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Abstract: The abandonment of the built heritage, as a result of functional or technological obsoles-
cence or as a consequence of cultural, social, and economic trends, is steadily increasing. This great
number of buildings, worldwide spread, offers a huge opportunity to reduce the environmental
impacts related to the construction industry. Nonetheless, the recovery and reuse interventions that
require the implementation of residual technological performance, to accommodate new uses, are
not always environmentally neutral. Therefore, a new design approach needs to be developed so
as to improve the buildings’ technological performance and enhance resources and energy already
incorporated in buildings. The circular economy principles in the building sector, performance-based
building design together with downcycling and upcycling theories are applied to develop a method-
ology aiming to reduce the environmental impacts within the rehabilitation and refurbishment
design process. Starting from the building analysis phase (historical, material, construction) residual
performance is evaluated; then the design phase demonstrates that, according to downcycling and
upcycling design strategies applied on building components and materials, it is possible improving
the building to the required new uses while minimizing transformations and effectively reducing
related environmental impacts. The reduction of environmental impacts depends on a careful assess-
ment of the residual technological and structural performance that the building still provides, by
involving limited performance implementations to balance rehabilitation needs and environmental
protection goals.

Keywords: building recovery; energy embodied; downcycling; upcycling; environmental balance

1. Introduction

The issue of abandonment of the building assets is increasingly widespread. The
causes of this phenomenon are manifold, but the overall effect is the waste of resources
and the spread of decay due to disrepair [1]. In the European Union, the number of
dwellings was approximately 206.7 million at the beginning of the new millennium [2].
A significant part of this real estate was unused, with percentages exceeding 20% in
the Mediterranean area [3]. In Italy, for instance, data on vacant dwellings show that the
percentage significantly increased from 5.37% in 1951 to 20.04% in 1981, and then fluctuated
between the latter value and 22.66% in 2011 [3].

The causes of the abandonment can be endogenous, i.e., due to the poor suitability
of the buildings compared to the evolution of the use requirements, or due to changing
conditions in the context.

Considering the building independently from its context, the main cause of abandon-
ment is obsolescence, i.e., the process of decline in its performance. Indeed, according
to Thomsen et al., “Obsolescence is a serious threat for built property and the physical,
economic and societal investments incorporated in buildings. Insight in obsolescence is
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also important because of the ongoing paradigm shift from new construction to mainte-
nance and improvement of the existing housing stock. This shift calls for a comprehensive
approach to obsolescence” [4]. Studies concerning obsolescence usually focus only on a
single issue, addressing physical, social, or economic implications, or merely technical
aspects. Nevertheless, when considering the built heritage as a resource with multiple
values, it is necessary to consider the multiple issues involved [5].

Demolition and further reconstruction are not economically or ecologically viable
solutions. Therefore, renovation and retrofit strategies are needed to address the issue of
the aging building stock in developed countries [6].

In the Western world, over the last two decades, the construction industry is progres-
sively focusing its core business from the construction of new buildings (including the
production of new materials and components) to the renovation of the existing building
stock [7–16]. European data on the variation of investment in construction in real terms on
the previous year in the construction industry show that, despite the overall slowdown
caused by the SARS-CoV19 pandemic, the renovation sector is proving to be steadier
and more attractive than new construction (new house building investment variation is
+3.1% in 2019, −7.8% in 2020 and +4.8% in 2021; renovation variation is +2.9% in 2019,
−3.7% in 2020 and +5.7% in 2021) [17]. This trend, which is growing over time, is also
influenced by European policies oriented towards the Renovation Wave for Europe [18].
It reflects demographic trends and can be driven by a large amount of real estate aban-
doned for a variety of reasons, by the high demand of the real estate market in central
or valuable urban areas—where demolition and rebuilding are often not allowed due to
cultural and landscape constraints—as well as by the need to reduce the consumption of
land and raw materials. Indeed, the environmental impact of buildings can be assessed in
terms of energy consumption for extraction, transport, processing, installation, and wastes
produced, and can be compared to the building’s performance throughout its life cycle.
Some authors analyzed the costs and benefits resulting from two different intervention
strategies—demolition and reconstruction vs. renovation—for buildings that need to be
adapted to new use requirements [19]. High durability and, more generally, the ability of a
building to ensure adequate long-term efficiency is consistent with sustainability goals, as
it reduces the consumption of energy and other resources as well as the associated level of
emissions. This view has led to the development of a great deal of research on Life Cycle
Assessment in buildings, also in relation to energy-saving goals for buildings [20–30].

Consistent with these criteria and looking at the opportunity to exploit resources and
energies embedded in existing buildings by improving their remaining performance, the
paper aims at defining a methodology to evaluate alternative interventions for performance
upgrading of the building system, according to sustainability objectives. This methodology
considers the downcycling and upcycling of construction materials and components as
opportunities to reduce environmental impact.

The paper consists of 5 Sections. Section 2 discusses the background leading to the
issue of downcycling and upcycling strategies in building renovation. The background
is organized in three sub-sections, which deal with the following key issues: the circular
economy approach in the constructions sector; the Performance-Based Building Design in
building renovation; the down-cycling, up-cycling, and up-sizing strategies to reduce the
environmental impacts while improving the performance levels of existing buildings.

