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Abstract: The construction industry is one of the most environmentally detrimental industries in
the world, impacting directly the use of raw materials, their determination of use involving the
whole lifecycle, as well as all their surrounding environment. However, within the building sector,
the transition from a linear to a circular economy is still at an early stage. Business models need
to be reconsidered to include new and improved methods and innovative services that could lead
to a net reduction in the use of resources and minimizing the waste disposed on landfills. In this
context, an important role in buildings’ circularity is “deconstruction”, which is understood as a
well-considered selective dismantlement of building components, in prevision of a future reuse,
repurposing, or recycling. It represents a sustainable alternative to common demolition, which tends
to be an arbitrary and destructive process, and although faster and cheaper, it typically creates a
substantial amount of waste. The purpose of this article is to analyze the deconstruction potential of
buildings and the strategies to apply in order to keep the impacts on the urban environment low. The
article aims to facilitate the implementation of circular economy strategies for buildings by proposing
common principles for deconstruction as a sustainable alternative to demolition and defining the key
points to be applied during the design and planning process regardless of the type of construction
system or material used.

Keywords: building deconstruction; building deconstructability; design for deconstruction; end-of-
life material recovery; material reuse; sustainable construction; building circularity; building lifecycle

1. Introduction

The construction sector plays an important role in the global economy, generating
about 12% of the world Gross Domestic Product (GDP) [1] and using many intermediate
products, such as raw materials, chemicals, electrical equipment, and related services [2].
This tendency is expected to grow in the near future due to the continuing trend of people
living in cities, the increasing migration currents, and the rising public—private partnerships
in infrastructure development [1]. However, at the same time, the construction sector
represents a major source of waste: globally, buildings account for around 35% of resources
used [3] and 40% of total energy use [4], consume 12% of the world’s drinkable water,
and produce almost 40% of global carbon dioxide emissions [5]. The sector also generates
about one-third of all waste destined for the landfill [6] and is associated with different
stages of a building’s lifecycle, including the manufacturing of construction products,
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building construction, use, renovation, and the management of building waste, consisting
of a wide range of components and different (non-) renewable materials, such as concrete,
bricks, gypsum, wood, glass, metals, plastic, solvents and excavated soil, many of which
could be recycled [7].

As part of the transition from a linear economy to a circular economy, which re-
cently has raised interest of researchers, policy, governments, and industries around the
world [8,9], the current construction practices need to be reconsidered, taking into account
new and improved methods and services, minimizing the environmental impacts and
allowing the reuse of buildings’ components and materials in order to avoid waste and
reducing costs. In this overview, the construction sector has a particular relevance: on the
economic side, due to the global share of GDP it represents and the number of employees
in the sector; on the environmental side, because it can contribute substantially to the
reduction of energy demand and mitigate the effects of climate change [10]. Therefore,
construction and buildings can be considered a key sector for the transition from linear to
circular economy, contributing to resource efficiency, improvement in energy use during
the lifecycle of buildings and better quality sustainable materials, more waste recycling,
and improved design [11].

In this context, an important role in buildings’ circularity is played by the so-called
“de-construction”, which is understood as “construction in reverse” [12], the ability to dis-
mantle the building part by part avoiding damage, in anticipation of maintaining the value
by reuse in different contexts, as an alternative to the classic demolition, which tends to be
an arbitrary and destructive process, although faster, and also creating substantial amounts
of waste [13]. Construction and Demolition Waste (CDW) diverted from landfills accounts
for approximately 20-40% of the total solid waste stream, and 90% of the CDW stream is
generated during the process of demolition [14]. On the other hand, deconstruction allows
substantially higher levels of reuse and recycling of materials compared to traditional
demolition processes: up to 25% of material in a traditional residential structure can be
easily reused, while up to 70% of material can be recycled [15]. Compared to demolition,
deconstruction offers the possibility of reuse or recycling of materials and components,
contributing to circularity because of less material going to landfill and reducing the require-
ment for extracting virgin resources; as well, it is a cleaner and more sustainable process
than demolition, with less pollution released into the atmosphere and waterways [16].

