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Abstract

This study examines the economic and financial implications of the upcycling process
and Design for Disassembly (DfD) applied to an “authorial” building. The objective is
to examine the economic benefits deriving from the reuse of construction materials by
quantifying the savings obtained through the reduction of disposal costs and CO2 emissions
in comparison with a traditional linear economic model. The methodological approach has
been developed with the aid of Building Information Modeling (BIM) in order to provide
an accurate estimation of both costs and environmental impacts related to the disassembly
and reuse of materials. The financial analysis is based on local market prices to assess the
savings associated with the reuse of building components compared to their disposal in
landfills. The case study demonstrates the feasibility of this approach under real condi-
tions, underscoring the transformative potential of upcycling in the construction industry,
highlighting how this strategy can simultaneously improve economic efficiency and reduce
environmental impact. The research offers a significant contribution to the debate on
sustainable building practices and may serve as a starting point for future investigations.

Keywords: circular economy; upcycling; avoided costs; financial analysis; economic analysis

1. Introduction
In recent decades, the growing evidence of the effects of climate change has been

making the urgent need for a drastic reduction in global greenhouse gas (GHG) emissions
increasingly clear. The Paris Agreement represents the main reference in this regard, as
it establishes long-term objectives that have been directing all countries to significantly
reduce global GHG emissions in order to keep the rise in global temperatures well below
2 ◦C above pre-industrial levels and to strive to limit the increase to a maximum of 1.5 ◦C,
recognizing that achieving this objective would considerably reduce the risks and impacts
of climate change [1].

In this scenario, mitigation and adaptation strategies must necessarily involve the
sectors most responsible for emissions, including the construction sector, which plays a
crucial role. In the 1990s, buildings accounted for approximately 40% of global material
consumption and one-third of energy consumption [2].

Two decades later, the sector has continued to represent the main global user of
raw materials, absorbing about 60% of the extracted resources [3,4], with particularly
significant incidences concerning aggregates (around 65%) and metallic materials (around
20%) [5]. At the same time, it has been estimated that the building sector has still been
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contributing significantly to global energy consumption and CO2 emissions [6,7], as well
as to the production of about one-third of global waste. These values have been constantly
increasing due to new construction and refurbishment activities [8].

Emissions from the construction sector mainly derive from two sources: operational
carbon, associated with the management of the building during the use phase (heating,
cooling, lighting, and ventilation), and embodied carbon, which includes the emissions
generated throughout the entire life cycle of construction materials, from the extraction
and production phase up to demolition and disposal [9]. In current practice, attention has
been focusing predominantly on the reduction of operational carbon, an approach that has
already proved insufficient to significantly reduce the overall environmental impact [10].
The embodied component has been assuming an increasingly greater weight in terms
of environmental impact [11], making urgent a revision of the processes of procurement,
management, and recovery of materials.

Despite the growing global emphasis on sustainability, most construction and demoli-
tion waste (CDW) has been continuing to be disposed of rather than reused or recycled,
thereby aggravating resource depletion and environmental degradation [12].

The traditional linear model “take–make–dispose”, which has still been dominating
the sector, has been exacerbating these critical issues by favoring extraction and disposal
over reuse. With global urbanization on the rise, the pressure for a transition towards
sustainable waste management practices has never been so cogent. In this perspective,
the development of strategies for managing CDW generated in the end-of-life phase of
buildings and the improvement of the recovery rate of materials represent central actions
for reducing embodied carbon. Although several studies have highlighted that demolition
may prove economically more convenient than deconstruction [13], research on the actual
costs of deconstruction has remained limited and often confined to conceptual evaluations,
despite the environmental benefits of selective demolition being widely acknowledged.
However, it is foreseeable that the economic competitiveness of traditional demolition is
destined to decrease in the future, following the evolution of the regulatory framework
towards more stringent recovery targets.

In this regard, at the national level there has been a growing attention to the reuse of
materials deriving from construction activities, in line with European guidelines on circular
economy. Legislative Decree No. 152 of 3 April 2006 (Environmental Consolidated Act)
constitutes the reference framework for waste management, including construction and de-
molition waste. In particular, Article 179 establishes the waste hierarchy, assigning priority
to reuse and recycling over disposal, while Article 183 regulates the concept of temporary
storage at the place of production, a crucial aspect for site logistics in selection and recov-
ery operations. A technical reference of primary importance is represented by UNI/PdR
75:2020 [14], which defines a methodology for selective deconstruction, articulated into
operational phases—from preliminary investigation to executive management—aimed at
the upstream separation of recoverable materials and their subsequent reintegration into
the supply chain. These guidelines are complementary to the Minimum Environmental
Criteria (CAM) introduced by Ministerial Decree No. 256 of 23 June 2022, which are manda-
tory for public procurement. In particular, paragraph 2.6.2 of the CAM document has
been promoting selective demolition practices, material traceability, and the preparation of
environmental management plans oriented towards the recovery of building components.
A further significant element is the recent Ministerial Decree No. 127 of 28 June 2024, which
defines the criteria for the cessation of waste status (End of Waste) for construction and
demolition aggregates. The measure establishes the technical and environmental conditions
for their reuse as recovered aggregates, recognizing selective demolition as the preferential
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practice to ensure the quality of recycled materials and, in fact, promoting the creation of a
national supply chain of secondary construction materials.