Section 3 outlines the method developed to define assessment criteria for improving
buildings’ performance through design solutions with low environmental impact. Section 4
presents the selected case study to test the methodology in accordance with the theoretical
and empirical background; Section 5 presents the results and discusses possible design
alternatives; Section 6 concludes by presenting the limitations of the experiment and
future implementations.
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2. Background
2.1. Circular Economy and the Construction Process

As a consequence of the economic crisis starting in the late 2000s, the need for new ap-
proaches to sustainable development led to focusing on alternative economic models. The
goal to overcome linear development processes and look for new solutions to balance the
ambitions of economic growth and the protection of the environment led to implementing
circular production processes. The circular economy (CE) can be defined as “an industrial
economy that is restorative or regenerative by intention and design” [31]. In the words
of Michael Lieder and Amir Rashid, the concept of circular economy “is to an increasing
extent treated as a solution to a series of challenges such as waste generation, resource
scarcity, and sustaining economic benefits. Nevertheless, the concept of circularity is not
novel as such. Specific circumstances and motivations have stimulated ideas relevant to
circularity in the past through activities such as reuse, remanufacturing or recycling” [32]
(p. 36). Whereas handicraft production processes did not produce waste or unusable
materials [33], after the industrial revolution, disposable products (characterized by a
linear consumption model) started to spread [32]. Nonetheless, during the Second World
War, scarcity of resources led to remanufacturing. This process brings durable products
back to life. Remanufacturing continued to develop after the war as a result of its economic
benefits and was relaunched as environmental pollution problems worsened [34]. In par-
ticular, pollution caused by industrial development is perceived as a priority problem in
China, leading the government to define a new development strategy in 2002 and approve
the ‘Circular Economy Promotion Law of the People’s Republic of China’, in force since
2009 [35–37].

Environmental protection problems and the effects of the global economic crisis at
the beginning of the new millennium led even the European Union to propose a circular
economy model to manage production and consumption processes [38]. This approach
aims to reduce resource scarcity and increase the life cycle of goods and products.

The evolution of production models towards circular processes can also be seen in the
field of building production. Indeed, the first strategies of regenerative architectural design
for the sustainable development of the landscape were first developed in the 1970s, when
the main growth strategy was based on industrial systems and building prefabrication [39].
Through these strategies, the way of looking at sustainability in design changed, with
practices focused “primarily on minimizing damage to the environment and human health,
and using resources more efficiently” [40]. Since the 1990s, consistently with the principles
of regenerative design, the scientific debate shows the need for a transition from a linear
‘make-use-dispose’ consumption model (cradle-to-grave) to a closed-loop model (cradle-to-
cradle). Sustainability is seen as a goal to link conservation and development achievements
for the long-term benefit of society [41].

Based on these premises, a sustainable approach to the management of the existing
buildings is based on the redevelopment and reuse, rather than new construction, to reduce
the consumption of land, raw materials exploitation, and waste production. In particular,
the key issue emerging from the scientific debate on the introduction of circularity principles
in real estate production and management is the ability to find solutions to reuse existing
resources while minimizing the impact on the environment.

2.2. Performance-Based Building Design in Building Renovation

In the mid-20th Century, the performance-based building design (PBBD) emerges from
the need to foster innovation and international trade in building materials and products.
PBBD is an approach to quality management in the construction industry, defined in 1982
by Gibson in CIB W60 Commission Report No. 64 as “the practice of thinking and working
in terms of ends rather than means. It is concerned with what a building or building prod-
uct is required to do, and not with prescribing how it is to be constructed” [42] (p. 4). To
assess the quality of the building, the PBBD approach compares the user requirements with
the performance levels that the building system and its components are able to provide.
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The assessment methods used allow the evaluation of whether the proposed design solu-
tions meet the specified criteria by “[ . . . ] quantification of the level of performance which
a building material, assembly, system, component, design factor, or construction method
must satisfy in order that the building meets all the goals established by society and the
client” [43] (p. 19). All decisions are based on user needs, quantified in performance require-
ments, quality assessment, and building testing. In the three-year period 1998–2001, the
CIB Board and Programme Committee launched the Proactive Programme on Performance-
Based Building [44]; The Performance-Based Building (PeBBu) was developed between
2001 and 2005 with funding from the European Commission. The proposed approach
considers the building as a system consisting of interrelated subsystems and components
which have a life cycle according to an organicist vision [45]. Design targets in construction
are driven by user requirements (defined according to the needs of stakeholders, such as
clients, users, manufacturers, etc.), specified with performance requirements.

The main steps of a performance-based building design process are briefing (identifi-
cation of relevant user requirements), metadesign (transformation of user requirements
into performance requirements and quantitative performance criteria), and the implemen-
tation of design and evaluation tools to assess compliance of design solutions with set
requirements and criteria.

Implementing the performance-based approach to building renovation projects re-
quires two additional steps in the PeBBu process, because the characteristics of the existing
building should be considered [46]. The first of these steps is to analyze the building to
be renovated, focusing on its remaining performance. This step aims to survey the perfor-
mance levels provided by the building. The second step is to compare the performance
requirements for new users with the remaining performance of the building to assess which
performance needs to be improved and which new performance needs to be provided by
the building to meet the requirements of the new use. Therefore, the renovation project
will focus on those elements and subsystems that fail to meet the requirements of the new
use. This approach aims to minimize the transformation of the building to be rehabilitated
or reused, making the best use of the existing building. In the contemporary scientific
debate, where development perspectives are closely linked to sustainability perspectives,
the performance-based approach can also be reconsidered in building renovation processes.
Improving the performance level or introducing new performance in existing buildings
leads to the transformation or replacement of parts of the building system. In this per-
spective, the key issue to be addressed is the definition of systems and methodologies to
balance the goals of performance efficiency with the goals of minimizing material and
energy waste.