Although nowadays, there are already strategies that consider the possibility of se-
lective deconstruction and reuse of building components and materials [17-19], currently,
less than 1% of the existing buildings are fully demountable [20]. Deconstruction is not
a mainstream concept [12]: the greatest challenge for the application of deconstruction
strategies is the fact that throughout history, buildings have always been seen as “perma-
nent” objects that should last as long as possible [21] and therefore without thinking of
arrangements for future dismantling. Consequently, tools and techniques for dismantling
the existing structures are still under development; in addition, there is a lack of clear
planning guidelines with which planners could design with foresight and include decon-
struction planning in their design process. The current lack is also amplified by the fact
that the building stock consists of a wide variety of different types and ages, ranging from
buildings built in recent centuries, but still used by the population as residences and small
businesses, to more recent buildings in masonry or in reinforced concrete, sometimes even
altered over time [22]. A huge panorama of buildings is realized with techniques and
methods (regarding their construction and subsequently their “deconstruction” at the end
of life) that vary enormously according to the structural type, the connections between the
elements that make up the building, and the type of materials used. Therefore, these factors
determine a certain level of buildings” deconstructiveness and are essential to know in
order to obtain truly valid deconstructive strategies as an alternative to demolition and
thus achieve environmental sustainability and economic affordability.

This research article presents how building deconstruction could contribute to the
circularity of the sector, allowing to keep building components and materials within the
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production cycle, following a hierarchical scale where “reuse” is preferable to “recycle”,
which is preferable to “downcycle”, which is preferable to “disposal”. The research focuses
on buildings at different levels of detail: first, analyzing the main common constructive
systems, namely the load-bearing parts; then analyzing the various building’s components
that make up the entity (such as walls, beams, pillars, foundations, partitions, etc.) and
the possible ways they are connected with each other. Breaking down the building for the
definition of single elements and materials, the aim is to identify the architectural tech-
niques and procedures that best suit the need to dismantle rather than demolish. Attention
is paid to possible strategies to avoid demolition and disposal to landfill, considering the
different types of existing buildings, with most of them having not been designed for
deconstruction. Some real-life examples, where different deconstruction strategies were
applied, are presented with the objective of pointing to the positive impact they had in the
context in which they were built and “de-built”.

The purpose of this research paper is to have a set of deconstruction recommendations,
with methods and strategies to apply independently on the different constructive systems
and materials, that can enable more sustainable solutions for the end of life of buildings,
in a construction sector where buildings are mostly designed to be demolished and not
deconstructed. A new clear methodology about deconstruction is proposed to be applied
to the construction of buildings from the initial concept to the design phase in order to be
effective throughout the building’s life cycle. The new methodology will be based on a
“step-by-step” approach that considers buildings as independent objects, with different
possibilities of construction, deconstruction, and reuse (and therefore not as homogeneous
entities to be dismantled, as compared to the destructive approach of demolition). The de-
velopment of an analysis grid will allow the comparison of different lifecycles for different
types of buildings with the aim of defining the specific added value and the deconstruction
possibilities. The goal is to recognize deconstruction as a parameter that must be part of the
design and planning phase of any building. Similar to a holistic planning approach where
energy or resource efficiency are part of the initial design, the potential for deconstruction
should be an intrinsic aspect of the design rather than an afterthought. The application of
a flexible deconstructive methodology and the reuse and recycling of the deconstructed
elements as alternatives to incineration or waste disposal keep building components and
materials within the production cycle, helping make the construction sector more circular
and subsequently more sustainable.

2. Background

From a historical perspective, it is interesting to note that the reuse of building ma-
terials, deconstructed and taken from previous constructions no longer in use, is quite
common throughout human life [23]. Many specific examples of reuse assumed precise
artistic characteristics in the Roman cities of the late ancient period and later throughout
the medieval era [24]. An example is the triumphal arch of Constantine, which was built
around the year 315 and located in Rome (Italy) at a short distance from the Colosseum
(Figure 1). The monument can be considered as a historical “museum” of Roman art,
as most of the sculptures and decorations consist of elements removed from previous tri-
umphal monuments dedicated to the emperors Trajan, Hadrian, and Marcus Aurelius [25].
In particular, the frame of the main order, the Corinthian capitals, the shafts in ancient
yellow marble, and the bases of the columns are all elements of reuse, affecting a histor-
ical period of more than a century, as well as the monumental decorative scheme of the
reliefs. They recall the figures of the “good emperors” of the second century (mentioned
above) to whom the figure of Constantine is assimilated, who, for propaganda purposes,
ideologically proposed himself as the restorer of that past glorious era [26].
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Figure 1. The reliefs of the arch of Constantine, reused from buildings of previous emperors (picture
of Sara Torda from Picabay, drawings of G.B.).