In the light of these premises, it has become necessary to develop a methodology
capable of supporting strategic decisions in the management of the end-of-life of build-
ings by integrating financial and environmental-economic aspects [15]. In particular, the
adoption of processes able to quantify the benefits deriving from selective deconstruction,
compared with traditional demolition and disposal practices, constitutes a key factor in di-
recting both public and private investments towards material recovery and reuse processes.
This approach is framed within a broader transition towards the circular economy in the
construction sector, in line with European and national policies, and constitutes the basis
for increasing efficiency in the use of resources and reducing embodied carbon emissions.
The present work aims to outline a methodological process which, embedded within the
broader framework of resource optimization in the construction sector, is directed towards
the conception of regenerated building components, deriving from the dismantling and
selective deconstruction of an existing building, through actions attributable to the prac-
tices of Design for Disassembly (DfD) and upcycling. This approach has been developed
according to the cradle-to-cradle principles [16] and has been articulated through a critical
reinterpretation of the concept of tectonics: no longer understood solely as the “art of
assembly”, but, in this specific case, reinterpreted as the “art of disassembly”, aimed at
maximizing the recovery and valorization of building components. The primary objective
of the research is twofold: (i) on the one hand, to verify the technical and design feasibility
of disassembling structural and envelope components through an analysis applied to the
original construction system, with particular attention to their preservation, transportability,
and reconfigurability (see phases I, II, and III in the following sections); and (ii) on the
other hand, to evaluate—through economic and financial indicators—the effectiveness
of upcycling actions compared with conventional alternatives of demolition and landfill
disposal (see phase IV in the following sections).

From this perspective, the proposed study aims to construct an initial operational
framework, useful for shaping intervention strategies on the industrialized building stock,
with potential methodological and heuristic implications that can be extended to similar
contexts. The methodology has been applied to the field of school buildings of the second
half of the twentieth century through an emblematic case study. Although not originally
conceived according to DfD principles, the building constitutes an opportunity to test,
under real conditions, advanced strategies for the regeneration and reuse of prefabricated
steel building components.

2. Materials and Methods
In recent years, numerous studies have been exploring the possibility of reusing

structural and non-structural components of decommissioned buildings [17,18], and the
technical and managerial practices that make such reuse possible fall within the principles
of DfD, or Design for Deconstruction, which promote selective dismantling and the re-
employment of building elements in analogous contexts.

Compared with conventional demolition or recycling, dismantling and reuse present
multiple advantages: they preserve the embodied energy in components, extending their
useful life; they significantly reduce costs, energy consumption, and carbon emissions
resulting from demolition, recycling processes, and transport to landfills or treatment
plants. The synthesis of these advantages is reflected in the concept of upcycling, which
is aimed at producing higher-value output than the original material while preserving as
much as possible of the intrinsic characteristics and minimizing additional costs [19].
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In line with these principles, the methodological framework developed in this research
has been applied to a specific case study. The building selected—ITIS “Alessandro Volta”
(Figure 1), located in Tivoli (a municipality within the Metropolitan City of Rome in the
Lazio region)—belongs to a small series of schools constructed by the Roman company
Tecnosider in the 1960s, within the framework of national programs for industrialized
school building promoted and coordinated by the Ministry of Public Education. The
Tecnosider construction system, based on a steel frame and lightweight prefabricated
panels, was designed by the architects Pietro Barucci, Beata Di Gaddo, and Ugo Sacco,
gathered in the BDS office, with the collaboration of the architect Giovanni Barucci.

(a) (b)

Figure 1. Photo of the case study: (a) the school’s entrance; (b) main facade of the gymnasium. Source:
Upcycling Architecture in Italy. Design Workshop. Risultati/Results, 2024.

A distinctive feature of the system is the special assembly joint (Figure 2) for the facade
panels, protected by a patent filed in 1962: four extruded metal profiles, which can be
coupled together and provided with molded shapes enabling the “snap-fit” fastening of
the wall panels. The steel load-bearing structure, composed of standardized elements,
also displays authorial features, including a special bolted and demountable joint for the
connection between columns and beams, as well as corrugated steel floor slabs made up
of modular assemblable elements. The entire system is organized according to a rigorous
dimensional coordination based on a 1.20-m module, corresponding to the width of the
wall panel. The load-bearing structure, fully exposed on the facade, plays a central role in
defining the architectural image of the envelope, emphasized by the design of the joints
that visually restore the vertical continuity of the columns. These constructional features,
characterized by lightweight prefabrication and modular composability, make the building
particularly suitable for testing advanced strategies of deconstruction and reuse of building
components, in line with the principles of DfD and upcycling.

Starting from these premises, the methodological process developed has been articu-
lated into four sequential phases (Figure 3):

1. Site analysis and organization of the construction site area;
2. Knowledge of the building through surveys and BIM modeling, aimed at redesigning

and studying the load-bearing structure and the envelope;
3. Dismantling the design and prefiguration of the reassembly modes of the components

following an upcycling process;
4. Economic and financial analysis of the operation, aimed at comparing the deconstruc-

tion strategy with the conventional approach of demolition and disposal.
5. The following subsections describe each of these phases in detail.
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Figure 2. Beam-to-column joints of the main facade. Source: Upcycling Architecture in Italy. Design
Workshop. Risultati/Results, 2024.

Figure 3. Flowchart of the methodological process, illustrating the sequential progression across the
macrophases—Study, Analysis, and Output—as denoted by the directional arrows.

2.1. Phase I

The first phase concerned the preliminary analysis of the site and its surrounding
areas, aimed at defining the logistical and operational conditions for the subsequent dis-
mantling activities. This step is fundamental in any deconstruction-oriented process, since
site constraints strongly influence both the feasibility and the efficiency of selective dis-
mantling operations. In particular, accessibility, safety conditions, and the availability
of maneuvering spaces are critical variables that determine the choice of equipment, the
sequencing of operations, and the allocation of temporary storage areas.

2.2. Phase II

The definition of a sustainable deconstruction strategy requires the assessment of a
structured set of parameters that affect overall costs, energy consumption, and carbon
emissions. A typical building comprises thousands of components, each characterized by
specific physical and technological properties that determine its potential for reuse or recy-
cling. Consequently, it is essential to establish, already at the preliminary stage, a structured
information system that allows such data to be systematically stored and consulted.