2.3. Downcycling, Upcycling and Upsizing in Building Renovation: Energy and Materials

On a European scale, since the Waste Framework Directive (2008/98/EC), recently
repealed and replaced by Directive 2018/851/EU, wastes have assumed an increasing
role in replacing raw materials in manufacturing processes. The Circular Economy Action
Plan, launched in 2015, has progressively strengthened the transition towards the circular
economy, focusing on priority objectives such as: (1) prudent and rational use of natural
resources and energy; (2) keeping materials, components, and systems in use at their
highest value as long as possible; (3) reduction of waste generated during production
processes. Since it accounts for about 30% of all waste generated in the EU, construction,
and demolition waste (CDW) is identified as a priority sector within which recycling
emerges as a crucial issue, as well as the challenge to push up the quality of its outputs.

Within the construction processes, the largest share of residues is generated during
and after the use phase of a building (demolition wastes) and to a lesser degree during
its production (construction wastes) [24]. An abandoned (or unused) building could be
considered as a quarry [47] or a bank of materials [48] while offering the opportunity to
reduce resource consumption and waste production [49]. However, the recovery and reuse
or the recycling of pre-existing building materials and components are strongly conditioned
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by both their location and assembly, which also influence the demolition techniques that
can be employed. Moreover, the material variety of a pre-existing building makes both the
range of wastes and the flows of recoverable ones extremely variable, often making many
possible methods coexist in the same operation [50,51]. Hence, in order to thoroughly
valorize residual pre-existing materials, firstly should be necessary to assign the correct
identification code in accordance with current sector regulations (by classifying them as a
waste if required), then treating them depending upon their: (1) physical characteristics; (2)
state of preservation; 3) residual technical performances [52]. Therefore, construction and
demolition waste (CDW) can be recycled and converted into reusable material: however,
some authors consider recycling to be a process of reducing the value of the original ones,
so they look at it as a downcycling process. Whereas, by considering cost-effectiveness and
the reduction of related environmental impacts, other authors state that recycling is not a
value-reducing process [53]. On the other hand, CDW could be also upcycled, i.e., treated
in such a way as to create a product of higher quality or value than the original ones [54].

This over-valorization of waste is inspired by the efficient, circular metabolism of
biological cycles and aims to replicate its positive effects in technical cycles as well [55].
Conceptually, this perspective is extraordinarily far-reaching, as it draws a structure of the
material cycles that potentially solves the criticalities of the linear model [56]. However,
even the upcycling process may require more energy than downcycling ones, so the en-
vironmental benefit cannot be assumed a priori, but only by comparing the production
process with that of a similar product made from a virgin resource [57]. Similarly, downcy-
cling can be an option with a positive environmental balance either when it is uneconomic
or impossible to return materials to their original quality or when it can be an alternative
solution to waste disposal or even to avoid the use of virgin resources [58,59].

Within the design phase for adapting an existing building to new uses, the functional
and spatial complexities lead to further operational difficulties because the needed modi-
fications imply demolitions causing environmental balances that are not always positive
due to the quantity of waste produced [60,61]. In fact, if ideally, an abandoned building is a
potential quarry of building materials, the redevelopment—functional and performance—
of spaces and building elements really determines a consistent material flow—in (news)
and out (wastes)—to be managed. Therefore, according to Pomponi and Moncaster [62],
considering only the meso- (building system) and micro-level (building components), the
processes of upcycling and downcycling coexist both in order to implement the technologi-
cal performance of the building to adapt it to new uses and to manage the environmental
balance of the rehabilitation intervention. The latter thus also takes on the value of regen-
erative design [63] referring to Gunter Pauli’s theory of ‘upsizing’ and the Zero Emission
concept [64].

The regenerated building should be the result of a design approach that enhances
pre-existing spatial qualities and residual technical performances of the building elements,
reusing on-site all the material and energy resources incorporated in the building. By
minimizing the input of new materials and the CDW produced, it will allocate the latter
to the creation of value in another production chain (technical metabolism), to prolong
the material’s life in one form or another, which results in a reduced amount of virgin raw
materials processed and a delay of the material eventually ending up in a landfill.

According to these remarks, the evaluation of design solutions for the performance
upgrading of an existing building is a key issue to allow the selection of the preferable
intervention among the design alternatives. Research in this field should lead to the
definition of assessment criteria for design alternatives, based on multiple needs (meeting
the building’s use requirements, reducing the waste produced by the retrofit, minimizing
additions involving the use of raw materials, minimizing the CO2 emissions generated by
the intervention, etc.).
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3. Methodology

The research method is summarized in Figure 1 and is organized into four phases.
The first phase consists of defining the research question and is based on the analysis of
the conceptual framework, a critical literature review of the research on the subject, and
the definition of the key issues resulting from the literature analysis. This phase allows the
research hypothesis to be defined. The second phase consists of developing the research
model, setting out the phases and activities, the methodologies to be adopted and the data
to be collected, as well as drawing up a checklist of the process to be implemented for
verifying the research hypotheses. The third and fourth phases are aimed at validating
the methodology through a case study. In the third phase, the case study is analyzed and
solutions to improve the performance of its building elements are defined, according to
the requirements of the activities that will take place in the building after renovation. The
assessment is based on a set of criteria to consider the environmental impact of alternative
design solutions and allows the selection of the preferred solution.
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The fourth stage of the research aims to validate whether the set of criteria is consistent
with the key issues resulting from the analysis of the relevant scientific literature; further-
more, it allows us to verify research weaknesses or potential areas for further development.

The above-mentioned underlying considerations and the key issues identified led to
the development of the methodology described below, which allows driving the choices of
the renovation project to steer the development of the detailed design. In this phase the
future use of the building has already been chosen, the intervention strategies (adaptive
reuse, rehabilitation, maintenance) have been defined, as well as the performance require-
ments resulting from the activities that will be held in the building have been identified in
the preliminary design phase.

