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Abstract: The Italian residential building stock consists of 12.2 million buildings, with 7.2 constructed
post-World War II during the economic boom. These structures were designed without specific
regulations for seismic safety, fire resistance, and energy efficiency, and today lies the current state
of strong obsolescence. Therefore, energy refurbishment may not always be the best cost/benefit
solution due to these intrinsic issues. Consequently, the transition to construction systems based on
circular economy principles brings new opportunities and becomes key to proposing replacement
interventions for this heritage. This paper presents a comparative GIS-based bottom-up approach to
evaluate the lifecycle impact of residential building blocks, encompassing energy, environmental,
and economic aspects. Two tools are introduced: one for measuring energy consumption and the
other for quantifying the quantities of materials stored in buildings. This methodology permits
comparing the new circular buildings and different refurbishment scenarios to identify the most
suitable solution from an environmental impact and financial point of view. The application of a
case study, a residential urban block in Bologna, built in 1945-1965, highlights how the demolition
and reconstruction scenario based on circular economy principles presents the lowest environmental

impacts and is economically competitive compared to standard deep renovation techniques.

Keywords: GIS-based tools; multi-life cycle assessment; circular economy; LCA; LCC; building
energy consumption; second half of the 20th century built heritage; residential block; energy
refurbishment; demolition and reconstruction

1. Introduction

Adopting policies aimed at reducing the environmental impacts of the construction
sector, particularly in residential areas, is a central aspect of the ecological transition
towards a circular economy model and climate neutrality. Indeed, the construction sector
plays a fundamental role at the productive level, energy level, and land level [1]. Energy
consumption related to the construction sector remained unchanged in 2019 compared
to 2018 worldwide. However, CO, emissions reached the highest level ever recorded,
with approximately 10 GtCO,, accounting for 28% of the total CO, emissions, attributed
to the construction sector (excluding the 10% related to the production of materials) [2].
In Europe as well, similar percentages can be observed in the environmental impacts
associated with the construction sector, as it is collectively responsible for 40% of energy
consumption [3], 36% of greenhouse gas emissions, 50% of raw material extractions, 40%
of waste production, and 21% of water consumption [4]. Therefore, in order to achieve the
climate neutrality goals set by the European Union for 2050, it is necessary to adopt strongly
proactive policies such as the “FIT for 55%” package, which aims to reduce net greenhouse
gas emissions by at least 55% by 2030 [5]. In recent months, the European Parliament
has focused on how to intervene to stimulate the energy retrofitting of private and public
buildings, aiming to reduce energy consumption and CO, emissions related to the building
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stock of the 27 Member States. Consequently, guidelines and strategies are essential to
address interventions on such a vast heritage. In Italy, over the past 20 years, incentive
policies have led to increasing investments in existing buildings that have surpassed those
related to new constructions [6]. Indeed, to achieve the objectives set by the European
Union concerning the reduction of greenhouse gas emissions, significant interventions on
extensive portions of the residential building stock are required. According to the latest
ENEA report of 2021 and PNIEC 2020-2030 (Piano Nazionale Integrato per I'Energia e il
Clima), the estimated theoretical retrofitting rate should range between 0.88%, 0.93% and
1.16% of the residential area, depending on the scenario [7]. However, despite the strict
requirements of Italian regulations and massive tax incentives, estimated at EUR 110 billion
of public expenditure by the end of 2023 [8], the actual impact on building stock has been
limited, amounting to only 0.42% of the total residential area. Therefore, less than half of
the intended objective has been achieved [6]. From this perspective, energy renovation
could not be sufficient in achieving climate neutrality.

In order to assess the environmental impacts of the building’s life cycle, the calculation
method described by the European standard EN 15978 from CEN TC 350 is employed. The
Life Cycle Assessment (LCA) is divided into several modules specific to each life phase
of the building [9]. Energy consumption in the use stage (B1-B7) accounts for the most
significant environmental impacts in the building life cycle. According to the literature,
this contribution varies within the 60 to 90% range, regardless of the climatic zone of
reference [10]. However, we must not underestimate the importance of the environmental
impacts of producing building materials (extractions, transport, and manufacturing), which
reached an approximate value of 72 Gt in 2010, and projections indicate a further increase to
100 Gt by 2030. In particular, material consumption is primarily driven by the construction
sector, representing 36% of the total [11]. In the case of new constructions, the LCA’s
workflow describes the life of the building from the production of materials to waste
disposal, while the application for existing buildings is not very clearly defined [12].
Indeed, when analysing an existing building, there are three potential scenarios: (i) building
preservation; (ii) energy renovation; and (iii) demolition and reconstruction. In particular,
even if the standard does not specifically address building preservation cases, it proposes
two modes: including only the impacts from the remaining use stage and EoL or adding
the incorporated effects that have already occurred from the production stage. Energy
renovation and, more generally, refurbishment interventions can be accounted for in two
ways: as a hypothetical scenario in module B5 (refurbishment) that considers the planned
maintenance operations in future or as interventions evaluated in modules A1-A5, with
their scheduled maintenance. The input materials allocated to stage A imply that existing
building materials are not considered in the output within the framework. As a result, this
approach evaluates only the impacts arising from the new materials used in the renovation
without outlining the impacts of the building’s remaining life cycle [12]. Replacement
scenarios are also not specifically addressed in EN 15978, whose purpose is to assess the
impact of a single building and does not consider the possibility of evaluating multiple life
cycles. Consequently, the demolition and new construction scenario would require two
separate building assessments.