Another interesting example of historical reuse of building components is the bell
tower in front of the church of “Santa Maria Maggiore della Pietrasanta” in Naples (Italy,
Figure 2), which is datable to the 10th or 11th century and is a rare evidence of Romanesque
architecture in the city. This structure can be considered as a kind of “patchwork”, since it
retains numerous architectural elements and inscriptions dating back to the period from
the Roman to the High Middle Ages, as the beautiful marbles were reworked and reused
as building blocks at the base of the structure. This unusual way to reuse marble is
due to the fact that a large Roman temple dedicated to the Goddess Diana stood in the
same place in Roman times [27]. On the side of the base overlooking the main street
and integrated in the medieval red brick masonry, a block of inlaid marble and an altar,
columns, architectural friezes and trabeations, blocks of lava stones (used to pave streets
in Roman Ages), and even a slab of “ludus latrunculorum”, a game similar to chess very
popular between Roman soldiers, are noticeable.

(@)

(b) () (d)

Figure 2. Bell tower of “Santa Maria Maggiore della Pietrasanta” (pictures of G.B.): (a) Bell tower front view; (b) Detail of

the base facing the street; (c) Detail of the base; (d) Bell tower back view.
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“Pont de la Concorde” in Paris can also be mentioned. It is a bridge that crosses the
Seine between Place de la Concorde and Quai d’Orsay, opposite the headquarters of the
National Assembly. The bridge was built at the end of the 18th century to facilitate the
passage between one bank and another in an area that at the time was served only by
boat. Since most of its construction was carried out in the middle of the revolutionary era
(1787-1791), building materials from the destruction of the Bastille, whose capture by the
people marked the beginning of the French Revolution, were also used as building material.
In particular, part of the ashlars of the destroyed prison-fortress (seen by the people as a
symbol of monarchical power) was used to pave the bridge, so that the Parisians could
step every day on this symbol of oppression [28].

In the past, the phenomenon of reuse had a double significance: the reuse of sculptural
or architectural elements taken from monuments of previous empires or dynasties has
value both in a “triumphal” sense, as spoils of defeated enemies, and in a “renewal”
sense, as a re-appropriation of the glories of the past. From a more pragmatic point of
view, it underlines the advantage of reusing ready-made materials in comparison to the
production of new blocks [29]. The material from ancient buildings combined the intrinsic
value of the raw material antiquity of its original use. Of course, this value is no longer
applicable in modern society due to the protection of historical assets that do not allow the
stripping of the finds. However, the concept of economic savings remains and seems to
fit well into the context of the deconstruction of a building for future purposes of reuse
or recycling.

3. State of Knowledge

In more recent times, starting with the industrial revolution and the exponential accel-
eration of the production processes and technology that it entailed, demolition emerged as
one of the city’s management tools to maintain its proper functioning [30]. It contributed
to the economic development but contributed little to sustainable environmental develop-
ment, due to the high amount of demolition waste and no consideration for the reuse or
recycling of the buildings” components [31].

Nowadays, the progress of technology has led to the appearance of new methods
for buildings’ requalification, which are better integrated in the modern context close to
the themes of sustainable development and environmental protection, including building
deconstruction. There are already plans and execution strategies aimed at considering
the deconstruction of buildings. For example, “Building Information Modeling” (BIM) is
a method for the optimization of planning, construction, and management of buildings
that includes all information relating to their lifecycles and that connects all the actors
of the building process along the different stages of the supply chain (design, procure-
ment, construction). It is based on a virtual model, a “digital twin” equivalent to the
real building, thus having many details regarding the composition of the materials of
each element. This subsequently allows determining the extent to which the building
could be deconstructed, right from the design stage, to avoid demolition after the end of
the lifecycle [16]. Another example is the so-called “Design for Deconstruction” (DfD),
which is intended as a way to design buildings from the outset to allow future changes
and the deconstruction of components and materials, including provisions for reuse and
the recycling of building components after their dismantling [17]. In DfD, each building is
seen as a repository of resources, which at the end of its lifecycle, instead of ending up in a
landfill, should find its way back to the “reduce-reuse-recycle” concept. Then, it should
be followed by a “deconstruction plan” to ensure that construction processes will allow
the deconstruction activities to be successful. Among the various documents produced,
the so-called “Material Passport”, a list of building elements and how they will be best
reused, reclaimed, or recycled in a changing-materials market, is probably the most well-
known. It is currently developed by several organizations in mainly European countries,
fitting in the circular context relating to materials [18]. The Material Passport consists of a
series of data describing the characteristics of the building’s elements, including a complete
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description of all products (windows, doors, staircases, etc.), components (iron beams,
glass panels, etc.), and raw materials (wood, steel, etc.) that are present in the building,
with the aim of providing value for recovery, recycling, and reuse of the mentioned parts
after deconstruction [19].