The aim of the research is to develop a method for evaluating alternative design
solutions for the performance improvement of building elements by combining the as-
sessment of environmental impacts with the check of the remaining performance of the
building [65,66]. Analyzing the building as a whole, the methodology involves assessing
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both the residual technological performance of the technical elements and the level of
degradation of the materials in order to maintain and renovate as much of the existing
material as possible. The methodology aims to combine the objectives of valorizing the
embodied energy of construction materials with the objectives of reducing construction and
demolition waste along the renovation design process of existing buildings. The aim is also
to minimize environmental externalities through both a lower use of new materials (input)
and a lower production of construction and demolition waste (output). The knowledge and
analysis phase begins with the geometric survey of the building and ends with the analysis
of the constituent materials, carried out on the scale of executive detail. Then, the quantity
of existing material is estimated, broken down by type (stone; concrete; masonry blocks;
wood; glass; plaster; insulation materials; roofing materials; etc.) in order to assess the
quantities to be preserved (because they are still able to provide technological performance)
and those to be demolished and possibly recovered (depending on the state of mechanical,
physical and chemical degradation), according to the following activities:

• geometric survey
• analysis of the construction system, technical elements, and materials.
• calculation of the amount of material incorporated in the building;
• analysis of the state of decay
• calculation of the amount of material to be preserved and to be demolished (or

recovered/recycled).

The assessment of Embodied Energy (EE) and Carbon Energy (EC) related to the ‘from
cradle to gate’ phase of every single material is carried out on the basis of ICE [67,68] data,
expressed in MJ/Kg and in KgCO2eq/kg of product (concrete; wood; masonry blocks;
floors; etc.), transformed into MJ and KgCO2eq referred to the square meter for each
building element analyzed. The values of the eco-inventory have been transformed by
means of simple arithmetic operations starting from the specific weight; density; thickness
and volume of every single material constituting the building element, in order to obtain
a more comprehensible unit of measurement for the designer, useful for autonomously
evaluating the environmental impacts associated with the technical redevelopment choices.

Starting from the hypothesis that each new use implies the adaptation of the building’s
technological performance, for each building element, in this phase, some parameters were
identified in order to better control the environmental impact related to the performance
improvement starting from the original situation of the pre-existing buildings:

• the amount of Embodied Energy (EEbm) and Carbon Energy (ECbm) for each con-
struction material and building component. These dimensions are expressed for
methodological clarity in MJ and in KgCO2eq both per unit weight and per unit area;

• the amount of material removed classified by type, and the related energy rates (EEdem
and ECdem) potentially lost;

• the amount of material that can be reused (on-site) or recycled through downcycling
or upcycling processes and the amount of related energy that is not wasted (EErec
and ECrec).

This first phase of analysis allows the defining of a preliminary performance profile
of the building to be retrofitted, based on the quantity of material and energy that can be
optimized in relation to the residual technological performance (TPres) of the technical
elements and to the performance requirements resulting from the new use, net of demolition
and removal of unsuitable materials.

Based on previously defined new functional layouts of the activities that will be
performed in the building (among the possible use alternatives and the functional orga-
nization), the new performance requirement levels (TPnew) to be met by the building are
defined (needed dimensions, structural strength, thermal insulation, systems supply, etc.)
and the possible technological alternatives to retrofit the building elements are considered.
The original performance efficacy is expressed in percentage and is obtained from the ratio
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between the remaining technological performance (TPres) and performance requirements
of the new use (TPnew).

In fact, in order to reduce the environmental impacts of the renovation, the choice
of new uses is based on the remaining technological performance and therefore on the
evaluation of the energy needed to improve performance to the new levels of performance
requirements. The performance status of the existing building guides the architectural
decision-making in the renovation design [69]; by comparing different use alternatives or
different layouts of the activities to be located in the building, according to the associated
requirements and remaining performance, the design solution that needs the lowest perfor-
mance improvement can be selected, thus generating the lowest associated environmental
impacts [19,70].

Effectively, the technological design alternatives are compared and the increase in
embodied energy and carbon energy is calculated. In the overall energy balance of the
selected solution, the amounts of demolished and reused material (downcycling or upcy-
cling) should be considered, and the associated energy rate (EEdem and ECdem) positively
contribute to reducing the environmental impacts of the adopted solution.

When comparing two or more intervention alternatives, for the same new level of
technological requirement of a building element, the one with the lowest increase of
embodied energy will be the preferred one.

Moreover, if the residual EE of the building element is the amount of matter that has
not completed its life cycle, the value of 100% would mean that the building element is in a
good state of conservation and all the existing material is effective whether compared to
the performance required. A value of 0% would mean that there is no performance or that
the building element has to be entirely demolished and replaced.

In this sense, the introduction of environmental indicators associated both with each
technical element and with the building as a whole makes it possible to innovate the
technological and performance analysis of the built heritage from an environmental point
of view. The detailed study of the construction elements supports the redevelopment
alternatives towards solutions that enhance the existing material by reducing the input of
new material, incorporated energy, and emitted CO2 [70].

4. Case Study

The case study is the former industrial compound of the Ente Nazionale Risi (Founded
in 1923) in Oristano, Sardinia (Italy). The knowledge project is organized on multiple scales,
ranging from the study of the urban context to the analysis of the building system and its
performance, up to the in-depth study of construction details. The analysis of the local
context and the preliminary morphological and dimensional surveys of the building led to
the definition of the new use. The development of the functional layout led to a framework
of needs and performance requirements to be met, for each technical element, according to
the activities located in each space. In this phase, the performance-based analysis of the
building’s technical elements is carried out to compare the remaining performance levels
of each element with the performance requirements of the activities that will be performed
in the building. This analysis allows the identification of those elements of the building
that need to be replaced or transformed to suit the use. Several alternative design solutions
can be defined to improve the performance levels of these elements. The research has led
to the definition of a set of criteria for considering the environmental impact of alternative
design solutions when selecting the preferred one.

