association for the recovery and recycling of
residual materials that sets a series of activities to achieve the intermediate goals of
each action plan and to ensure that a maximum quantity of residual materials is
recovered and revalued. The performance of each action plan is reviewed and assessed
during its operation, and the Minister may readjust the acts and make recommendations
for a future action plan (Légis Québec, 2019). For example, the 1998-2008 Action Plan
set the goal to divert 60% of CRD residual materials from landfills (Millette, 2010). In
the 2011-2015 Action Plan, the goal has been increased to recycle or reclaim 80% of
concrete, brick, and asphalt residuals (addressing mostly the civil engineering sector);
and to sort at source or send 70% of CRD residuals from the building sector to sorting

facilities (Ministére du Développement durable, de 1'Environnement et des Parcs

(MDDEP), 2011).

Included in the policy, the Quebec Environment Quality Act calls for a Plan de gestion
de matieres résiduelles (PGMR) for each regional municipality (Vachon et al., 2009).
Each regional plan benefits from governmental financial aid and includes directives for
the management of all domestic, industrial, commercial, institutional or CRD residual
materials produced on the concerned territory (RECYC-QUEBEC, 2018). Act 32 of
the 2011-2015 Action Plan requires that each PGMR controls the sorting of residual
materials from the building sector on site or in recovery sorting facilities. This can be
demanded when delivering CRD permits to contractors with projects that generate
significant quantities of debris in the building sector (MDDEP, 2011). In addition to
regional municipalities, industries, businesses; institutions and CRD companies are

responsible for materials they generate on the territory covered by the related PGMR.
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This responsibility consists of paying the costs of their management and fulfilling the

goals as determined by the PGMR (MDDEP, 2011).

The execution of two important regulations in Quebec contributed to the goal set by
the Politique québécoise de gestion des matiéres résiduelles. First, since 2006, the
Réglement sur les redevances pour l'élimination de matiéres résiduelles has aimed to
reduce the amount of residual material in landfills and incinerators (Légis Québec,
2019). This regulation demands that elimination facility owners pay for each metric
ton of residual materials they eliminate. As of 2019, the cost of elimination for each
metric ton of material is $12.48 (Légis Québec, 2019). Second, Act 13 of the 2011-
2015 Action Plan has set the goal to progressively exclude all types of wood from
elimination in landfills, beginning with virgin wood. As defined in the action plan, by
the end of 2014, all types of wood should have been recovered for reuse, recycling and

valorization (Boisvert et al., 2014).

In addition to each five-year action plan, RECYC-QUEBEC has been developing plans
each focusing on a specific measure with the aim of reducing the amount of waste
disposed of in landfills. The 2016-2017 Action Plan exclusively addressed the
reduction of waste at source. Regarding the CRD sector, RECYC-QUEBEC presented
the eco-management of CRD sites in the building sector as a necessary measure to
implement. In 2016, the Quebec government called for proposals to fund a project to
suggest a methodology for the eco-management of construction sites (RECYC-
QUEBEC, 2016). The selected project had to include one or several of the following
measures in the proposition:

e Maintenance of buildings during their whole life cycle and a plan for

waste management at the end of the life cycle of buildings,
e Promotion of sustainable interior design,
e Use of eco-materials,

e Improvement of markets for reclaimed materials,
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e Reconversion and recycling buildings,
e Life cycle assessment, and

e Selective deconstruction (RECYC-QUEBEC, 2016).

In contrast to conventional methods of waste elimination, in general, waste
management policies in Quebec are evolving toward methods of recovery and reuse.

The next section will cover suggestions for waste management at the municipal level.
1.1.2.1 Municipal programs

To fulfil Quebec’s policy goal on waste reduction, regional municipalities support
government regulations by setting specific requirements for construction, renovation
or demolition permits. Since 2009, the City of Montreal requires the Gold LEED*
certification for every new municipal building over 500 m? and the Silver LEED
certification for all major renovations in municipal buildings (Boisvert et al., 2014).
Since the application of this program, a police station, a soccer stadium and a library
have been constructed based on Gold LEED criteria and the Montreal Planetarium has
also received a Platinum LEED certification (Boisvert et al., 2014). According to LEED
Canada for New Construction and major renovations 2009, The LEED Canada rating
system offers points for the responsible use and management of materials in two of its
seven categories. The first category is the ‘Responsible materials and resources
management’ which offers a maximum of fourteen points. The second category is the
‘Regional Priority’ that includes criteria for a building’s durability and requires the
development and implementation of a Building Durability Plan in accordance with the

principles in the Guideline on Durability in Buildings -CSA S478-95 (R2007)- (Canada

4 Leadership in Energy and Environmental Design (LEED) was created in 2000 by the US Green
Building Council (USGBC), for rating design and construction practices that would define a green
building (Vierra, 2016). There are four levels of LEED certification; Certified, Silver, Gold, and
Platinum, which are given based on the credits that buildings can obtain in seven categories as defined
by LEED.