In this regard, more recent initiatives and regulations were defined at the European
level. In 2014, the European Commission promoted the reduction of resource use through
the building’s lifecycle by the use of deconstruction strategies and the reuse and recycling
of products and materials otherwise destined for landfill [32]. In 2015, the European
Commission underlined again the importance of encouraging design improvements that
will reduce the environmental impacts and increase the durability and recyclability of
building components, mentioning the building and construction sector as one of the
five priority areas on which the application of circular strategies is based [33]. In 2020,
the European Commission drafted the second “EU Action Plan for the Circular Economy”,
which provides a future-oriented agenda for achieving “a Cleaner and More Competitive
Europe” [34]. It presents a set of interrelated initiatives to establish a coherent product
policy framework that will make sustainable products, services, and business models,
transforming consumption patterns so that no waste is produced in the first place. The EU
Action Plan sets the building sector as a priority and promotes circularity principles
throughout the entire lifecycle of buildings, with particular attention to construction and
demolition waste [35].

Following the push of these initiatives and regulations, the scientific research in the
field of deconstruction has made progress, especially in regard to the feasibility of de-
constructing a building, considering the possible barriers encountered at the local level
from a legislative, economic, and technical point of view. An interesting report about the
feasibility of deconstruction was carried out by the Partnership for Advancing Technology
in Housing (PATH), which is based on a study on four urban communities in the United
States and lessons from other local deconstruction initiatives [36]. It describes the typical
conditions under which deconstruction usually takes place, as well as the barriers (eco-
nomic, organizational, and public policy) that must be overcome for the deconstruction
strategy to be effective. In this study, public housing authorities and community leaders
are directly addressed who may want to consider deconstruction as a way to enhance and
improve their community revitalization efforts [36]. Another recent study was conducted
by the Ellen MacArthur Foundation in collaboration with Google, consisting in an initial
exploration into the importance of deconstructing commercial buildings and the reuse of
building materials for an increasingly circular built environment [37]. It was developed
based on insights from interviews with leading deconstruction and reuse experts, primarily
in the United States and Europe, and it focuses mainly on the systemic barriers to scaling
deconstruction, such as existing buildings that are not designed for easy deconstruction,
regulatory frameworks that discourage deconstruction, and marketplaces for reusable
materials that are still underdeveloped. The main outcomes from this research are recom-
mendations for project teams and municipalities to increase deconstruction and the reuse of
commercial building components, which include the use of DfD right from the design stage,
the development and implementation of regulations that encourage deconstruction at the
local level, and the geographical expansion of marketplaces for materials to be reused [37].

It appears that the discussion on building deconstruction is widening but not yet at the
point of being seen as a priority element by most of the professionals (architects, companies,
municipalities), to be considered from the very beginning of the project as it is increasingly
happening for other relevant topics such as e.g., energy and resource efficiency.

4. Materials and Methods

To be able to analyze the deconstructive potential of a building, it is first of all neces-
sary to know how its entire lifecycle works, starting from its origin: the concept behind its
construction, the local context, the choice and origin of materials, and the different types
of environmental potential due to what happens in each of the phases that make up the
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lifecycle of the building. This approach allows understanding how each choice made in
the design and production phase then has repercussions in the use and disposal phase.
Through an in-depth analysis of the “building” object, and of the variety of construction
systems and building components that can be found in the construction panorama, it will
be possible to evaluate how the degree of deconstruction changes according to the mate-
rials and construction techniques used. Finally, some examples of buildings made with
deconstructive principles will be shown, where deconstruction has been successful and
has led to positive results in the most varied ways.

The aim is to provide a clear methodology to guide the deconstruction process, to
be applied for the construction of new buildings, with a “step-by-step” approach that
identifies each building differently according to their characteristics and components,
but with the clear requirement to consider deconstruction as a fundamental element of
building programming and planning. The development of an analysis grid will allow the
comparison of different life cycles for different types of buildings, with the aim to define
the specific added value and the deconstruction possibilities. The novel approach would
implement deconstruction strategies and options for the realization of the building of the
future toward a more circular construction sector.