In this perspective, the study has initiated its methodological path with a historical
reconstruction of the building’s design practices, aimed at accurately understanding the
construction techniques and materials employed. The investigation has been carried out
through the analysis of bibliographical sources of the period and archival documentation,
including the Barucci Fund and the Patent and Trademark Office Fund preserved at the
Central State Archive in Rome, as well as the archive of the institute itself.
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At the same time, a Building Information Model (BIM) has been developed, containing
a comprehensive dataset relating to the building, including geometry, spatial relationships,
geographical information, quantities and properties of the components, and the materials
employed. In recent years, one particular aspect of BIM has attracted considerable academic
interest: its potential use not only in the phases of design, construction, and management,
but also in those of selective demolition, recovery, and reuse of building components, with
the aim of systematically addressing issues related to sustainability and the reduction of
environmental impacts [20,21].

2.3. Phase III

Building disassembly has increasingly attracted the attention of scholars in recent
years [22–24]. According to ISO 20887, disassembly is defined as the non-destructive sepa-
ration of construction works or constructed assets into constituent materials or components,
and several studies have adopted this standard as a benchmark for assessing the disassem-
bly potential of buildings [25–27]. Several Green Building Councils have also promoted
research on DfD [28], with emblematic experiments such as the “Het Centrum” circular
building, designed to be dismantled five years after its construction in order to evaluate
its effective disassembly capacity [29]. The scientific debate has progressively expanded,
highlighting not only the structural or historical features that may limit reuse potential but
also the role of specific building components. In particular, the “SCI P427 protocol” has
been developed for steel components, providing an operative benchmark for their reuse
and recycling potential [30,31].

Through a combination of insights from the literature with the adoption of inter-
national standards (ISO 20887) [32], national regulations (Legislative Decree No. 42 of
22 January 2004) [33], and sector-specific guidelines (SCI P427) [34], a set of measurable
“disassembly parameters” (Table 1) has been identified to assess the disassembly potential
of both structural and non-structural components. These parameters, organized by ele-
ment typology and consistent with the classes defined by the Industry Foundation Classes
(IFCs) standards [35], have been integrated into the BIM model, thereby ensuring coherent
classification and the straightforward accessibility of information. Their combination has
made it possible to define a synthetic indicator, referred to as the disassembly index, which
quantitatively expresses the ease of disassembly and can be applied both to the present
case study and, more generally, to similar building types.

The proposed framework includes six macro-categories: site, space plan, structure,
skin, space partitions, and shared heritage (the latter referring to the preservation of
“authorial” architectural features). Each category comprises several parameters relating
to accessibility, versatility, weight, stratification, and other relevant factors. To ensure
comparability, each parameter has been assigned a discrete score from 0 (low) to 2 (high).
For example, within the skin category, the parameter “Weight” (weight of the component
for construction site disassembly activities) is given a score of 0 (low disassembly index)
when the weight exceeds 50 kg, 1 if it ranges between 20 and 50 kg, and 2 when it is below
20 kg. In addition, a parameter concerning safety (safety of disassembly), as defined in ISO
20887, has been introduced across all categories. A negative assessment of this parameter
entails the resetting of the disassembly index in order to safeguard operational feasibility
and the safety of workers [36].

From the knowledge phase, the process of dismantling has therefore been defined and
conceived as a reverse reconstruction of the original assembly operations. The analysis
has led to the adoption of a top–down approach, articulated as follows: (i) cutting of the
slab at the beam junctions and removal of the panels while preserving the stratigraphy;
(ii) removal of the facade panels from the interior; (iii) cutting and removal of the beams at
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the joints; (iv) cutting and removal of the columns at the joints [36]. Although the building
was constructed with dry-assembly techniques, the degradation and painting of the bolts
make direct dismantling impracticable, while the historical value of the patented joints
suggests preserving their integrity. It was therefore decided to cut the steel elements in
proximity to the joints, keeping them intact.

Table 1. Excerpt from the “disassembly parameters” table, aimed at providing a detailed assessment
of the factors related to the dismantling potential of structural and non-structural components. Source:
Upcycling Architecture in Italy. Design Workshop. Risultati/Results, 2024.

Categories Parameters Definition
Score

0—Low 1—Medium 2—High

Site
Accessibility

(construction site
installation)

The position of the building allows the
access for the transport of the building

components off-site.
The parameter is measured

considering the % value of accessible
area/total area of the site

0–20% 20–60% >60%

Space plan Expandability

The building features the possibility to
be expanded, facilitating the addition

of new spaces (ISO 20887).
The parameter is measured

considering the % value of direct
expandable area/total area of the

building floors

0–20% 20–60% >60%

Structure Signs of fire
exposure

Proven through a visual inspection.
Components exposed to uncontrolled

flames cannot be reused
(SCI P427)

exposed not exposed

Skin Obsolescence
Express the % damage area/total area

of the element, considering
visible damages

>60% 20–60% 0–20%

Space
partitions

Reversible
connection

Connections that can be disconnected
or disassembled (ISO 20887)

Light welding
(corner

welding)

Fixed metallic
connection

(rivets)

Disassemble
metallic

connection (bolt)

Shared
heritage

(authorial
contribution)

Documentary
heritage

Presence of documents proving links
with historical and technological

background
(Legislative Decree No. 42 of 22

January 2004)

Authorial de-
sign proven by
original drawings

Authorial
design proven

by original
drawings,

literature of
the time

Authorial
design proven

by original
drawings,

literature of the
time, and

industrial patents

In line with the objectives of the research, two complementary dismantling perspec-
tives have been considered:

• Efficiency scheme, aimed at recovering the largest possible number of simple elements
to be reintroduced into the market;

• Heritage valorization scheme, aimed at preserving and recovering composite elements
(e.g., facade modules) that reflect the original architectural identity.

These are not conceived as dual or alternative strategies, but rather as two converging
approaches that reinforce one another. Their integration makes it possible to reconcile the
requirements of economic efficiency with the protection of historical and cultural value,
thereby enhancing the overall effectiveness of the upcycling process and demonstrating
how, although not originally conceived for disassembly, the building displays construc-
tional characteristics intrinsically favorable to such operations.
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Following this process, several design prefigurations have been developed with the aid
of an Assembly Matrix, aimed at facilitating the reciprocal integration of reused components.
Some examples will be presented in Sections 3 and 3.3.