20

Green Building Council (CaGBC), 2010). One of the directives is to consider and
predict the service life of components and assemblies to adapt the predicted service life
to the designed service life of a building (CaGBC, 2010). The points that a building
obtains in the ‘Responsible materials and resources management’ and ‘Regional
Priority’ categories along with other points contribute to a building being awarded Gold
or Platinum LEED certification (CaGBC, 2010). It is assumed that buildings which are
Gold or Platinum LEED-certified have managed their residual waste responsibly and

have used their resources efficiently.

Some municipal programs also encourage contractors and architects to use reclaimed
materials in their projects. As an example, the City of Montreal has accelerated
construction permit procurement for projects which integrate the application of a
certain quantity of reclaimed materials (Boisvert et al., 2014). Two programs in the
City of Gatineau offer grants or additional discounts for the construction of housing
that has obtained LEED certification. The first program offers an additional grant of
$2500 per house for a LEED-certified project. The second program offers a 75%
discount on the municipal taxes for a period of two years for a LEED-certified

construction (Boisvert et al., 2014).
1.1.2.2 Non-governmental guidelines

Besides the governmental framework for the management of CRD materials, few non-
governmental organizations are actively improving the performance of the 4R-D
approach in Quebec. The most significant of these organizations is the Regroupement
des récupérateurs et des recycleurs de matériaux de construction et de démolition du
Québec (3R MCDQ). 3R MCDQ is an association that represents companies and
stakeholders from all regions of Quebec and has 150 active members who share
activities such as collecting, transporting, sorting, reclaiming, recycling and reusing

CRD materials throughout Quebec (3R MCDQ), 2019). 3R MCDQ is engaged in
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offering solutions to promote the recovery, recycling and reclaiming of non-putrescible

products and materials (3R MCDQ), 2019).

Residual materials from construction, renovation and demolition sites are sent to
different types of facilities, and through different methods, sorted materials will be

reused, recycled, repurposed, used for energy recovery or disposed of in landfills.

1.1.3  Waste management methods and facilities

In Quebec, waste management in the CRD sector is based on the 4R-D approach, which
is the first principle of the Politique québécoise de gestion des matiéres résiduelles and
presents two major methods of waste disposal; elimination and recovery. CRD
residues are either recovered for reuse, recycling, energy recovery or eliminated in

landfills.
1.1.3.1 Elimination

Disposal or elimination of waste is the final stage of the 4R-D process. Elimination
generally concerns all residues from recycling or repurposing processes that cannot be
reused for any purpose or includes products or materials for which there is no market.
The end waste is generally eliminated either in incinerators or in landfills. According
to Boisvert et al. (2014) and Vachon et al. (2009), there are two types of landfills for

CRD residual materials in Quebec:

1) Lieu d'enfouissement de débris de construction et de démolition (LEDCD)
(construction and demolition disposal sites), previously called Dépots de
matériaux secs (dry materials disposal sites), are the most common facilities
used for burying CRD debris. They have different capacities in rural and urban
regions. Because of the beneficial rates they offer for non-putrescible materials,

these facilities are the major obstacle to the recovery of CRD debris in Quebec
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(Vachon et al., 2009). In 2016, 12 LEDCDs were identified by RECYC-
QUEBEC (RECYC-QUEBEC, 2018).

2) Lieux d'enfouissement technique (LET) (engineered landfills) have the
highest capacity of disposal and are designed to conform to the requirements of
the Reglement sur l'enfouissement et l'incinération de matiéres résiduelles
(REIMR) (Vachon et al., 2009). These requirements consist of using waterproof
landfilling units, controlling liquid and gaseous emissions from landfilled

materials, and testing soil for eventual contamination by biogas (RiDR, 2016).