4.1. The Former Industrial Compound of the Ente Nazionale Risi in Oristano (Sardinia, Italy)

Rice arrived in Europe from the 7th century onwards and arrived in Italy in the 15th
century from the Far East, maybe as a result of the Crusades or through traders in ancient
Venice. It spread very quickly in Italy and led to the creation of an efficient production
chain. The area used for rice cultivation progressively increased, particularly in northern
Italy, in the Po Valley, a region rich in water and marshland. Rice production uses factories
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and other buildings that over time shaped the landscape, culture, and economy of the area.
Today, the old factories are largely abandoned; they are cultural resources, as industrial
archaeology heritage, as well as buildings to be reused for sustainability purposes, and
they are opportunities for design experimentation in rehabilitation and adaptive reuse.

In the province of Oristano, Sardinia, rice production quickly spread thanks to the
wide marshy plains rich in water. As a result of the land reclamation in the early 1900s,
the province of Oristano became the fifth province in Italy in terms of the quantity of
annual rice production (with 89.7% of Sardinia’s rice-growing areas and a production of
250,000 quintals of rice per year).

The former industrial complex of the Ente Nazionale Risi is located on the eastern
edge of Oristano, near the level crossing of the urban railway line. The compound was
built in 1954, covering an area of 7000 square meters, 65% of which is covered by buildings.
The building was originally made up of three large, aligned warehouses connected by
two galleries; three additional smaller warehouses; an office building, and a gatehouse
(later converted into offices and housing). In 1971, the complex was expanded to store the
increasing quantities of rice produced: an arcade was built between the milling building and
the rice storage building to facilitate the loading and storage of the rice. A further shed was
built between the milling building and the gatehouse, with a light roof supported by metal
trusses and load-bearing concrete block walls. Further alterations were introduced over the
years to adapt the production activity to the continuous technological and organizational
developments of the company. The industrial compound was used for rice production
until 1992. The gatehouse was abandoned more recently, in 2014, as shown in Figure 2.
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4.2. Flexibility of Use as a Requirement for Circularity in the Adaptive Reuse of the Former
Industrial Complex

Since 2017, the Oristano City Council has undertaken a wide-ranging process of
functional redevelopment of the urban area which includes the former industrial site of the
Ente Nazionale Risi. This district is characterized by low-quality housing (built between
the 1960s and 1970s) and extensive brownfield sites, which also require a comprehensive
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rehabilitation within a broader framework of urban regeneration [71,72]. The analysis of
the urban area shows the presence of housing, schools, and several small retail activities
(stores, cafés, and restaurants); public transport is available in the area, which can also
be easily reached by car; nonetheless, cultural and social facilities, parks, public open
spaces, and bicycle lanes are missing. The area of the former industrial complex of the Ente
Nazionale Risi is enclosed by a boundary wall, once necessary to protect the production
site, now an obstacle to public access.

Today, the former industrial plant appears as the result of the progressive addition
of buildings (different in size, construction characteristics, and materials) as a result of
changes in production processes over the years: this variety of volumes, as well as the
complex’s layout, allow for different uses, combined together, to preserve the memory of
the production history of this place. Therefore, after analyzing the profile of potential users
and the needs of the local community through a direct survey of residents as confirmed by
previous research, the former industrial complex has been reused as a multifunctional hub
for services to citizens: the adaptive reuse project could generate a pole of urban attraction,
starting a process of regeneration of the area as shown in Figures 3 and 4.

The renovation intervention aims at the following goals: fostering the spatial and
functional flexibility, as well as preserving the identity of the complex (i); keeping the
buildings in use for as long as possible and, through limited alterations and reversible
additions, adapting them to the needs of the community (ii); linking the area of the former
industrial complex with the surrounding urban area (iii).
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4.3. Analysis of Building Materials and Construction Systems

The analysis of the building systems and the materials used to construct the building
allowed us to define the remaining performance of the technical elements. This analysis is
the basis for the performance-based design approach to meet the new use requirements.
Two main building systems can be observed in the building complex. The first is that used
in the rice processing and storage warehouse (Figure 5b,c), with a rectangular reinforced
concrete frame structure and vertical masonry infills made of concrete blocks. Both the
roofs of the larger sheds for storing rice (50 m long and 16 m wide) and those for processing
(15 m long and 7 m wide) are built with a rounded vaulted ceiling, made of brick-cement
(Figure 5c), with an external covering made of asbestos cement slabs. The second is
that of the office and accommodation buildings (Figures 2 and 5a in dark green), with a
more regular shape, made of a reinforced concrete framed structure and two floors above
ground, with walls of concrete blocks and horizontal slabs of hollow floor blocks and
reinforced concrete rafters. The storage and processing rice warehouses are lit from above
by simple horizontal iron and glass window systems, placed lengthwise or at the head of
the sheds (Figure 5b,c).