2.4. Phase IV
2.4.1. Financial Analysis

The current economic system remains largely anchored to a linear paradigm, in which
the life cycle of products unfolds according to the sequence take–make–use–dispose. This
model, characterized by an intensive use of virgin raw materials and a strong dependence
on non-renewable energy sources, is proving increasingly unsustainable on a planet with
finite resources. In addition to causing a constant depletion of natural resources, it generates
significant quantities of waste, which, through processes of accumulation and dispersion,
contribute to the degradation of terrestrial and marine ecosystems.

In contrast, the circular economy proposes a production system oriented towards
waste prevention, the reduction of resource consumption, and the maximization of reuse
and recycling, with the ultimate aim of preserving natural capital. Within this framework,
selective deconstruction can be regarded as an operational tool for enhancing the value
of materials deriving from the end-of-life of a building, while at the same time reducing
environmental impacts and generating tangible economic benefits for stakeholders across
the supply chain.

The financial analysis has therefore aimed to quantify the financial benefit derived from
avoided costs, i.e., the reduction of production activity through technically and functionally
comparable alternatives. In this sense, the financial benefit has been identified in the reuse
of building components, which can be understood as the reduction of overall expenditures
when compared with the traditional option of demolition and landfill disposal.

For this purpose, the building elements have been grouped into seven macro-categories
(Tables 2 and 3), defined according to functional and material criteria, in order to provide a
coherent and systematic reading of the entire building system.

Table 2. Classification of building elements and parameters of the financial analysis, excluding
hazardous materials.

Building Elements Disposed Elements Recovered Elements

[€] Cost Share [%] [€] Cost Share [%]

External walls −46,345.80 8.85 9854.26 1.88

Internal walls −14,571.07 2.78 - -

Joints - - 2768.14 0.53

Slabs −197,165.97 37.64 140,257.56 26.78

Roofing - - 16,477.86 3.15

Load-bearing
structure - - 37,574.42 7.17

Frames - - 58,797.89 11.22

Total −258,082.84 49.27 265,730.12 50.73

• External walls: including cladding facade panels, curtain wall systems, perimeter
walls, glazed surfaces, and reinforced concrete shear walls.

• Internal walls: including partitions and lightweight non-load-bearing walls.
• Structural joints: comprising metal connections, articulated into bolts and fasteners,

short steel profiles, and connecting plates or flanges.
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• Slabs: represented by selected portions of slabs suitable for reuse, elements com-
posed of flooring and corrugated steel sheets, ground-floor pavements, and reinforced
concrete slabs.

• Roofing: consisting of corrugated steel panels.
• Load-bearing structure: including the main supporting elements, namely beams

and columns.
• Frames: including doors and windows.

For each category, materials destined for recovery were distinguished from those
directed to disposal, with a further separation between hazardous and non-hazardous
waste, according to the European Waste Catalogue (EWC). For each element, divided into
disposed and recovered components, weight, volume, and the costs associated with loading,
transport, treatment, and disposal operations were calculated, including landfill fees and
any additional charges, such as long-distance transport. The estimates were developed
by adopting the items listed in the Tariffa dei Prezzi Regione Lazio 2023 and in the Prezzi
tipologie edilizie 2024 [37], and in compliance with current regulations.

The data shown in Table 2, further detailed below, have been implemented and re-
processed into graphical representations in order to provide an immediate and intuitive
overview of the results. Moreover, the quantitative and analytical data have been inte-
grated into the BIM model, allowing precise identification—also in visual form—of which
components contribute most or least to the formation of avoided costs and which, on the
contrary, generate the most significant disposal costs. From this process, the following
findings emerge.

2.4.2. Economic Analysis

The environmental impact of the construction sector can be mitigated, while at the
same time generating economic benefits, through the implementation of circular econ-
omy principles. Within this paradigm, value does not stem from an ever-growing con-
sumption of resources but is instead created by eliminating waste and reducing the use
of raw materials through the extension of product longevity and the strengthening of
reuse processes [38].

Recent literature documents a growing interest in the application of these principles to
the construction sector, as well as in the identification of suitable tools to address the emerg-
ing challenges in the transition from a linear to a circular economy [39–41]. Nevertheless,
despite these efforts, the level of global circularity remains extremely low, with only 9% of
materials actually recovered in some form [42]. The construction sector, through demolition
alone, is responsible worldwide for about 50% of the waste generated by the construction
and infrastructure industries [43], with significant environmental and social impacts. From
this perspective, increasing the share of materials that are reused, valorized, or recycled
becomes a necessary condition for improving the overall sustainability of the sector.

This phase of the study therefore focuses on the assessment of the benefits, in terms
of both carbon emission reduction and economic savings associated with carbon credits,
deriving from deconstruction processes oriented towards upcycling. Unlike traditional
practices, based on the linear demolition–landfill model, the adoption of management
strategies structured according to a life-cycle approach makes it possible to reduce GHG
emissions and to generate a measurable economic return. It is well established that the reuse
of materials and components provides superior advantages in terms of energy efficiency
and carbon savings [44], with positive effects not only for the environment but also for the
economic system as a whole [45].

For the accounting of GHG emissions, the analysis has been carried out using the
software SimaPro version 9.6.0, applying the methodology of the GHG Protocol, the
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international reference standard for GHG reporting. Developed and issued by the GHG
Protocol Initiative, it provides guidance to be used as a benchmark in the process of data
collection and processing for the assessment of emission impacts. Quantification was
based on specific, publicly available emission factors, as well as on datasets modeling the
emissions generated by a given process, available in the Ecoinvent database, one of the
most comprehensive international sources.