1.1.3.2 Material recovery

The 13 million tons of waste produced in Quebec annually presents great potential for
reuse, recycling and recovery for energy (Légis Québec, 2019). A survey showed that,
in 2006, 2.5 million tons of residual materials such as metals, plastic, cardboard, paper
and glass were recovered in Quebec (Légis Québec, 2019). These materials represented
a value of 550 million dollars and their management provided about 10,000 job
opportunities (Légis Québec, 2019). Three major organizations responsible for the
recovery and repurposing of CRD waste in Quebec were identified; eco-centers, CRD
waste sorting facilities and CRD retail companies. The high recovery rate of CRD
debris is partly attributable to 260 eco-centers and 48 CRD waste sorting facilities, and
partly to 18 CRD retail companies (Vachon et al., 2009).

A. Eco-centers

Eco-centers or eco-parks are open areas with containers that accept non-putrescible
voluminous residual materials of all types that are not collected during the regular
waste collection (Ville de Montréal, 2019). These centers normally receive household
waste (hazardous waste, home appliances), electronic devices, recyclable materials

(paper, cardboard, glass, plastic, metal), worn-out tires and small loads of CRD debris
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(Ville de Montréal, 2019). Eco-centers provide containers to small contractors or
citizens with construction, renovation or demolition projects who do not have space for
a container on the construction site (Vachon et al., 2009). In 2015, RECYC-QUEBEC
identified 260 eco-centers in Quebec. Of these centers, 75% belong to municipalities,
regional municipalities or the inter-municipal administrations and some private
companies, non-profitable organisms or mixed (public-private) organizations manage
the other 25% of eco-centers (Vachon et al., 2009). Each eco-center has a method to
manage the debris it receives. Most of the eco-centers require that contractors and
citizens manually sort their debris by category (wood, aggregates, shingles, gypsum)
before leaving them in containers (RECYC-QUEBEC, 2018). Eco-centers refuse

voluminous products that are larger than the containers (Ville de Montréal, 2019).

There is no data available that shows the total amount of residual materials that all eco-
centers receive. However, according to the RECYC-QUEBEC survey for the
revaluation of the 2011-2015 Action Plan, 185 eco-centers that serve 75% of the
Quebec population, accepted 405,000 tons of residual materials from all sectors in
2015. 66% of this amount came from the CRD sector. According to Vachon et al.
(2009), wood, aggregates (concrete, brick, stone) and metal are the most common CRD
materials that eco-centers receive. Due to lack of market, eco-centers do not revalue
asphalt shingles, gypsum and treated wood and they are generally sent for disposal

(Vachon et al., 2009).
B. CRD waste sorting facilities

In the 2011-2015 Action Plan, the Quebec government intended to allocate 3 million
dollars for making recycling more efficient. The government has planned to modernize
the processing and sorting plants for CRD residual materials and to develop markets
for reclaimed materials (MDDEP, 2011).
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CRD waste sorting facilities, also called material recovery centers, receive several
types of materials. Sorted materials are sent for valorization or elimination. Most of the
sorting facilities have limited capacity and receive less than 20,000 tons of materials
annually (RECYC-QUEBEC, 2018). Sorting centers are categorized based on the
equipment they use for sorting and the mechanization level (Vachon et al., 2009).
Although they share several similarities, none of these centers are identical. Each of
them has its own sorting method, physical characteristics, equipment and market

(Vachon et al., 2009).

In general, there are three types of sorting facilities; 1) centers where materials are
sorted manually without using any equipment, 2) centers where basic equipment is used
to sort materials, and 3) centers where technologically advanced equipment are used to
sort materials (Vachon et al., 2009). RECYC-QUEBEC identified and addressed 48
sorting facilities for the revaluation of the action plan in 2015. 37 sorting facilities
participated in the survey and announced to have received 1.63 million tons of CRD
residual materials and sent out 1,49 million tons of sorted materials.

This quantity of materials had three major destinations; 1) 53% (794,000 tons) were
sent for recycling and energy recovery, 2) 24% were sent to landfill sites to be used as
alternative landfill liner and cover materials, and 3) 23% (343,000 tons) were rejected

and sent for disposal in landfills (RECYC-QUEBEC, 2018) (Figure 1.2).
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53% Recycled or used for energy recovery
24% Used as alternative landfill liner and cover material
- B 23% Disposed of in landfills

Figure 1.2. This figure shows the destination of CRD debris sorted in sorting facilities. This
figure comes from a report prepared by RECYC-QUEBEC in 2018.