From these considerations, the analysis boundaries are the element that most signifi-
cantly influences the final results, particularly regarding placing existing building burden in
energy renovation scenarios [13]. Indeed, including the existing buildings” end-of-life stage
in evaluations of energy refurbishment interventions significantly penalises the assessment
results, preventing a proper measurement [14]. These issues are also present for evaluation
regarding the demolition and reconstruction process, especially when assessing design
choices related to the circular economy affecting the subsequent life cycle [15]. In this per-
spective, to evaluate the environmental impacts associated with the two macro-categories
of intervention, deep renovation and replacement, in this study, it has been decided to
apply the LCA with multiple cycles. More specifically, the article examines several en-
ergy renovation strategies and compares them to an innovative urban regeneration model
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inspired by circular economy principles. In particular, the case study herein presented
concerns the application of the “Reconstruction for Regeneration” (R4R) paradigm at one
residential building block located in the outskirts of Bologna [16].

The circular economy (CE) concept recently reaches the general public and presents
an alternative to the traditional linear economy model of “take-make-use-dispose.” [17-19].
CE aims to produce a “regenerative system” that focuses on minimising raw materials input
and waste output, reducing emissions and energy leakage, and achieving a production close
loop to facilitate economic growth and alleviate the pressure on the environment [20,21].
Therefore, this narrowing loop process involves reducing resource consumption and in-
creasing overall efficiency, extending the utilisation of building components, parts, and
materials by prolonging their lifespans, and enabling multiple use cycles. On the other
hand, closing loops involves recycling materials from end of life back into the production
process [22,23]. Consequently, the theme of how to strategically conduct the renovation
wave between demolition and reconstruction or refurbishment of existing building stock
should be approached by analysing multiple life cycles based on environmental impacts
(LCA) and economic evaluation (LCCA) [24]. Many studies have recently examined these
topics employing GIS-based methodologies. This approach was used in Esch-Sur-Alzette
(Luxembourg) to create a thematic mapping of greenhouse gas emissions [25]. In Milan,
a georeferenced database was created based on the development of conceptual building
models [26,27]. In Helsinki, a three-dimensional predictional city model containing infor-
mation on usage, materials, and energy consumption was elaborated to evaluate associated
greenhouse gas emission reductions by 2050 [28,29].

However, all these urban-scale studies are based on analyses that combine data of a
statistical nature, including census data or energy certification results. Equally diffuse are
the urban block-scale investigations that address urban regeneration by reducing energy
consumption and environmental impacts [30]. At the building scale, the differences in
the assessment are from several different points of view: the type of functional unit, the
dimensions of the analysis block, how inventory analysis is conducted, the source of data,
and so forth. Generally, these analyses begin with in-depth studies of projects of recurring
individual building (archetypes) before extending the outcomes to similar ones [31-34],
although examples of research employing statistical data are not lacking [25,35,36]. A
methodology that effectively bridges the two scales is lacking, using widely available
archives and GIS data on urban building stock as inputs and systematically applying
them to extensive areas through building analysis tools in an automated manner. The
methodology proposed in this research aims to fill this gap, demonstrating how, starting
from archived and georeferenced data, it is possible to generate simplified urban block
analyses, thereby creating a decision support tool.

2. The Italian Residential Building Stock of the Second Half of the 20th Century

The history of Italian built heritage, from a typological and regulatory point of view,
can be reconducted into four main periods [37] whose main construction and energy-related
characteristics have been extensively investigated [38]:

(i) Masonry building stock constructed up until the 19th century. It comprised the oldest
Italian residential heritage primarily constructed with vertical load-bearing structures
made of bricks or stone walls and horizontal structures consisting of wooden floors,
steel beams, or vaults [39,40].

(ii) Building stock erected within the first half of the 20th century. It includes buildings
constructed during the transition period from load-bearing masonry construction to
the introduction and spread of reinforced concrete frame structures [40,41].

(iii) Buildings constructed in the second half until the definition of various regulatory
frameworks concerning structural and seismic safety, fire safety, energy consumption
containment, urban planning, accessibility, etc. Within this timeframe, the majority
of Italian residential building stock was included, rapidly constructed to meet the
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post-war reconstruction needs and the significant demographic growth during the
economic boom years [42]

(iv) Contemporary building heritage realised in the last 25 years, i.e., since the aforemen-
tioned regulatory framework has consolidated in compliance with the national and
European norms [38].