For each construction element the parameter Fossil CO2eq has been considered, ex-
pressed in kilograms of CO2 equivalent (kgCO2eq). This indicator represents the global
warming potential associated with fossil carbon dioxide emissions. The coefficient—
derived from SimaPro and the reference databases (in particular Ecoinvent 3)—has been
multiplied by the previously calculated weight of each material. In this way, the specific
carbon footprint and, consequently, the total embodied emissions of each element have
been determined, providing a quantitative basis for the comparative evaluation between
recovery and disposal scenarios.

On this basis, the assessment allowed the quantification of avoided CO2 emissions.
Specifically, if a material is recovered and reintroduced into the production cycle, the
corresponding amount of CO2 emissions associated with its primary production is avoided.
Conversely, if the same material is disposed of in a landfill, these emissions are not avoided
and are therefore considered as definitively lost in environmental terms. This approach
makes it possible to highlight the environmental benefit of recovery and reuse operations,
which directly translates into a reduction of the building’s carbon footprint.

The study also considered the carbon credit market regulated in Europe through the Eu-
ropean Union Emissions Trading System (EU ETS), the main instrument adopted by the EU
to achieve CO2 reduction targets, introduced and governed by Directive 2003/87/EC [46].
For monetization purposes, the reference unit cost of carbon emissions for Italy in 2024 was
assumed, amounting to 57.03 €/tCO2eq [47].

The accounting of embodied carbon was aggregated by macro-category and distin-
guished between disposed and recovered components (Table 3).

Table 3. Classification of building elements and parameters of the economic analysis, excluding
hazardous materials.

Building
Elements Disposed Elements Recovered Elements

[tCO2eq] % CO2 [tCO2eq] % CO2

External walls −70.89 2.51 116.76 4.14

Internal walls −125.38 4.44 - -

Joints - - 29.87 1.06

Slabs −958.74 33.95 755.32 26.75

Roofing - - 199.45 7.06

Load-bearing
structure - - 473.05 16.75

Frames - - 94.16 3.33

Total −1155.01 40.91 1668.61 59.09

3. Results
This section presents the results obtained from the different phases of the research,

providing both quantitative evidence and qualitative insights derived from the method-
ological steps previously outlined. To ensure clarity and coherence, the results have been
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organized in accordance with the sequential phases of the methodological framework
described above.

3.1. Phase I

The case study building is located about 700 meters from Tivoli railway station and
has a single main access, both pedestrian and vehicular, from Via di S. Agnese, through
a ramp approximately 3.0 m wide. The intervention area provides an available surface
of about 60 m2, which can be used for handling operations and for the temporary on-site
storage of materials.

Based on a territorial analysis extended to a radius of approximately 30 km (Figure 4),
the main infrastructures relevant to the management of material flows were identified: a
plant 14 km away for the disposal of asbestos-containing panels; a depot 10 km away for
the storage of elements and components subject to the upcycling project; and a landfill
28 km away for the disposal of non-recoverable debris. This logistical mapping constitutes
an essential preliminary step to ensure the efficiency of site operations and the proper
management of costs.

Figure 4. Territorial analysis. Source: Upcycling Architecture in Italy. Design Workshop. Risul-
tati/Results, 2024.

3.2. Phase II

The methodological work carried out in the second phase has led to the development
of a comprehensive digital model of the building. This model provides both an accurate
geometric and material reconstruction of the case study and a reliable tool for extracting
measurable and comparable data.

The data extracted from the model have been organized according to two main criteria:

• By material (concrete, steel, Petralit, etc.), as reported in Table 4;
• By component (columns, beams, slabs, etc.), as reported in Table 5.

This meta-representation, comparable to a “mass spectrometry” of the building, makes
it possible to quantify and qualify with precision the available resources. Such information
has a strategic value both in the logistical planning of dismantling operations and in
the subsequent upcycling design phase, as it clearly defines “what is available and in
what quantity.” Moreover, this approach provides the basis for an integrated evaluation
that encompasses architectural outcomes, environmental impacts, and economic-financial
sustainability (examined in Phase IV).
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Table 4. Quantity of materials by weight. Source: Upcycling Architecture in Italy. Design Workshop.
Risultati/Results, 2024.

Material Quantity [t]

Concrete 1340
Steel 317

Siporex 109
EPS-Petralit 30

Glass 23
PVC 6

Other 9

Table 5. Quantity of components by weight. Source: Upcycling Architecture in Italy. Design
Workshop. Risultati/Results, 2024.

Components Quantity [t]

Slabs 2664
Internal walls 230

Beams 150
External walls 120

Columns 65
Windows and doors 37

Joints 11

3.3. Phase III

The information acquired so far has made it possible to accurately outline both the
surrounding context and the characteristics of the building. In order to move towards the
deconstruction phase, it has been necessary to identify, through the combination of several
factors assessed for each element—as reported in Table 1 and described in the previous
chapter—those components with the greatest potential to undergo dismantling processes.
The outcome of this evaluation has been synthesized in the disassembly index (for the
methodological framework, see Sections 2 and 2.3).

As an illustrative example, and in order to demonstrate how the disassembly index
has been constructed for each element, Table 6 compares a structural steel joint (reported
as “Joint”)—characterized by a high disassembly index—with an asbestos–cement panel
(reported as “Panel”), which, due to its hazardous composition, displays a very low
disassembly index.

The disassembly index has been incorporated into the digital model (as illustrated in
Figure 5), alongside the other data previously collected, thus creating a unified repository
of knowledge on the building and its components, which serves as a basis for subsequent
analyses and decision-making.

From the dismantling process, the research progressed to the subsequent stage of
reassembly, focusing on the possible joints and connections between the various com-
ponents. In this initial phase of experimentation, attention has been limited to the ex-
ploration of how individual elements can be coupled, giving rise to new composite and
reusable configurations.