Sorting facility operators have confirmed that these centers generally reject treated
wood, fiberglass, insulating materials, carpets, window glass, porcelain, vinyl base
materials (tubes or PVC outdoor coatings), composite products (wood-aluminum
window frames) and send them to elimination facilities. Generally, these materials are
not accepted because there is no market for them (RECYC-QUEBEC, 2018). Figure
1.3 shows that wood and aggregates constitute high proportions of all sorted materials
that enter the recycling stream or energy recovery facilities. This confirms the
effectiveness of regulations that prohibit landfilling of all types of wood and encourage
the recovery and recycling of aggregates. However, as shown in Figure 1.3, a greater
proportion of wood is used for energy recovery and cannot be reused. The lack of

interest for the valorization of wood is due to several factors; critical
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63% 56% Wood
Energy recovery 22% Aggregates
e 7%  Metals
Recycling 4%  Shingles

B 1% Cardboard
B 1% Gypsum

RO ———— 9%  Others

Figure 1.3. This figure shows the proportion of materials sent for
recycling or energy recovery, and the proportion of two types of
wood valorization. This figure is presented in a report prepared by
RECYC-QUEBEC in 2018.

transport of materials to appropriate recycling and valorization installations, low
capacity of sorting, recycling and valorization installations for wood, lack of
appropriate method of sorting for different types of wood debris, and the lack of

markets for the revalued residues (Boisvert et al., 2014)

The results from the survey of 37 sorting centers helped RECYC-QUEBEC estimate
the total amount of sorted residue from all the 48 existing sorting facilities in Quebec
to be 1.85 million tons. Based on this estimation and considering the amount of
eliminated residues from all sources of the construction industry (building sector and
civil engineering sector), RECYC-QUEBEC estimates that 71.5% of the total CRD
residuals were diverted from elimination facilities through sorting, reusing and
recycling in 2015. The provincial goal that set the recovery rate at 70% in the 2011-
2015 Action Plan was slightly surpassed according to the RECYC-QUEBEC

estimation.
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C. CRD retail companies

CRD retail companies acquire used building materials through demolition and selective
deconstruction contracts or buy them from contractors, individuals or receive them as
charity donations (Vachon et al., 2009). There are three categories of businesses that
have retail stores that offer reclaimed materials in Quebec; 1) demolition contractors
who also specialize in reselling materials, 2) social economy enterprises that recover
and resell building materials and have the mission of reintegration, hiring and training
workers, and 3) family-owned business that buy and sell used construction materials

(Vachon et al., 2009).

In Montreal, Restore and Eco-Réno are two well-known retail companies which
recover and sell reclaimed materials with a high capacity of storage and high turnover
(Habitat pour I'humanité, 2019; EcoRéno, n.d.). However, companies located in urban
areas offer limited varieties of compact reclaimed materials. This is due to the limited
space they have for storage (Vachon et al., 2009). Stores located in cities mostly offer
products like doors, windows, bathtubs, sinks, plumbing, lighting or electrical tools
from residential renovations or demolitions (Vachon et al., 2009). Retail companies
located outside of urban zones offer beams, roofing, floors, windows, doors, steel
structures and other outdoor materials in addition to the previously mentioned products
(Vachon et al., 2009). Most retail companies offer demolition and deconstruction
services, as they need to guarantee the quality of the materials they offer for sale
(Zelechowski, 2012). By offering selective deconstruction, these companies can
recover large amounts of woodwork as a whole, doors with their frames, and do less

damage to components and materials (Zelechowski, 2012).

A connection between retail companies and contractors who have CRD projects is
needed to set the practice of reusing of reclaimed materials. In that regard, Eco-Réno
has developed a pilot project in collaboration with the Rosemont-La Petite-Patrie

borough in Montreal. The borough provides a list of local applicants of construction,
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renovation and demolition permits to Eco-Réno, so that the company can offer its
services to numerous contractors and can recover some quality materials from

buildings under construction (Vachon et al., 2009).