Based on the analysis of the construction systems, two more recent buildings were
identified as follows: (1) the connection shed added in 1971 between the storages and
the rice processing warehouses (Figure 2 light blue and Figure 5c), made of iron-framed
load-bearing structure and roofing frame on lowered arch girders, with iron tie rods as
bracing and a secondary iron tubular frame (1 mt center-to-center distance), covered with
corrugated asbestos cement sheets; (2) the new warehouse added in 1971 between the
gatehouse and the pre-existing rice warehouses, built with a reinforced concrete framed
load-bearing structure and vertical-cavity walls in concrete blocks (Figure 2 light blue
and Figure 5d). The roof of the latter building is made of iron reticular beams combined
with iron chains to counteract horizontal forces; the roof covering is made of asbestos
cement sheets.
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In addition, a preliminary visual analysis was carried out to assess both the residual
strength of the existing load-bearing structure (reinforced concrete columns and beams)
and the decay of the envelope (vertical masonry, base, and roof slabs), as shown in Figure 6.
Obviously, a numerical structural verification would be indispensable in order to verify
the real remaining structural strength. Nevertheless, the absence of any evident structural
instability of the reinforced concrete (oxidation of the reinforcement bars, cracks, or ex-
pulsion of the concrete) leads to hypotheses that the load-bearing structures of the bases,
columns, and beams are still resistant, as well as the system of concrete low arch beams
and metal braces.
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The vertical walls made of concrete blocks (25 cm thick) have a thermal transmittance
value (2.53 W/(m2·K)) much lower than the required values (0.36 W/(m2·K)); the asbestos-
cement roofing slabs are of no influence on the thermal insulation performance and should,
in any case, be disposed of as they because they are seriously harmful to health and
therefore forbidden in Italy by Law 257/1992. The base floors, which are also part of the
building envelope, are generally raised off the ground and made of concrete slabs (160 cm),
cement and sand mortar substrate (60 mm); while concrete structural screed (100 mm) and
limestone rock substrate (400 mm) are under other base slabs. Considering only the first
type, they have a thermal transmittance (1.59 W/(m2·K)) much lower than the required
standard value (0.38 W/(m2·K)).

5. Results and Discussion: Enhancing the Value of Materials and Energy Embedded
in Buildings

The adaptive reuse project of the former industrial complex of the Ente Nazionale
Risi in Oristano is based on the selection of new uses and the layout designed to meet
the needs of the inhabitants, thus overcoming the weaknesses revealed by the analysis of
the urban area. The project aims to optimize the use of space, involving both the large
areas of the warehouses for processing and storing rice as well as the connecting galleries,
and the smaller office and accommodation buildings. The available buildings are reused
according to their size and construction characteristics to include the new functions while
minimizing transformation, i.e., demolition and reconstruction, to reduce waste production
and optimize the remaining technological performance.

According to the scheme in Figures 7–9, the layout includes a co-working area (1) and
lounge (2); a covered public space (3); an atelier (4); reading rooms (5); a restaurant (6);
study rooms (7); rice museum (8); gymnasium and playground (9a and 9b); exhibition
hall (11). It is planned to remove the original perimeter wall to extend the outdoor space
(as shown in Figures 3 and 4), transforming it into a green park and a playground open to
the city (12).
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The project takes into account the possible use variations through movable walls in
wood or metal, which allow the transformation and adaptation of the layout: atelier can
be converted in educational laboratories; study rooms can be converted in the diffused
library; exhibition hall can be converted in a conference room or concert hall as showed in
Figures 7–9). This approach, on the one hand, pursues the flexibility of the indoor spaces
and, on the other hand, allows their adaptation over the years, avoiding burdensome
adaptation works and contributing to the reduction of construction and demolition waste.
Therefore, the flexibility of use leads to a longer life cycle of buildings.

The adaptation of the former Ente Nazionale Risi compound involves the retrofitting
of both the structural system and the building envelope to guarantee safety and comfort
for the users. The new functions concern, in particular, the warehouses for storing and
processing rice, buildings with only one floor above ground, without intermediate floors;
while the office buildings have been earmarked for functions similar to the original ones,
thus implicitly guaranteeing residual structural reliability., In addition, as recognized in
the literature, improving the thermal insulation of the building envelope is an essential
objective in the rehabilitation of the building stock, in order to contribute to the reduction
of greenhouse gases. Therefore, the research focused on the performance adaptation of the
envelope for the methodology implementation, only considering the thermal insulation
requirements. In this sense, according to the literature, we have considered the external
vertical walls, the roofs, and the base floors as part of the dispersing building envelope.

As a preliminary step, the material degradation of the building envelope of the
whole group of buildings has been mapped, for calculating the amount of material to
be removed, as it is no longer compliant with regulations (asbestos cement roofing and
fixtures), as it is degraded (plasters) or as it is dangerous for the users (in particular
structural elements: beams, columns or floors). The demolition of some internal and
external walls (connecting shed) made of concrete blocks has however been hypothesized
to improve the flexibility of use and circulation especially in the outdoor areas among
buildings and the urban surrounding.
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Subsequently, using the EE and EC values expressed in MJ/kg and kgCO2eq/kg of
product (from the Inventory Carbon and Energy, rel 3.0) [67,68], we considered one square
meter as the functional unit and the total amount of embodied energy (EEbm and ECbm)
in each building element of the building envelope—basement floors, external walls, and
roofs—has been calculated. Furthermore, the waste energy (expressed in MJ/kg) due
to demolition has been identified to highlight the energy lost along with the materials
landfilling. Regardless of the new use, the required thermal insulation performance levels
of the building envelope have been established, the residual performance efficiency of each
building element has been calculated and a first environmental profile of the building has
been defined.