Within this framework, an Assembly Matrix has been defined, understood as a guiding
tool capable of providing design indications on the potential coupling of one or more
elements in order to generate configurations composed entirely, or partly, of disassembled
components (Figure 6). This approach lies at the very core of the concept of upcycling,
demonstrating how the dismantling of individual elements can give rise to new bi- or
three-dimensional compositions with both structural and architectural value.
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Figure 5. Schematic representation of the disassembly index for each component in the axonometric
view. Source: Upcycling Architecture in Italy. Design Workshop. Risultati/Results, 2024.

(a) (b)

Figure 6. Extract from the broader Assembly Matrix, illustrating the gradient from light tones—
representing elements with lower assembly attitude—to dark violet tones—indicating elements with
higher assembly attitude. The Figure focusing, through the examination of individual elements, on
two different configurations: (a) Node + Beam/Pillar prefiguration, a configuration partly composed
of disassembled elements, characterized by good potential for new assembly and a high degree of
versatility; (b) Facade module assembly, obtained by joining two or more facade panels through the
reuse of the original disassembled omega profiles. Source: Upcycling Architecture in Italy. Design
Workshop. Risultati/Results, 2024.

Table 6. Excerpt comparing the disassembly index applied to two elements. Source: Upcycling
Architecture in Italy. Design Workshop. Risultati/Results, 2024.

Parameters
Values

Joint Panel

Ease of access 2 1

Independence 2 2

Reversible connection 1 2
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Table 6. Cont.

Parameters
Values

Joint Panel

Standardization 2 2

Weight 1 2

Obsolescence 1 2

Steelwork erected after 1970 0 -

Significant section loss due to corrosion 2 -

Signs of fire exposure 1 -

Evidence of plasticity observed in the steel surface or
corrosion protection 2 -

Steelwork objects to fatigue 1 -

Safety of disassembly 2 0

Consistency of original design principle to DfD principle: 2 2

Disassembly index 13 -

3.4. Phase IV

The preceding steps have served to address the first research objective, namely the ver-
ification of the technical and design feasibility of disassembly applied to the case study. The
final phase is therefore devoted to a different but complementary dimension: the evaluation
of the economic and financial implications of the proposed strategy. This phase assesses
the effectiveness of upcycling actions in comparison with the conventional alternatives of
demolition and landfill disposal. The results of this analysis, which complete the overall
framework of the research, are presented and discussed in the following subsections.

3.4.1. Financial Analysis

The financial assessment has been undertaken with the purpose of estimating avoided
costs through the classification of building components into two categories: those deemed
suitable for reuse and those destined for landfill. This approach has made it possible to
quantify the economic savings generated when compared with the conventional linear-
economy scenario, thereby highlighting the potential contribution of upcycling strategies
to the transition towards a circular economy.

With reference to the recovered elements, Figure 7 illustrates the contribution of each
category to the determination of avoided costs, that is, the components identified as poten-
tially reusable on the basis of the analyses previously carried out. These include cladding
facade panels, glazed facade panels, all structural joints, selected portions of reinforced
concrete slabs, corrugated steel roofing sheets, the load-bearing structure composed of
beams and columns, and the frames.

The color scales represent the level of savings achieved: darker shades indicate greater
savings on disposal costs, whereas lighter shades denote less significant benefits. Ele-
ments without color are not included in the computation of avoided costs, since they are
considered non-reusable and are therefore destined for landfill disposal.

The analysis highlights, for each category, an avoided unit cost, expressed in €/kg,
and a percentage contribution with respect to the overall cost (given by the sum of avoided
costs, disposal costs, and the costs related to the management of hazardous materials).
Slabs, although showing a relatively low unit value (0.33 €/kg), generate total savings
of 140,257.56 €, corresponding to 26.78% of the total, as a result of the significant mass
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involved. Frames, by contrast, display a considerably higher unit cost (1.88 €/kg), with a
percentage contribution of 11.22%, equal to 58,797.89 €, confirming the greater economic
valorization associated with the reuse of materials. The load-bearing structure generates
savings of 37,574.42 €, corresponding to 0.38 €/kg and 7.17%, whereas the roofing accounts
for 16,477.86 € (0.19 €/kg; 3.15%). More limited values are recorded for external walls
(9854.26 €; 1.11 €/kg; 1.88%) and for structural joints (2768.14 €; 0.65 €/kg; 0.53%).

Figure 7. BIM model highlighting elements contributing to the reduction of disposal costs.

With regard to the elements destined for landfill disposal, these comprise the external
reinforced concrete walls, the internal Siporex partitions, the reinforced concrete slabs,
and the external curtain wall panels containing asbestos. The latter are subject to specific
remediation procedures, including removal, transport, and disposal in authorized landfills.
Figure 8 presents the BIM-based elaboration of the extent of costs. The color scale allows
their contribution to be grasped immediately: more intense shades indicate higher costs,
whereas lighter shades denote lower values. Components without color are not included
in the computation.

Figure 8. BIM model highlighting elements associated with disposal costs.

The unit disposal costs, derived from official sources such as regional price lists—
specifically that of the Lazio Region—and the DEI price list, display a considerable variabil-
ity. They range from approximately 80.00 €/ton for steel disposal to 0.87 €/kg for plastic
materials and 0.61 €/kg for glass, while for concrete the reference parameter amounts to
13,55 €/ton. As illustrated in Figure 4, different disposal facilities have been identified,
entailing additional transport expenses which, for distances exceeding 10 km, amount
to 1.1 €/ton. Furthermore, the regulatory distinction established at the European level
between hazardous and non-hazardous waste determines differentiated landfill fees, which
vary according to both the type of material and the regional context.

The analytical data associated with the graphical elaboration show a more significant
contribution for the reinforced concrete slabs, with a cost of 197,165.97 €, corresponding to
37.64% of the total cost, and a unit cost of 1.11 €/kg. These are followed by the external
walls, whose disposal entails an expenditure of 46,345.80 € (8.85% of the total) with a higher
unit cost (1.27 €/kg), confirming the greater impact due to their material characteristics
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and the related logistics of management. By contrast, the contribution of the internal walls
is more limited, amounting to 14,571.07 € (2.78%) with a unit cost of 0.12 €/kg.