In addition to retail companies, a few online platforms have been developed to connect
buyers and sellers of CRD reclaimed materials. Voirvert, a platform for sustainable
building in Quebec, has a section entitled Carrefour 3RV that is dedicated to buyers
and sellers of reclaimed materials. La Bourse des résidus industriels du Québec
(BRIQ), an exchange platform established in 2005 and taken down in 2016, was a
collaboration between the Centre de Transfert Technologique en Ecologie Industrielle
(CTTEI) and RECYC-QUEBEC that offered free access to 3R MCDQ members to a
service to find markets for CRD sector materials ( (RECYC-QUEBEC, 2018). Since
2016, CTTEI adopted other initiatives to connect supply and demand in the sector.

The literature review on the waste management in the CRD sector in Quebec shows
that policies, regulations, and municipal initiatives along with programs implemented
by non-governmental organizations have led waste management toward recovery,
reuse and recycling approaches to divert more materials from landfills. Among others,
two regulations have increased the recovery rate of CRD debris; the implementation of
the Réglement sur l'enfouissement et l'incinération de matiéres résiduelles (REIMR),
and the Réglement sur les redevances exigibles pour [l'élimination de matiéres
résiduelles. These regulations have resulted in the closure of several landfills and the
establishment of taxes for disposal of residual materials in elimination facilities (Légis

Québec, 2019; Légis Québec, 2019).

In addition to the aforementioned regulations, the implementation of a standard for the
recovery of aggregates by the Bureau de normalization du Québec (BNQ) and the Act,
banning wood from disposal in landfills, has contributed to the increase in the recovery
rate of residual materials in the CRD sector in Quebec. In general regulations and

standards have provided significant incentives for the establishment and development
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of recovery facilities. RECYC-QUEBEC's report on waste management in the CRD
sector in 2018, shows an increase in the number of eco-centers, sorting facilities and

local retail businesses for reclaimed materials during the past decade.

Despite the evolution in the waste management sector toward more recovery, reuse and
recycling, several sources confirm that there is an inadequate application of the 4R-D
approach and several barriers still exist in Quebec. Time and cost are two determinant
factors in managing residual materials. Demolition is still a common practice as it is
cost-effective and less labor-intensive than deconstruction. Recovery facilities and
valorization installations require considerable investment to equip (Boisvert et al.,
2014). Space constraints are another barrier to the recovery of materials, particularly
in dense urban areas (Boisvert et al., 2014). Building materials need large amounts of
space for sorting and storage. In most cases, there is not enough space on site for
containers to sort debris. Therefore, materials and components should be transported
to sorting facilities or storage areas which is costly for contractors (Mamfredis, 2017).
Moreover, the high cost of transportation influence material prices. It has been
mentioned that there is also a lack of inventory of available reclaimed materials and a
system to link supply and demand (Mamfredis, 2017). Accordingly, there is still not a
stable market for materials reclaimed by eco-centers or sorting facilities (Boisvert et
al., 2014). Drywall, metals, asphalt shingles, carpet, insulation and cardboard too often
end up in disposal sites due to the lack of a market for these materials (Boisvert et al.,

2014).

As 0f 2009, in Quebec, there were many rural areas or small towns that lack eco-centers
or sorting facilities (Vachon et al., 2009). During this project, no new studies were
found, and therefore, no new information on the number of rural eco-centers is

available.

Another barrier to the recovery of materials for repurposing, reusing, or recycling is

conventional building design. The recovery of materials from buildings designed
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within conventional methods is costly, laborious and results, in many cases, in material
or component damage. These methods do not include measures for the preservation of
materials and components during the operation life of a building, and for their easy

recovery at the end of life of the building.

A discussion of design for disassembly and its different aspects will explore how DfD
as a method of radical change to conventional building design plan to preserve
materials for reuse and recycling and reduce the amount of waste generated. In the next
chapter, the literature review will explore how waste management can be connected to

design for disassembly.




CHAPTER 11
LITERATURE REVIEW AND CONCEPTUAL FRAMEWORK

The amount of landfilled waste can be reduced by keeping materials in use in
continuous life cycles. This requires that materials are physically well-maintained so
they can be reused or recycled in a closed-loop system. In the construction industry, a
closed-loop system demands reform in the design of buildings (Gorgolewski, 2008;
Keeler & Burke, 2009; Smith, 2010; Lehmann & Crocker, 2012; Kibert, 2013). It has
been highlighted that conventional design scenarios are generally based on a linear
flow of materials. Recovering materials from buildings built within conventional
design scenarios only reduces the amount of waste to a limited extent (Lehmann &
Crocker, 2012). According to Gorgolewski (2017), by adapting our design approach,
we can change our treatment of waste. Designers can account for, model, and predict
the deconstruction of buildings and their systems early in the design process to increase
the recovery rate of components and materials for reuse and recycling (Lehmann &

Crocker, 2012).