The age of Italian building stock (Figure 1) strongly depends on the regional context.
In particular, between 1945 and 1965, a significant demographic increase occurred in large
industrial cities, while, in the subsequent decades, in small municipalities. The 2011 ISTAT
census indicates 1,700,836 (13.96%) of the buildings were constructed between 1946 and 1960
and 2,050,833 (16.83%) between 1961 and 1970. Overall, more than 60% of the building stock
is made of load-bearing masonry, and approximately half of these structures have a height
of at least four stories above ground [43]. The Italian regulatory framework concerning
the construction sector has gradually evolved from 1960 to 2000 (Table 1). Specifically,
at a structural level, the first comprehensive regulation on the use of reinforced concrete
dates back to 1971, while the first law on seismic safety at the national level was enacted in
1974. Consequently, 9 of 12 million residential buildings have surpassed 60 years of service
life and were constructed without specific regulations. Therefore, the construction year
becomes one of the parameters for evaluating the quality and consistency of the residential
building stock, dictated by the regulatory framework’s evolution [44]. This assumption
becomes evident from an energy consumption savings perspective because over 85% of
the building stock has been constructed with standards significantly divergent from those
currently in force (Figure 1). Indeed, approximately 25% comprises historical buildings
erected before 1945. Around 31% was constructed between 1945 and 1970, before the
enactment of the first national energy regulations and with significantly lower construction
quality compared to earlier periods. Approximately 29% was built between 1971 and 1990,
with only 13.90% being constructed after 1990.
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24 w Other structures
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Figure 1. On the left, the Italian residential building stock by construction years; in the centre, the
heritage breakdown by the number of residential floors; on the right, the percentage of vertical
load-bearing structure types. © Authors’ graphical elaboration.

Analysing these data in combination with the distribution of Energy Performance
Certificates (EPC) ratings (Figure 2) indicates that, before the first Italian Law 373/1976
concerning energy efficiency, there are no significant variations in energy consumption
between historic buildings constructed before 1945 and those built between 1946 and 1972,
despite substantial changes in construction techniques, transitioning from the prevalence of
load-bearing masonry to reinforced concrete frame structures. During the period 1973-1991,
there was a slight improvement, but only after the enforcement of Law 10/91 was there a
clear reversal of the trend, with the number of rating-G buildings drastically decreasing
from 32.5% to 15.3%. In 2006-2015, there was a progressive diffusion of highly energy-
efficient buildings, with classes A and B rising from 4.9% to 29.4%. Finally, with the
current [talian law in 2015 [45], there has been a significant energy consumption reduction
and ratings from B to A4 cover 75.4% [46]. From a construction quality perspective, the
historical context heavily influenced the buildings constructed in Italy between 1945 and
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1965. Indeed, despite valuable architectural examples, most suburban buildings exhibit
poor material quality and are surrounded by an anonymous and disorderly environment
resulting from the need to reconstruct the damaged heritage [47], the dramatic demand for
housing [48], and real estate speculation [49]. Therefore, almost all buildings constructed
during this period are weak regarding seismic safety and energy efficiency.

Table 1. Main sector regulations concerning residential construction in Italy.

Regulatory Framework

Year Main Italian Law

L.1086/1971 Norme per la disciplina delle opere di conglomerato cementizio armato, normale e

Structural 7 precompresso, ed a struttura metallica
Seismic 1974  1.64/1974, Provvedimenti per le costruzioni, con particolari prescrizioni per le zone sismiche
D.M. 1444 /68, Limiti inderogabili di densita edilizia, di altezza, di distanza fra i fabbricati e
rapporti massimi tra gli spazi destinati agli insediamenti residenziali e produttivi e spazi
Urban Planning 1968  pubblici o riservati alle attivita collettive, al verde pubblico o a parcheggi, da osservare ai fini
della formazione dei nuovi strumenti urbanistici o della revisione di quelli esistenti, ai sensi
dell’art. 17 della legge n. 765 del 1967
1976 Legge 373/1976, Norme per il contenimento del consumo energetico per usi termici negli edifici
Energy 1991 Leggel0/1991 Norme per I'attuazione del Piano energetico nazionale in materia di uso
nazionale dell’energia, di risparmio energetico e di sviluppo delle fonti rinnovabili di energia
D.M. 236/1989, Prescrizioni tecniche necessarie a garantire I’accessibilita, 1’adattabilita e la
Accessibility 1989 visitabilita degli edifici privati e di edilizia residenziale pubblica, ai fini del superamento e
dell’eliminazione delle barriere architettoniche
Fire Safety 1987 D.M.246/1987 Norme di sicurezza antincendi per gli edifici di civile abitazione.
Acoustic 1997 DPCMB5-12-1997 Requisiti acustici passivi degli edifici.

B owelling with G rating
Dwelling with F rating
Dwelling with E rating

. Dwelling with D rating

[ Dwelling with C rating
Dwelling with B rating

[ Dwelling with A1 rating

[l owelling with A2 rating

[l Dwelling with A3 rating

[l Dwelling with Ad rating

’

Figure 2. The energy rating of Italian residential buildings divided by construction period. © Authors
graphical elaboration.

This article will focus on the context of Bologna, similar to most medium and large
Italian cities, characterised by residential linear block buildings, typically five or six stories
high, with depths normally ranging from 9 to 12 m and reinforced concrete frames or
load-bearing masonry structures. The floor plan configuration generally includes two to
four apartments around a single stairwell for 20 or 30 total internal dwellings. This module
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type, often with single-faced apartments, was aggregated through lateral juxtaposition
along the short side [50]. Considering what has been mentioned earlier, the presence of
reinforced concrete frame structures can be regarded as one of the most critical factors of
this heritage [37] that cannot be resolved externally or require several internal interventions
not always technically feasible or economically justified. In addition, the recurring envelope
structures present criticalities in terms of energy performance [38].