By separating the materials to be disposed of from those that could be downcycled
or upcycled (plasters and reinforced concrete structural elements, concrete blocks of the
perimeter wall, pavements in concrete), the amounts of recoverable material and energy
(EEdown and EEup) have been calculated; the related amount of carbon energy recovered
represents the share of GHG emissions saved. The results have been summarised through
a detailed technical analysis of each building element, distinguishing the materials of
each functional layer, and assigning to each a specific intervention among preservation,
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recovery/reuse, recycling, or disposal. This allows the objectives of downcycling and
upcycling—valorizing matter and energy—associated with the retrofit project to be pursued
and contributes positively to the overall environmental balance of the intervention.

Based on the thermal transmittance values of the building envelope required by
current regulations, two technological alternatives have been evaluated for the following
building elements: base slabs, vertical walls, and pavilion roofs; while we have neglected
the external window frames because they will have to be replaced due to their irreversible
technological obsolescence and advanced decay status.

5.1. Base Slabs

The current thermal transmittance value is 1.44 W/(m2·K), obtained applying the
current formula from literature thus constituting 26% of the required performance. In order
to reach the standard values, it is necessary to remove the concrete floor and screed to add
an insulating layer; then the screed (50% downcycling) and the floor (100% upcycling) are
reinstalled. The first design alternative (i) involves the use of a high-density polystyrene
panel (7 cm), on top of which a new lightweight concrete screed is made and the recovered
floor is installed. In the second case (ii), the insulation layer is replaced with a cork
panel (9 cm). Considering the original embodied energy (615.84 MJ/kg), the use of the
polystyrene panel results in an increase of 76.75% in Embodied Energy and an increase in
CO2 emissions of 24.91%, while the solution using the cork panel results in an increase
in EE of 6.45% and CO2 emissions of 3.3%. Nonetheless, considering the possibility of
conserving and reusing the structural part of the concrete slab, we will have a saving in
unspent energy of 525.60 MJ/kg and 46.06 CO2equ/Kg. In this case, it is further possible
to recycle the screed as a substrate in other processes as shown in Figure 10.
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5.2. Vertical External Walls

The current thermal transmittance value is 2.273 W/(m2·K), i.e., 15.83% of the required
performance. The two alternatives considered involve (i) the construction of external
cladding in rigid extruded expanded polystyrene panels with graphite, (ii) the construction
of an internal cladding with cork panels and air cavity, and a plasterboard finish. The
second solution (ii) also allows to place the ducts systems of the new plants in the cavity,
avoiding the in-wall installation, thus contributing to the reduction of construction works
and the overall production of construction and demolition waste. In solution (i) there is
an overall increase of 27.45% of EE and 1.85% of CO2equ, while in solution (ii) there is an
increase of 23.76% of EE and 5.68% of CO2equ; however, in both cases, 30% of the external
and internal plastering is demolished and 70% is conserved with punctual repairs and
maintenance of the external walls, saving 480.4 MJ of EE and 52.38 CO2equ of EC per
square meter of the envelope. In case (ii) the higher percentage increase of CO2equ will
be largely compensated by the location of duct systems in the cavity between the walls
and the finishing panels, resulting in reduced emissions associated with further avoided
demolition for the installation of technological systems as shown in Figure 11.
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insulation (ii).

5.3. Dropped Barrel Vaults of the Sheds

The current thermal transmittance value of the roof is 1.70 W/(m2·K), equal to 18.82%
remaining performance. The first of the two alternatives examined consists in the disman-
tling and disposal of the corrugated fiber-cement roofing (i), while the second provides for
its encapsulation (ii) through the overlapping of a lightweight screed made of concrete and
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4 cm expanded perlite. In both cases, the vaulted roof structure is maintained, providing
for reuse through upcycling (i.e., implementation of thermal insulation of the building
element). For both cases, 460.40 MJ of EE and 38.78 CO2 equiv. of EC per m2 are saved. To
improve the thermal performance of the roof, an air cavity has been considered in the two
alternatives to facilitate heat dissipation (in summer), since the area is highly sunny. In
solution (i), from the original value of EE (571.40 MJ/m2) and EC (38.78 CO2equ/m2), an
increase of 108.57% in EE and 120.34% in EC is obtained. In solution (ii), EE increases by
162.98% while EC increases by 140.22%. These values are due to the need to reconstruct
almost the entire roof, excluding the dropped hollow slab vault (Figure 12). Furthermore,
the higher EE and EC increase of the second solution is due to the decision to maintain and
encapsulate the fiber cement roof as well, despite the fact that the calculation of the related
energy expenditure has been omitted.

Energies 2021, 14, 6863 19 of 24 
 

 

5.3. Dropped Barrel Vaults of the Sheds 

The current thermal transmittance value of the roof is 1.70 W/(m2⋅K), equal to 18.82% 

remaining performance. The first of the two alternatives examined consists in the dis-

mantling and disposal of the corrugated fiber-cement roofing (i), while the second pro-

vides for its encapsulation (ii) through the overlapping of a lightweight screed made of 

concrete and 4 cm expanded perlite. In both cases, the vaulted roof structure is main-

tained, providing for reuse through upcycling (i.e., implementation of thermal insulation 

of the building element). For both cases, 460.40 MJ of EE and 38.78 CO2 equiv. of EC per 

m² are saved. To improve the thermal performance of the roof, an air cavity has been 

considered in the two alternatives to facilitate heat dissipation (in summer), since the area 

is highly sunny. In solution (i), from the original value of EE (571.40 MJ/m2) and EC (38.78 

CO2equ/m2), an increase of 108.57% in EE and 120.34% in EC is obtained. In solution (ii), 

EE increases by 162.98% while EC increases by 140.22%. These values are due to the need 

to reconstruct almost the entire roof, excluding the dropped hollow slab vault (Figure 12). 

Furthermore, the higher EE and EC increase of the second solution is due to the decision 

to maintain and encapsulate the fiber cement roof as well, despite the fact that the calcu-

lation of the related energy expenditure has been omitted. 