The idea of designing to eliminate waste through the constant reuse of materials in a
closed-loop was extensively argued by William McDonough and Michael Braungart in
the theory of Cradle to Cradle in 2002. This theory argues for a change in the way we
make things. McDonough and Braungart’s argument can be summarized by the
expression, “waste equals food” (McDonough & Braungart, 2002, p. 102). In this
theory, they assert that that in an industrial ecology, all the debris and refuse from
production and construction processes should one day return to the use stream for new
production and construction (McDonough & Braungart, 2002; Smith, 2010). In the
cradle-to-cradle concept, buildings are considered part of an industrial metabolism and

their components and materials are presented as industrial or technical nutrients. To
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shift to a closed-loop flow, buildings should be recognized as raw material storage
facilities to be harvested for the reuse of their materials and components (Gorgolewski,

2008; Lehmann & Crocker, 2012).

Lending support to the concept of buildings as a collection of nutrients, Smith (2010)
highlights that designing buildings for assembly and disassembly is a strategy for the
ultimate cradle-to-cradle cycle. In this strategy, the factory-made components
assembled on-site may be disassembled, reused and recycled at the end of their useful
life for rebuilding elsewhere (Brand, 1994; Guy & Ciarimboli, 2007; Smith, 2010). In
this vision, “buildings become organisms of growth, change, decay, and re-growth”;
designed with components that can be reused (Smith, 2010, p. 223). Unlike
conventional building design strategies, design for disassembly (DfD) consists of
designing for the whole life cycle of a building. As DfD considers the value of
materials, it suggests strategies for maintaining components during occupancy and
strategies for reuse that continue post-occupancy. Reusing components and materials
that extend their useful life saves their embodied energy, reduces the need for raw
materials to manufacture the same products, and reduces waste (Durmisevic & Yeang,

2009).
2.1 Design for disassembly; towards changeable systems and waste mitigation

Several aspects of design for disassembly are rooted in Modernity. “The Modernist
expression emphasized materials and forms without decorative embellishment, and
Modern architecture often expressed a structure’s assembly through materials and
methods of connection” (Guy & Ciarimboli, 2007, p.4-5). Using connections such as
bolts and what Guy & Ciarimboli (2007) call ‘pure materials’® are key ingredients of

Modern architecture. These features were further defined as principles of design for

5 Guy & Ciarimboli (2007) refer to pure materials as metal, glass, stone and concrete.
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disassembly to increase reuse and recycling possibilities, which lead to reducing the
amount of waste from buildings (Guy & Ciarimboli, 2007). DfD was developed based
on design for assembly, a building strategy developed during the course of the Modern
movement, which aimed to reduce the time of construction. Design for assembly in
architecture consists of fabricating modular and standardized components in factory to
assemble them on the construction site. On-site assembly of prefabricated components

reduces the amount of waste during construction.

Design for disassembly was first discussed in industrial design, specifically in the
computer and automobile industries in the 1970s (Fikkert & Otheguy, 2013). In product
design, DfD emerged from concerns about energy use, transportation, packaging, waste
and disposal (Bogue, 2007). DfD-based research started in the 1980s, and since then,
it has become an integrated practice in product design (Thormark, 2007). In industrial
design, DfD proposes the separation of different parts of a product at the end of its life
cycle to reuse them in future projects. It is believed that DfD can be applied to buildings
in the same way that it is applied to other assembled products as buildings are
“manufactured artifacts” that are made through a combination of pre-assembled parts
and the on-site assembly of materials and components (Guy & Ciarimboli, 2007, p. 2).
In building design, DfD encourages on-site separation of building components and
materials in renovation, re-planning, and demolition projects to contribute to
component reuse, material recycling, and to reduce the amount of construction waste

(Guy & Ciarimboli, 2007).

Architect Jean Prouvé applied some DfD principles early on in Tropical House
(Lehmann & Crocker, 2012). Tropical House, designed in 1949, was a prefabricated
metal structure and a prototype for inexpensive, readily assembled housing that could
be easily transported to France's African colonies (Arcspace, 2012). In 1951, this
structure was erected in the town of Brazzaville, Congo, and was disassembled after

nearly 50 years in 1999 and shipped to France for restoration (Arcspace, 2012). The
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disassembly potentials integrated into the design of Tropical House allowed for its
relocation for restoration. Later, DfD principles were seen in the context of temporary
architecture. The IBM Traveling Pavilion, designed by Renzo Piano in 1983, was
assembled, exhibited for a month, disassembled, and then reassembled in 20 European

destinations (RPBW, 2019).