3. The Application of the Circular Economy Design Approach to the Demolition and
Reconstruction of a Residential Urban Block

This section introduces a construction model inspired by the circular economy that
will be the benchmark of this research’s demolition and reconstruction scenario. From
the perspective of elaborate long-term strategies for the urban regeneration of suburbs,
introducing construction systems inspired by the principles of circular economy is es-
sential to overcome, in a future replacement scenario, the demolition and treatment of
construction material impacts and the high quantities of material downcycling. Indeed,
such construction systems maximise the opportunities and benefits from the reuse and
recycling of construction materials, minimising waste production and reducing the envi-
ronmental impacts associated with the replacement process. In this context, the scenario
of demolition and reconstruction, which will be analysed in the following paragraphs,
based on the “Reconstruction for Regeneration” (R4R) paradigm [16] and the Integrho
(Integrated Housing System and Facility) construction system, aligns with circular economy
principles applied to the building sector, combining them with a bioclimatic and functional
adaptability approach [51]. This construction system (Figure 3) employs a design scheme
to fit the urban site shape and morphology.
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Figure 3. Circular economy principles applied throughout the entire life cycle, main bioclimatic
strategies, and diagram of Intergrho’s construction system. © Authors’ graphical elaboration.

The functional and distributional organisation is articulated in two opposing housing
units, divided into served spaces and servant spaces, as described by Louis Kahn. The
structural frames comprise spans with fixed dimensions while others remain variable. This
layout guarantees the building’s adaptability to the site’s morphology and orientation while
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preserving the bioclimatic principles governing the relationship between the construction
and its environmental context.

The principles of the circular economy model in the built environment have been
extensively discussed in the literature [52-54]. The primary applications consist of three
complementary design strategies to reduce resource consumption and extend the lifespan
of materials and components. These three principles can be seen as part of the same
theory: building in layers [55], which conceptualises the building as composed of a series
of independent layers; design for disassembly [56,57], a design approach focused on the
employ of dry elements and connections to streamline maintenance operations, enhance
the quantity of reused materials, and improve the quality of recycle from demolition
operations; and design out waste, which consists of using resources as efficiently as possible
to minimise the amount of waste disposal [58]. The proposed construction system follows
these principles from the initial design phases, considering all the building’s environmental
impacts cradle to grave. As a result, the design has focused on selecting healthy and
certified recycled materials and using easily dismountable dry construction solutions to
extend the lifespan of building elements, facilitate their reuse, and substantially enhance
the quantity and quality of recyclable content. Consequently, the entire building is designed
to be dismountable from its structure, made with steel frames and CLT timber slabs and a
prefabricated timber wall with external insulation and internally equipped with heavy clay
panels to suit the Mediterranean climate. Furthermore, these solutions allow the interior
layout customisation to changes in the user’s needs over time. Fifteen design strategies,
categorised into three groups, have been identified, leading to the creation of a closed-loop
system inspired by the principles of the circular economy (Figure 3).

4. Materials and Methods
4.1. Methodology, Goal, and Application Field

Despite not showing signs of material degradation or structural instability, the build-
ing stock of the second post-war period conceals all the criticalities mentioned in the
previous paragraphs concerning seismic, energy, occupancy, and quality aspects related to
contemporary needs. Moreover, the extension of this building stock and the vast amount
of required investments demand decision support tools and guidelines to address urban
regeneration policies in the medium to long term, considering the environmental impacts,
economic feasibility and practical obstacles (i.e., fragmented property ownership) and so-
cial implications (gentrification, demolitions, etc.) [49]. This research proposes a bottom-up
methodological approach that employs georeferenced database information to assess the
life cycle impact of existing building stock at the block scale, including energy consumption
and environmental and economic effects (Figure 4). In particular, this methodology is
designed as a decision support tool to drive the choice between the two main intervention
categories: demolition with reconstruction and refurbishment, with the aim to define which
option is more environmentally and economically favourable. This methodology is applied
in the subsequent sections, referring to a case study: nine intervention scenarios for a
residential urban block of Bologna built between 1945 and 1965, including demolition and
reconstruction inspired by the circular economy principles to analyse the potential and
challenges this solution can offer.

The first stage involves gathering building data through archival research on building
permits issued between 1949 and 1965 and their implementation with georeferenced data
from Bologna’s Municipality. The second phase foresees the creation of a georeferenced
database for the building stock to be employed as a knowledge base and input data for the
analysis tools. The instrumental stage comprises a workflow that allows the semi-automatic
transformation of two-dimensional GIS polygons and their associated attributes into a
three-dimensional, morphologically defined model, referred to as the “Conceptual Model”
within the parametric software Grasshopper (1.0.0007) [59].
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Figure 4. Workflow employed in the presented paper. © Authors’ graphical elaboration.