4.1. A Building’s Lifecycle

A building’s lifecycle can be divided into five different stages: design, production,
construction, use, and end of life. At the end of life, building components can become an
environmental burden by being landfilled or have positive impact by feeding them back
to the production stage, reducing the extraction of raw materials [38]. The first phase is
the “design”, which is a process that, starting from technical standards, calculations, and
drawings, leads to the definition of the dictates, guidelines, and specifications necessary for
the construction of a building; these are summarized within a project. In a broader sense,
the design phase is the set of “planning” and “programming” phases that will lead to an
expected result, which can be achieved totally, partially, or even missed [39]. Ultimately,
based on the choices made in this stage, the subsequent phases and the possibilities for the
end of the lifecycle are a direct consequence. During the production phase, raw materials
are extracted, transported, and transformed into construction materials. The extraction of
natural resources has a great impact on the availability of non-renewable resources and,
moreover, a large amount of water and energy are linked to this process, and this leads to
the release of air pollutants [5]. The construction phase is when the building takes its shape.
It can last a few years, and it requires a significant amount of energy and materials and
involves a large number of actors and equipment. The use phase is generally considered to
be the longest in the lifecycle of the building and includes activities such as maintenance,
which is aimed at extending the life of the building. The use phase leads to environmental
impact caused by user behavior, regarding the use of energy and water consumption
and waste generation [6]. Since the linear economy is still prevalent, the end of life of
buildings is the demolition process. Demolition creates huge amounts of bulk waste, and
the environmental impact of this phase is also related to the release of green gas emissions
from machinery and transport, as well as emissions related to the landfill disposal [40].
The end-of-life phase, in the context of the circular economy, is ideally never reached, as
the materials are integrated into a second-life continuously: buildings can be disassembled
into different components, so they can be reused, repaired, refurbished, or recycled.

4.2. The Building’s End of Life

The concept of both demolition and deconstruction means that buildings are expected
to be used for a predicted period of time; after that, there is the need to find a solution for
them. According to the literature, there are different possibilities about buildings” after-life
options: maintenance, refurbishment, demolition, and deconstruction [30,41-43].

The maintenance is the set of improvement, preventive, and corrective actions, the pur-
pose of which is not dictated by an urgent need to restore the optimal level of operation but
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rather by an economic management of the maintained system. Over time, the performance
requirements increase and new technologies appear on the market, so there is the need to
evaluate the replacement of a system (dismantling with demolition or deconstruction) or its
maintenance in order to update it and reduce its degree of obsolescence, as well as increase
its longevity [43]. The refurbishment is the set of interventions aimed at transforming the
building through a systematic set of works that can lead to a building totally or partially
different from the previous one. These interventions include the restoration or replacement
of some components of the building, as well as the elimination, modification, and insertion
of new components and systems. Among the advantages of this process, there is the use
and preservation of the historical building heritage, and it offers a sustainable approach to
refreshing buildings without disruption and demolition waste but, at the same time, it is
a much more expensive process than the demolition and reconstruction of the building
with the same volume [42]. Demolition can be intended as the arbitrary disassembling or
destroying of a structure in order to quickly clear the construction site. It is a relatively fast
and very economical process, but at the same time, it is not necessarily respectful of the
environment given the large amount of material destined for landfill. For smaller build-
ings, the demolition process is quite simple and is done with machinery such as cranes,
excavators, bulldozers, and wrecking balls [30]. Finally, deconstruction can be intended as
the selective dismantling piece by piece of building components for the purpose of material
recovery and components reuse [41].
Table 1 summarizes the possible building’s end-of-life concept.

Table 1. Building’s end-of-life concept.

Destiny Definition Characteristics
. Process of interventions concerning repair, renovation, = Quick and easy
Maintenance o1 . . .
[43] and replacement of building parts without altering the = Constant over time
overall volume and without changing the intended use  Relatively cheap
Process of restoring a structure to a former better Heritage
Refurbishment condition or to revive it, including alterations such as & .
preservation

[42] remodeling and retrofitting, which can result in a

completely different building Relatively expensive

Process of arbitrary disassembling or destroying of a Quick and easy

Demolition building in order to quickly clear the construction site, ~ Very chea
[30] g q y y P
with the use of heavy construction machineries Common method
. Process of selective dismantling of building components, Relatlyely .
Deconstruction art by part and avoiding damage, specifically for reuse labor-intensive
[41] partby p & 8¢ 5P Y ’ Component reuse

repurposing, and recycling Material recycling

Being the key topic of the present research, the discussion focuses mainly on decon-
struction as an alternative to demolition. The deconstruction 