Today, in building design, DfD is considered to be a concept that links design
methodologies, waste management and sustainability in the built environment
(Durmisevic, 2006). It aims to reduce the amount of waste by preserving materials and
components of a building and reusing them in continuous life cycles. If DID is adopted
as a common design method to favor reuse of materials and to reduce waste, buildings,
systems and their components should be considered as valuable long-term assets and
stock to serve as a primary material sources for new construction where their

preservation is essential.

One of the ways to preserve building materials is to prevent demolition. DfD can
prevent demolition in two ways; 1) it provides flexibility and adaptability in systems
and parts during the service life of a building, and 2) it suggests a process of
dismantling of systems and parts of a building at the end of their life spans (Guy &
Ciarimboli, 2007). Flexibility and adaptability provided by the disassembly of systems
and parts allow the user to upgrade and adapt their living and working spaces to their
changing needs. Adapting buildings and spaces avoids functional obsolescence and
building vacancy, which are two major causes of demolition (Remey, 2010).
Dismantling systems and parts provides for the possibility of reusing components and
recycling materials to diminish the amount of waste created during the operational life
of a building while renovating and at the end of its life span. In the next section, the
benefits of DfD during the life cycle of a building and at the end of its service life span

are examined.
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2.1.1 Benefits of DfD during the service life of a building

Observations show that throughout the last three decades, space occupancy scenarios
have been changing quickly due to economic instability and the evolution of work and
lifestyles in buildings (Durmisevic, 2006; Remay, 2010). A high rate of dynamism in
space occupancy requires adaptations and leads to physical changes in buildings. If
there is no economic justification or technical solutions for the adaptation of a building
to new requirements, functional obsolescence may occur. Functional obsolescence
results in building vacancy, which means that the building has reached the end of its

service life, and it may be demolished (Guy & Ciarimboli, 2007).

In the commercial context, space occupancy is based on shorter use scenarios
(Durmisevic, 2006; Remgy, 2010). Therefore, if a commercial building cannot be
adapted to the new users’ needs, there is a higher risk of functional obsolescence,

building vacancy and demolition.

In the residential context, use scenarios are generally longer. However, according to
the report Recycle: Lifecycle - How to renovate for change by the Canada Mortgage
and Housing Corporation (CMHC) (2003), most Canadians live in houses which are
not new, nor designed to their specific needs. Inhabitants have more incentives to
renovate than to build new constructions as renovation has a more stable market
(CMHC, 2012). Studies show that there has been an increase in renovation activities
since the 1970s in Canada (CMHC, 2012). Most renovation projects are undertaken for
the maintenance of systems and services or for space adaptation to evolving occupants’

requirements (CMHC, 2012).

Adapting buildings to user requirements increases renovation and demolition activities
in different contexts. Therefore, design strategies are needed to deliver flexible
structures and spaces for constant adaptations. Flexibility makes renovations less
wasteful, decreases the demolition rate, and diminishes the amount of waste

(Durmisevic, 2006). Within a DfD method, the designer plans to provide resilience and
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flexibility in a building by examining the frequency of changes during the service life
of a building (Durmisevic, 2006). They integrate a systemized methodology in the
process of design for the disassembly of components and parts when change and

adaptation are needed (Lehmann & Crocker, 2012; Ordonez & Rahe, 2013).

To anticipate functional and physical changes in a building life cycle, Durmisevic
(2006) suggests that designers must understand the service life of a building. The
service life of a building is composed of two distinct cycles; the technical life cycle and
the functional life cycle (Durmisevic, 2006). The technical life cycle of a building is
the life span that physical parts of the building have independent of any consideration
for use or obsolescence cycles, and the functional life span is the occupancy period of
the building (Durmisevic, 2006; Guy & Ciarimboli, 2007). Durmisevic (2006) refers
to the technical life cycle as supply, and the functional life cycle, demand. If a building
is physically flexible and adaptable to the requirements of its users, the balance between

the supply and the demand can be achieved (Durmisevic, 2006).