Subsequently, this simplified model is implemented using the Honeybee plugin,
incorporating data related to material properties (density, thermal conductivity, etc.) to
conduct a simplified energy consumption simulation and an analysis of the quantities
of construction material stored inside buildings. Finally, the results obtained from these
tools are used to perform simplified life cycle analyses in terms of environmental and
economic impacts. This operation outcome (Figure 5) includes a series of predictive data
useful to create a decision support tool for municipal administrations and designers that
communicate the benefits and impacts arising from specific interventions, thereby guiding
strategic choices regarding the building stock more consciously. Moreover, the tool enables
the determination of material quantities stored within buildings, enhancing the potential
for urban mining.
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EnergyPlus software and and data from the energy
Honeybee within simulation and the quantities decision supp
Grasshopper. of the material stored in Administration and
Building Stock Stakeholders

processing georeferenced
shapefile with data from the

associated database.

Figure 5. Workflow that led to the implementation of the “Cataloguing Matrix of Built Heritage
Heritage” with results of simplified analysis. © Authors’ graphical elaboration.

4.2. Archival Research and Creation of the Georeferenced Knowledge Base of the Residential
Building Stock of Bologna

The first phase of the methodology aims to realise a solid knowledge base of the
existing building stock, whose framework is at the core of the subsequent analyses and
simulations. This structure has been carried out in distinct ways: (i) through the cataloguing
and study of 8209 building permits for new construction or reconstruction of residential
buildings, submitted between 1945 and 1965; (ii) the consultation and analysis of cartogra-
phies and orthophotos of Bologna during 1945-1965 [60]. This workflow has allowed the
urban expansion of Bologna to be reconstructed through “photographs” of the urbanised
area taken at sufficiently regular intervals ranging from 5 to 7 years. This way, sites built in
those years and now suitable for transformation interventions were identified.

Successively, this documentation has been archived within a database, the “Catalogu-
ing Matrix of Built Heritage”, a tool created to combine the georeferenced information
from shapefiles by the Municipality of Bologna with the data from archival research. The
process that led to the development of this knowledge base is described in Figure 6. This
tool, in the form of a table, contains the main data related to each building, including its
typological, constructive, and locational characteristics. In detail, the table is composed of
six specific sections, each consisting of a certain number of columns (Figure 7) where the
main data related to each building are inserted:

(i) Information for GIS association.
(i) Metric/dimensional data.

(iii) Building data.

(iv) Construction data.

(v)  Occupancy capacity.

(vi) Commercial data.

Archival research and cataloguing
of building permits of the 8.466

new construction projects
(1945-1965) in Bologna, identifying
their location, building typology,
and type of intervention

Identification of lots suitable for Union, analysis, and calculation of Creation of a georeferenced

analysis and implementation with the data contained in the two databa the residential building
georeferenced data related to databases to identify dimensional, stock by combining data from
building geometries (shapefile) to typological, functional, building permits and georeferenced
extract dimensional information construction, structural, housing shapefiles
capacity, and commercial
information.

Figure 6. Workflow that led to the creation of the “Cataloguing Matrix of Built Heritage”. © Authors’
graphical elaboration.
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ASSOCIATION KEY INFORMATION

* Building code
* GIS polygon ID code

METRIC/DIMENSIONAL DATA .
+  Main building built area
* Main building perimeter

+  Main building height
* Main building volume
+  Qutbuilding built area
*  Qutbuilding height

* Outbuilding volume

* Underground level height
* Main building volume (incl.

underground level)
+ Compactness (A/V)

* Gross Floor Area GFA (built

BUILDING DATA CONSTRUCTION DATA POTENTIAL INHABITANTS DATA
* District of Bologna +  External wall thickness and * No. housing units /
+ Cadastral sheet materials intermediate floor
* Urban block ID +  External finishing thickness * No. housing units / ground
Intervention Type (NC= new and materials floor
construction; DR= demolition * Roof thickness and materials « Total of housing units
and reconstruction) *  First floor thickness and +  Stairwell surface
+ Address (name street in the materials + Average surface of housing
building permit) * Ground floor thickness and unit net of stairwell surface
+ Civic number materials (GFA, m2)
* Second civic number * Intermediate floor thickness * Min. inhabitant per floor
+ General Protocol number and materials surface (DM 1444/1968, 30
+ Construction Year (archival * Internal wall total length m2/inh.)
permit year) * Ratio between internal wall * Max. inhabitant per floor
* Number of floors (GIS) lenght and external perimeter surface (DM 1444/1968, 25
Number of floors + Ratio between internal wall m2/finh.)

+  Number of residential floors lenght and built area * No. of single rooms

area x number of floors) * Underground floor (YES/NO) * No. of double rooms

+ Residential Floor Area RGFA * Roof type (pitched roof PR or REAL ESTATE DATA * No. of single rooms (ground
(built area x number of flat roof FR) * No. of 1-room apartments floor)
residential floors) * Ground floor main use * No. of 2-room apartments * No. of double rooms (ground

= Vertical Surface (perimeter x *  Building type *  No. of 3-room apartments floor)
height) * Vertical load-bearing structure *  No. of 4-room apartments * No. of inhabitants/floor from

+  Average distance between type (RC=reinforced concrete * No. of 5-room apartments no. of beds (single and double
buildings frame; LM=load-bearing * Total number of apartments rooms)

* Respect minimun distance masonry; M=mixed structure) *  Main sales surface *  Min. total no. of inhabitants
between buidings (YES/NO) * Designer/director of works (residential floor area x (DM 1444/1968, 25 m2/inh.)
(Italian Law DM 1444/68) *  Public housing (YES/NO) number of residential floors) * Max. total no. of inhabitants

+  Service surface (DM 1444/1968, 30 m2/inh.)
DATA from archival permits | .  galconies terraces etc, surface « Total no. of inhabitants from

BUILDING LIBRARIES

Data from georeferecend databases | « Garden surface
+ Total sales surface

no. of beds (single and double
rooms)

Figure 7. Different categories of data contained in the “Cataloguing Matrix of Built Heritage” by
integrating georeferenced data with building permit information. © Authors’ graphical elaboration.