 

Figure 12. Analysis of building elements: current status (a); with insulation in polystyrene (i); with 

insulation in rockwool (ii). 

The second design alternative for the roofing shows that a reduction of construction 

and demolition waste (which in this case is as hazardous to health as concrete with as-

Figure 12. Analysis of building elements: current status (a); with insulation in polystyrene (i); with
insulation in rockwool (ii).

The second design alternative for the roofing shows that a reduction of construction
and demolition waste (which in this case is as hazardous to health as concrete with asbestos
fibers) is not always reflected in a linear decrease in associated environmental impacts.

The research highlights that the rehabilitation project is not always neutral but requires
a preliminary careful environmental assessment of the technological alternatives. The
environmental data used from the eco-inventory ICE (rel 3.0), allowed an estimation of the
impacts associated with the new materials required (negative impacts) that can be balanced
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with the positive ones due to the conservation and reuse, or dismantling and recycling of
the existing ones.

However, for a more in-depth and comprehensive analysis of the environmental im-
pacts associated with the project choices, it would be appropriate to extend the assessment
considering the whole life cycle of the building [73].

In the design phase, the ranking system thoroughly analyses the retrofitting alter-
natives related to the building elements, by identifying a corresponding environmental
profile and considering the equivalent technological performance, leads to solutions able
to enhance the existing material by reducing the input of new material and valorizing
embodied energy and already emitted CO2. The impact rates calculated in the different
scenarios confirm the initial hypotheses: with the same functional performance achieved
post-intervention, keeping in use a greater quantity of materials and components that are
still suitable, by extending their life cycle, allows to reduce both the production of demoli-
tion waste and the addition of new materials, which have a greater impact on the overall
environmental balance. This allows for the upcycling of construction elements, while the
selective dismantling and demolition of materials and components deemed unsuitable for
reuse implies their downcycling.

This allows us to: keep as many materials as possible in place, by limiting additions
and replacements; recycle discarded materials; choose materials on the basis of their
environmental profile in accordance with operational criteria that have been recognized in
the literature for many years [74,75]. The results confirm the environmental convenience of
the rehabilitation intervention according to the presented methodology, as it contributes
both to the reduction of energy consumption during the construction phase compared
to new construction [76] and the consumption of new primary resources. Similarly, the
positive contribution of the share of recycled material in the environmental balance with
respect to the whole life cycle of the building is confirmed [77]. Finally, even using an
expeditious method from an LCA perspective, based on indicators such as the quantities of
materials, energy used, and waste produced, that steers choices towards building solutions
with less embodied energy, and the results obtained confirm that it is possible to control
the environmental impacts produced, and thus contribute, indirectly, to the reduction of
their recovery time [78,79].

6. Conclusions and Future Applications

The international scientific debate agrees that the renovation of the built environment
can lead to a reduction of primary resource use and greenhouse gas emissions as well as
a decrease in construction and demolition wastes. According to the scenario outlined in
Section 2, a new methodology has been developed and tested to assess the environmental
impacts associated with improving the thermal insulation of the building envelope of a
former industrial complex, combining the approach based on the circular use of resources
with a performance-based approach, and proposing technological solutions based on
the downcycling and upcycling of building materials and components. The innovative
perspective of the developed methodology concerns the estimation of the embodied energy
and CO2 emissions related to the ‘from cradle to gate’ phase of the building materials
starting from the preliminary assessment of the remaining technological performance,
which provides an essential knowledge to choose the preferred retrofit intervention, in
a perspective of circularity of resources [80]. This allows both the optimization of the
materials that are still suitable and the exploitation of their embodied energy [81], reducing
the production of construction and demolition waste and leading to the reuse of the
quantities that cannot be saved. In addition, the scale of the executive design confirms the
reliability of the methodology as a decision-support tool for designers in the most delicate
phase of the requalification project, flanking the verification of residual technological
performance with the quantification of induced environmental impacts [82].

Nevertheless, such impact depends on many factors and cannot always be easily
estimated. If the other phases of the building’s life cycle were taken into account, the
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overall balance of environmental impact could change. Moreover, according to a multi-
level approach that analyses the building system from the building component to the whole
building and its context, in order to preliminarily quantify the environmental balances of
retrofitting abandoned built heritage, further research scenarios can be considered.

Indeed, the rehabilitation of the built environment also requires economic evalua-
tions, as the extension of the useful life cycle of a building depends on both the initial
decay conditions and the cost of intervention alternatives according to the required perfor-
mance [83–85]. Starting from the residual performance of the existing building, the LCC
analysis would allow the evaluation of energy efficiency alternatives based on the payback
period compared to the overall cost as a function of the building life cycle.

Moreover, for the present experimentation, as already mentioned, we left out both the
economic issues and the verification of the residual strength of the existing structures as
well as other requirements related to the safety of the occupants. The research aims to give
evidence of the relationships between the rehabilitation or adaptive reuse design of the built
environment and the knowledge of its remaining technological performance, in particular
by considering the contribution that this strategy could give to the reduction of GHG
emissions by improving thermal insulation requirement of the envelope. Additionally,
the contribution to the reduction of environmental impacts, by taking into account the
energy embodied in the building materials in relationship with the operational energy of
the building, was indirectly experienced [86].

However, the defined methodology could be combined with other experimental
assessment procedures, to be applied in the preliminary phase as a guide in the choice
of a new use for abandoned buildings [87,88], and furthermore, this approach allows a
quantification of the environmental profile of the built environment, promoting its reuse
according to its real hidden environmental potential [89].
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