Commonly, buildings designed and constructed with conventional methods have a
technical life cycle between 50-100 years (Brand, 1994; Durmisevic, 2006). Within
this period, a building may be used for different functions and scenarios. Different use
scenarios in a building have different spatial and technical requirements. Normally, the
functional life cycle controls the technical life cycle and determines the service life of
a building (Guy & Ciarimboli, 2007). An assessment of the physical quality of systems,
services and materials can indicate if a building can be adapted to new requirements.
If it is not physically possible to alter the building and there is no economic justification
for adapting the systems and structures to new requirements, the building may be
functionally obsolete leading to demolition while it is still in a good physical condition
(Durmisevic, 2006; Remay, 2010). Design for disassembly suggests scenarios to create
a balance between supply and demand by making building systems flexible and

adaptable for the changing needs of building occupants (Smith, 2010). It balances
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functional and technical life cycles by; 1) separating short and long scenarios, and
longer and shorter-lived components and materials, and by 2) setting conditions for

transformations early in the design process (Durmisevic, 2006).
2.1.2 Flexibility and adaptability in building design

Le Corbusier, one of the pioneers of the Modern movement, developed and published
five principles for Modern architecture in the 1920s. One of the five principles is an
open and free plan that emphasized the absence of load-bearing walls for flexible use
of the living space. Later, in the 1960s, ideas related to flexibility and adaptability in
spatial organization were discussed and elaborated on by John Habraken and the SAR®
in the theoretical framework of Open Building. The general idea of Open Building is
that “the built environment is the product of an ongoing, never ending design, in
constant transformation,” and therefore, change, adaptability and flexibility should be

recognized in the design phase (Kendall, 2015).

Open Building developed a method to give a new construction the capacity for long-
term change (Kendall, 1999). It demands reform in design and promotes a flexible
design that allows for variation in housing types and adaptable dwellings. This design
approach is based on occupant participation and consists of “an accompanying
procedure and a decision-making framework for every level of scale to accommodate

building change” (Bosma, Hoogstraten, & Voos, 2000, p. 334).

The Open Building theory aims to give the user control over their dwelling, so they can
make changes and adapt their dwelling to their changing needs over time (Habraken,

Boekholt, & Thijssen, 1976). Open Building is principally discussed as a theory of two

°The SAR (Stichting Architecten Research) is a foundation for architectural research in Eindhoven, the
Netherlands and was founded in 1965 to ‘stimulate industrialization in housing’. More generally, it
sought to study issues surrounding the relationship between the architecture profession and the housing
industry, and to chart new directions for architects in housing design (Kendall, 2015).



38

distinct levels of decision or distinct levels of intervention in architecture and urban
design (Kendall, 1999). These two levels are ‘support’ or ‘base building,” and ‘infill’
or 'fit-out’ or ‘detachable units’ (Habraken et al., 1976; Kendall, 2015). According to
Habraken et al.,, (1976), different factors determine which part of a building provides
support and which part is a detachable unit. However, based on the SAR approach,
non-load bearing walls and partitions are always considered detachable units.
Basically, the SAR’s experiments and theoretical developments focused on a method
and a series of agreements that allowed support and infill to remain distinct while their
needs were connected (Bosma et al., 2000). The independence of support and infill
meant that a “support project had no standard floor plan,” and freedom in a floor-plan
organization provides control over the dwelling (Bosma et al., 2000, p. 334). The
designer and the architect have control over support, and the user can modify the infill
configuration according to their needs. Detachable units are designed to be flexible and
adaptable and allow the user to participate in the decision-making process.
Developments in base building technologies and the variety of infill systems that exist
on the market offer users the chance to design their own interiors (Kendall, 1999). The
user’s control over partitions and walls allows them to modify their interiors through
the time of occupation without needing to demolish and reconstruct their interior to

have a suitable dwelling adapted to their requirements.

In Open Building, a multi-unit building is designed for a variety of occupant
preferences, and the design has no extra cost for the developer compared with a
building in which all units are designed in the same way (Kendall, 1999). NEXT 21 in
Osaka, Japan, is designed based on the concept of support and infill that demonstrates
several new construction methods for urban multifamily housing. The 18-unit housing
project, conceived by the Osaka Gas Company and the NEXT 21 Construction
Committee, is highly flexible in terms of architectural systems (Kendall,
1999). Different parts of the building such as the frame or skeleton, the exterior
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