4.2.1. Application of the Methodology to a Case Study and Creation of the
“Conceptual Model”

In order to achieve conciseness, only the relevant sections of the urban-scale analysis
are presented that led to the identification of the case study as particularly significant for
urban regeneration intervention [51]. Data from the “Cataloguing Matrix of Built Heritage”
concerning construction and typological characters were used to undertake a systematic
selection of urban blocks based on urban planning and dimensional constraints (encompass-
ing only areas ranging from 8000 to 12,000 square meters). Therefore, this process excludes
all unsuitable areas for building replacement per the current urban planning instruments
and contextual constraints. As a result, a sample of 211 sites built before 1971, compatible
with the intervention of demolition and reconstruction, has been identified. Among these,
one urban block, identified as FID 273 and located in the northern outskirts of Bologna,
was chosen as the exemplary case study for conducting the proposed energy-efficient, Life
Cycle Assessment (LCA), and Life Cycle Cost (LCC) simplified analyses. This urban block
comprises 10 residential buildings, with a total gross floor area of 24,441.60 square meters
and six services (canopies or car garages). It exhibits several recurring characteristics of
Bologna’s second post-war residential building stock; the block consists of highly dense
buildings varying in height from four to six floors, with underground floors, commercial
space at the ground floor, and limited green spaces, as the courtyards are used for parking.
The construction characteristics of this block are quite prevalent in the rest of the residential
city’s stock of period; the buildings feature a reinforced concrete frame structure, outer
walls of 28-thickness solid bricks, floors of reinforced brick—concrete with thickness varying
from 16 to 20 cm, and windows are 50% single-pane glass in wooden frames and the other
50% are double-pane glass in aluminium frames. All the main geometric and construction
information is summarised in Figure 8.
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BUILDING FEATURES
Basament shape:
Gross Floor Area (GFA):
Temitorial Area (TA):
Built Area (BA):

Total valume (V):
Height {min, avg, max):
Compactness {avg)

Mo. housing units:
Stairs average area
Flat average area

Total no. of inhabitants

rectangular, C-shape; H-shape
28,036 m2

12,662 m2

4448 m2

06,475 m3

18.20-21.05-23.90 m

Figure 8. Case study FID 273: positioning, geometric, and constructive characterisation of buildings.
© Authors’ graphical elaboration.

These data have been employed in formulating an algorithm applicable to several
urban blocks (Figure 9) aimed at semi-automatically transforming two-dimensional GIS
polygons and their associated attributes into a three-dimensional, morphologically defined
model, referred to as the “Conceptual Model” within the parametric software Grasshopper
(1.0.0007). The first step is rectifying the polygons’ irregularities derived from the shapefile
by generating a new standardised plan composed of numerous small regular rectangles.
At this point, the algorithm utilises the building permits database to model the shapefiles,
extruding the external context and internal structures. Subsequently, the roof covering is
automatically modelled based on the pitched or flat type. In the final modelling stage, the
Ladybug and Honeybee plugins are employed to determine the thermal zones, characterise
the facades and define their thermal properties (density, thermal conductivity, etc.). The
window surfaces are automatically modelled, referring to the minimum Italian law value
of one eighth of the net floor area [61]. The surrounding context was modelled using a
circle with a radius of 100 m, excluding all geometric entities outside. In this manner, a
portion of the city is obtained, consisting of roads, blocks, and buildings that will be used
to model external shading and other parameters in the energy simulation.

Shaﬁe regularisation of
the GIS shapefile

-
N +’®+

Urban block surface

Definition of
window surfaces

Outer volume
extrusion

%l.

28
s S

Extrusion of external
buildings

Conceptual Model

Street surface External area

Figure 9. Workflow for the creation of the “Conceptual Model” of FID 273. © Authors” graphical
elaboration.
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4.2.2. Quick Tool for Building Energy Consumption Simulation

The first tool developed in this research pertains to the simplified calculation of
heating, cooling, and domestic hot water energy consumption at the urban block scale. This
assessment will be conducted by comparing the existing buildings (51 Baseline) with other
progressively increasing energy renovation scenarios (e.g., roof insulation, external thermal
insulation, window replacement, photovoltaic system installation, etc.) and a demolition
and reconstruction scenario, using the circular model. The characteristics of the proposed
interventions are summarised in Figure 10.