In detail, the elaborations make it possible to highlight, through an analytical approach,
the financial benefits deriving from the so-called avoided costs and the actual expenditure
to be borne, namely the burden on the enterprise or the private actor. To facilitate the
interpretation of these values, they have been represented through two graphical tools: the
Hierarchical Chart (Figure 9a), which distinguishes the overall disposal costs for each macro-
category, highlighting at the upper level the savings associated with reusable elements and
at the lower level the expenses related to materials destined for landfill; and the Bubble
Chart (Figure 9b), in which the total disposal cost (x-axis) and the unit cost (y-axis) are
represented for each macro-category. In this case, the points located in the positive quadrant
indicate avoided costs, while those in the negative quadrant represent the costs incurred.
The size of the points reflects the percentage contribution of each category to the total cost.

(a) (b)

Figure 9. (a) Hierarchical Chart; (b) Bubble Chart, illustrating the results of the Financial Analysis.

Furthermore, Figure 10 presents an extract from the BIM model that relates, for each
building element, the disposal costs and the benefits deriving from reuse, thus providing
in a single representation the overall economic balance. The color scale allows the different
impacts to be immediately distinguished: red indicates the costs incurred, green represents
the avoided costs, while the intensity of the shades expresses their percentage weight with
respect to the total. It should be emphasized that materials classified as hazardous—in
particular, panels containing asbestos—involve an additional disposal cost of 32,062.05 €,
exerting a significant impact on the overall financial feasibility of the operation.

In conclusion, the financial analysis indicates that the reuse of the selected materials
would generate avoided costs—that is, a financial benefit—amounting to 265,730.12 €, cor-
responding to savings of 51% with respect to the total investment cost. This result confirms
the viability of selective deconstruction as an integrated end-of-life management strategy
for buildings, capable of combining economic efficiency with environmental sustainability.
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Figure 10. Extract from the BIM model, illustrating the disposal cost associated with each building
element.

3.4.2. Economic Analysis

The economic assessment has quantified the CO2 emissions associated with the differ-
ent components, with the aim of highlighting the avoided emissions resulting from their
reintegration into the production cycle, in line with the principles of the circular economy
as opposed to the conventional linear model.

With regard to the recovered elements, Figure 11 provides the BIM-based elabora-
tion, highlighting the components that contribute most significantly to the mitigation of
CO2 emissions. The adopted color scale allows for an immediate interpretation of the
results: more intense shades indicate higher values of avoided tCO2eq and thus a greater
contribution to the overall reduction, whereas lighter shades denote reductions of more
limited magnitude.

Figure 11. BIM model highlighting elements contributing to CO2 emission avoidance.

The analysis of the data highlights that the slabs represent the largest share of avoided
emissions, with 755.32 tCO2eq, equivalent to 43,076.04 €, accounting for 26.75% of the total.
The load-bearing structure contributes 473.05 tCO2eq (26,978.13€; 16.75%), followed by
the roofing with 199.45 tCO2eq (11,374.56 €; 7.06%). More limited values are recorded for
the external walls (116.76 tCO2eq; 6658.78 €; 4.14%), the frames (94.16 tCO2eq; 5369.91 €;
3.33%), and the structural joints (29.87 tCO2eq; 1703.65 €; 1.06%).

With regard to the elements directed to disposal, Figure 12 presents the BIM-based
elaboration, highlighting the components that contribute most significantly to CO2 emis-
sions generated by landfill disposal. The color scale enables an immediate interpretation of
the results: darker shades indicate higher levels of emitted tCO2eq, whereas lighter shades
denote more limited contributions.
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Figure 12. BIM model highlighting elements contributing to CO2 emissions (disposed elements).

For the aforementioned elements directed to landfill, GHG emissions are expressed
as negative values, since they cannot be attributed to recovery processes but are directly
connected to the linear end-of-life cycle of materials. In this case, the most significant
impact is attributable to the reinforced concrete slabs, which account for −958.74 tCO2eq
(33.95% of the total), corresponding to an estimated cost of −54,676.78 €. These are followed
by the internal walls, with −125.38 tCO2eq (4.44%; −7150.65 €), and the external walls,
with −70.89 tCO2eq (2.51%; −4042.70 €).

These values, unlike the positive ones associated with the recovered elements, do not
represent an environmental benefit but rather a net cost, since landfill disposal marks the
definitive exit of the material from the production cycle and precludes any opportunity for
circular valorization.

In this case as well, two graphical representation tools have been developed to facilitate
the interpretation of the data. It should be noted in advance that the reported values
represent the monetization of carbon credits, calculated by assuming a shadow price of
CO2 of approximately 57 €/tCO2eq, implicit in the elaborated data.

The Hierarchical Chart (Figure 13a) illustrates the overall costs of CO2 emissions
associated with each macro-category. The boxes located in the upper section highlight
the avoided costs deriving from the emissions saved through the recovery and reuse of
elements; those in the lower section, on the other hand, represent the costs attributable to
the emissions generated by the elements directed to disposal.

The Bubble Chart (Figure 13b) relates, for each macro-category, the total disposal cost
(x-axis) with the total cost of CO2 emissions (y-axis). The points located in the positive
quadrant indicate the avoided costs, whereas those positioned in the negative quadrant
represent the costs actually incurred. The size of the bubbles reflects the percentage
contribution of the emitted CO2 to the total emissions, allowing the relative weight of each
category to be immediately assessed.

Furthermore, Figure 14 provides an extract from the BIM model that relates, for
each building element: (i) the CO2 emissions avoided through reuse (blue) and (ii) those
generated by the elements not reintegrated into circular economy cycles (purple). This
representation enables the overall environmental performance balance to be immediately
understood, offering an integrated view of the effects resulting from the different end-of-life
management strategies.