OO0 4OH

PHOTOVOLTAIC
INTERVENTION TYPE OF HEATING  TYPE OF COOLING
U (W/m2K) SYSTEM (KW)
Non-insulated envelope; Conventional Mini split air
original HVAC system cir D) e e G gas boiler conditioner WLl
12 em polyurethane Conventional Mini split air
rigid foam insulation DL gas boiler conditioner QKW
14 em EPS Conventional Mini split air
rigid insulation 22U 2 gas boiler conditioner DK
D : . S
Dulble glazing 230 168 202 130 Con\.rentllonal Mini .?F_ﬂlt air oKW
with Low E gas boiler conditioner
All envelope Conventional Mini split air
interventions CEE gas boiler conditioner bl
Installation of the max. Conventional Mini split air
power of photovoltaics CIONRLCE I O gas boiler conditioner 28 20K
Al ] . . S
envelcpn.e Intel‘vl?ﬂtlDl‘IS 048 022 202 130 Con\rentllonal Mini §pllt air 29.20 KW
and PV installation gas boiler conditioner
Interventions on the PV Condensing Hydronic heat
envelope, structure, systems QBE (U e = gas boiler pumps RS S0KN
Repl t inspired b i i
eplacement inspired by 011 042 043 130 Hydronic heat Hydronic heat 87.50 KW

circular economy pumps pumps
Figure 10. Thermal transmittance of the building envelope elements, HVAC typologies, and peak

power of the photovoltaic system in each scenario. © Authors’ graphical elaboration.

Specifically, the energy simulation was conducted using the Honeybee (0.0.66) soft-
ware, part of the open-source plugin suite, Ladybug. This tool enables dynamic simulations
of natural lighting and energy consumption using the EnergyPlus/OpenStudio simulation
engine. To consider the highly variable behaviour of residential users [62], a set of sched-
ules has been used, some defined by the authors, others derived from literature data or
sector regulations: the EPW environmental data refers to Borgo Panigale (one of Bologna’s
districts); the occupancy was evaluated at 28.3 m?/ person (in line with the calculated
data from the Cataloug Matrix); the domestic hot water consumption was considered
as 100 L/m?a [63]; lighting was determined as 5 W/m? based on studies from literature
studies [64] and Honeybee; air exchange rates were determined according to the values
indicated by the UNI TS 11300-1 regulation [65], 0.3 h~! for air exchange rate and 0.5 h~!
for older buildings; heating setpoints, cooling setpoints, appliances, and other user sched-
ules refer to the appendices of the UNI EN 16798-1:2019 regulation [63] and the ASHRAE
Handbook of Fundamentals 2005 [66].

The results of the EnergyPlus simulations were calculated using a thermal zone per
each floor, then averaged to obtain a single value for each building, and further averaged
to obtain a meaningful value for the urban block in kWh/m? of gross floor area. Finally,
the obtained energy modelling was calibrated using a second energy model, operating in a
semi-steady state method, developed within the EdilClima EC700 (12.23.08) software, in
compliance with the current Italian regulations UNI-TS 11300 [65], achieving a variation in
the results of less than 10-15% across different simulation scenarios.
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The average annual heating demand of each building was converted into equiva-
lent quantities of natural gas and electricity to estimate the Global Warming Potential
(GWP) associated with the use stage of each scenario (B6). This conversion was based on
the updated OneClick LCA database as of 2022, relying on Ecoinvent and International
Energy Agency (IEA) data. Subsequently, the annual cost per square meter due to natu-
ral gas and electricity consumption was estimated using the Italian market prices (EUR
1.0764/Sm3 for natural gas and EUR 0.6601/kWh for electricity) provided by the Regula-
tory Authority for Energy Networks and Environment—ARERA, referring to November
2022 [67]. The results of these measurements, presented in Table 2, reveal a very high en-
ergy consumption for the existing buildings in their current state (51 Baseline), amounting
to 235.65 kWh/m?. Additionally, all energy solutions lead to a significant and progres-
sive reduction in energy consumption, depending on the quantity and type of interven-
tions: S2—Roof (—16.77%); S3—Walls (—38.56%); S4—Windows (—7.33%); S5—Envelope
(—63.50%); S6—Photovoltaic (—4.75%); S7—Advanced (—68.25%); S8—Deep Renovation
(—84.76%); and S9—Replacement (—95.66%).

Table 2. Energy consumption, costs, and Global Warming Potential (GWP) and respective variations,
evaluated for each scenario, compared to the baseline. © Authors.

Energy Variation in Annual Variation in A. GWP Use Variation in
Scenario Consumption Energy Cons.  Energy Cost Energy Cost Stage (B6) GWP (B6)
(kW/m?y) (%) (EUR/m?y) (%) (kgCO,eq/m?y) (%)
S1—Baseline 235.65 - 38.48 - 53.16 -

S2—Roof 196.09 —-16.77 31.92 —6.55 44.18 —16.89
S3—Walls 144.76 —38.56 23.98 —14.50 32.85 —38.20
S4—Windows 218.36 -7.33 35.16 —3.31 48.98 —7.87
S5—Envelope 85.87 —63.50 14.30 —24.17 19.53 —63.26
S6—Photovoltaic 224.58 —4.75 27.21 —-11.27 43.77 —17.66
S7—Advanced 74.80 —68.25 6.58 —31.90 12.66 —76.18
58—Deep Renovation 35.87 —84.76 3.51 —34.97 6.75 —87.31
S9—Replacement 10.14 —95.66 4.50 —33.98 3.47 —93.46