In conclusion, the economic analysis highlights that the material reuse strategy has
made it possible to avoid a total of 1668.61 tCO2eq, corresponding to 59.09% of the overall
emissions considered. The monetization of this result, carried out on the basis of the
shadow price of CO2 (57 €/tCO2eq), corresponds to an economic benefit of 95,161.07 € in
terms of carbon credits. From an environmental perspective as well, therefore, selective
deconstruction confirms its validity as an end-of-life management strategy for buildings,
capable of integrating the reduction of greenhouse gas emissions.
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(a) (b)

Figure 13. (a) Hierarchical Chart; (b) Bubble Chart, illustrating the results of the Economic Analysis.

Figure 14. Extract from the BIM model, illustrating tCO2eq emissions in accordance with the GHG
Protocol.

4. Discussion and Conclusions
As illustrated in the previous sections, the comparative assessment between demolition

and deconstruction requires the consideration of a plurality of factors that equally affect
the determination of overall costs. Among these are the intrinsic characteristics of the
building—such as size, project complexity, and number of above-ground and underground
floors [48]—as well as its location, accessibility, the presence of hazardous materials [49],
and the availability of technical information [50]. Exogenous variables such as the work
schedule, weather conditions, regulatory requirements, disposal fees, and the resources
available [51] can, in turn, significantly influence the total costs of the intervention. The
cost of demolition is generally easier to estimate [49], also thanks to the availability of
well-established tools on the market. On the other hand, the estimation of deconstruction
costs presents greater complexity, primarily due to the uncertainty concerning the amount
of labor-intensive work required [52].

Against this backdrop, the present research provides a meaningful contribution to the
debate on circular strategies in the construction sector. The financial analysis has been de-
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liberately confined to the estimation of avoided costs, focusing on a reuse scenario—where
components are dismantled and only theoretically considered for potential reassembly—
compared with complete demolition and landfill disposal. The quantitative evidence
demonstrates avoided costs of 265,730.12 €, corresponding to approximately 51% of the
expenditure that would otherwise be incurred under a conventional linear model. The
case study demonstrates the feasibility of the proposed methodological pathway under
real conditions and indicates that the research objective has been effectively achieved. The
results show that selective deconstruction, when supported by upcycling strategies—even
in their most essential form—can generate financial advantages that make it a credible
alternative to demolition.

In addition to addressing financial aspects, the regulatory and political debate, in line
with environmental sustainability objectives, is aiming at a shift from the consolidated
linear economy towards a circular economy, which seeks to eliminate waste and reduce
the consumption of raw materials, with particular attention to material flows. In this
context, “recycling” [53] represents one of the most historically consolidated strategies for
the management of CDW, reducing the demand for new resources through the use of waste
that would otherwise be sent to landfill.

The environmental and economic benefits of CDW recycling are widely docu-
mented [54] and justify its adoption as a more sustainable practice [55] compared with
traditional demolition and landfill disposal, thanks to the reduction of costs and energy
consumption associated with disposal, as well as to the decrease in the extraction of new
raw materials. However, recycling presents intrinsic limitations, since recovered materials
are often destined for downcycled applications compared with the original use, with a
consequent partial loss of the embodied energy invested in their initial production [56], to
which must be added the energy required for treatment processes.

Alternatively, at the end-of-life of the building, its components can be reused for
identical or similar applications to those of the original components; and considering the
constant increase in the costs of materials and construction services, it is plausible that such
components may acquire a higher value at the time of deconstruction compared with that
of their initial production.

The findings further confirm how the adoption of a circular economy approach, cen-
tered on the reintegration of dismantled components into new elements or design solutions,
can prevent the embodied CO2 released during their original production from being wasted.
By reintroducing these components into the production cycle, the need for manufacturing
equivalent new elements is reduced, thereby avoiding the additional emissions that such
processes would inevitably generate. This dynamic has been expressed through the concept
of avoided CO2 emissions, which, in the present case study, corresponds to a reduction of
nearly 60% of the total embodied emissions.

In line with the international debate, the findings of this study provide further evidence
of the potential benefits of selective deconstruction and upcycling strategies, corroborating
previous research that has emphasized the financial and environmental advantages of
circular practices in the construction sector [57,58]. However, international literature has
predominantly focused on residential buildings in timber or hybrid systems [44], while
little attention has been devoted to authorial buildings, where the preservation of distinctive
elements—such as patented inventions—represents a crucial challenge. In this respect, the
case study aligns with the debate explored by Rotor Deconstruction [59], which highlights
the dual challenge of reconciling efficiency with heritage valorization. In addition, the study
confirms how selective deconstruction, unlike conventional demolition, maximizes the
recovery of components and reduces waste, thereby fostering reuse and regeneration [60,61].
Within this framework, the contribution of the present research lies in extending the
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application of circular economy principles to buildings not originally conceived with
disassembly in mind [62,63], opening up new perspectives for the regeneration of the
industrialized building stock.

Nevertheless, the research also reveals certain limitations: (i) the analysis has been
deliberately restricted to the avoided costs associated with a “first-stage” reuse scenario,
without considering the additional treatments required to reintroduce components into
new projects; (ii) the estimates are highly dependent on local market conditions, disposal
fees, and the other costs, which may vary across geographical contexts.

Future research should therefore expand the methodological framework in at least
three directions: (i) the inclusion of life-cycle costing approaches that account for the full
range of processes required for reuse and upcycling; (ii) the application of the model to a
wider set of building typologies and construction systems in order to assess its scalability;
and (iii) the integration of advanced digital tools—such as GIS-based spatial analysis
and artificial intelligence—that can refine financial and environmental estimations and
facilitate the transferability of results obtained in one context to others worldwide. Finally,
closer alignment with evolving regulatory frameworks and incentive schemes will be
essential to fully exploit the transformative potential of upcycling strategies for sustainable
urban regeneration.
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