4.2.3. Quick Tool for Material Passport and Life Cycle Inventory Analysis

The second tool pertains to the computation of the quantity of the materials stocked
inside buildings through a Grasshopper algorithm that efficiently and systematically mea-
sures the dimensional data concerning the external surfaces (area, height, and volume) and
structural elements, starting from the georeferenced shapefiles (Figure 11). These data are
important for life cycle analyses, as structures embody varying amounts of CO,, ranging
from 30% to 60% during construction and 20% to 40% when also considering the use
stage [10]. The algorithm developed in Grasshopper has a twofold purpose: (i) to model
an equivalent frame hypothetically defined according to building data and construction
techniques of that time; (ii) to systematise the calculations related to the building envelope
surfaces. Therefore, the tool allows estimation of, for each building, the quantities of each
material, associating the area and volume data with construction data contained in the
Cataloguing Matrix (Table 3). This instrument undoubtedly experiences a certain margin of
uncertainty compared to analysing a single building, albeit not significant for urban-scale
applications, as it has the potential to map the quantities of materials in many urban blocks.
The resulting database, therefore, serves these three fundamental purposes:

(i) Having the quantity data of all building envelope components in order to assess the
environmental impacts during the construction stage (A1-Ab5) of different energy
refurbishment scenarios.
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(ii) Obtaining the dimensional data of all building components, including structure,
envelope, flooring, etc., for evaluating the environmental impacts related to the
demolition and end-of-life phase of existing buildings (C1-D).

(iii) Estimating all building components for calculating the necessary materials and eval-
uating the environmental impacts of the reconstruction project (A1-A5), which is
hypothesised to occur at the end of the analysis period.

I > >

Reinforced Reinforced concrete Reinforced concrete Reinforced concrete Ground around the
brick-concrete slabs frame beams pillars foundation beams foundation

Conceptual Model

Volume surface Roof surface Window surface Outer wall surface Surface of the
ground floor

Figure 11. Breakdown of Conceptual Model into building elements. © Authors’ graphical elaboration.

Table 3. Summary table of energy consumption, costs, and Global Warming Potential (GWP) and
respective variations, evaluated for each scenario, compared to the baseline. © Authors.

N European Quantity Construction
Demolition Waste Waste Code ® Waste Factor
(EWC) (%)
Concrete 17.01.01 11,008.10 30.08
Tiles and Ceramics 17.01.03 776.35 2.12
Mixtures of concrete, bricks, tiles, and ceramics other than those mentioned in 17.01.06 17.01.07 24,228.66 66.22
Wood 17.02.01 77.48 0.21
Glass 17.02.02 2.17 0.01
Plastic 17.02.03 9.24 0.03
Bituminous mixtures other than those mentioned in 17.03.01 17.03.02 51.70 0.14
Aluminium 17.04.02 1.09 0.01
Iron and Steel 17.04.05 357.26 0.98
Mixed Metals 17.04.07 35.31 0.10
Cables other than those mentioned in 17.04.10 17.04.11 16.95 0.05
Gypsum-based construction materials other than those mentioned in 17.08.01 17.08.02 8.93 0.03
Waste Electrical and Electronic Equipment WAEE 17.64 0.05
TOTAL - 36,590.88 100.00

More specifically, the algorithm models the sections of the structural elements based
on the data available from the building permits, while the number is defined parametrically
according to the overall spans and lengths. The weight of reinforcement bars was assumed
according to minimum quantities prescribed by the Italian law and direct comparisons
with other projects: in the pillars, the steel area was evaluated as As = 0.8% Ac; in the
longitudinal bars of the beams, As = 0.3% Ac; in the inverted beams of the foundation,
As =0.2% Ac [68]. From the attribute tables attached to the building practices, it was
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possible to accurately determine the materials constituting the outer walls, forming in
Bolognese solid bricks (28 cm) with external and internal lime plaster finishing. Regarding
the slabs, a variable height between 16 and 20 cm was assumed, with an additional 2 cm for
a concrete screed and ceramic flooring. The roof slab is complemented by waterproofing,
wooden battens, and clay tiles. The reinforced concrete basement floor slab is assumed
to be 15 cm thick. The window areas were estimated assuming half are double-glazed
aluminium and the remaining are single-glazed wood [61]. It was not possible to assess
the piping of the water systems. At the same time, the electrical cables were estimated
based on literature averages, and the air conditioning units were estimated through visual
analysis of the facades. The presence of furniture or hazardous materials was not assumed.

The output of this modelling consists of a series of numerical values of volumes and
areas. These results are then imported into an Excel spreadsheet composed of different
sections, where materials are grouped into homogeneous categories: vertical load-bearing
structure, foundations, external walls, systems, etc. The first part establishes a unique
connection between the data in the table and the algorithm’s results. The second part
specifies the method for calculating the quantities of material for each construction element
(e.g., which law will be used to estimate the number of reinforced bars inside concrete).
The third part contains the calculation module, which allows for deriving the weight of
the construction elements from the data related to each element’s number, length, surface,
thickness, volume, and density.

Finally, the EWC code and the possible presence of substances affecting their reusabil-
ity or recycling are indicated based on literature data classified according to the construction
period [69]. From the total weight of construction materials stored in the buildings, it was
possible to calculate the average material intensity, which amounts to 1.50 t/m? GFA, in line
with the ranges available in the literature concerning reinforced concrete frame buildings,
from 1.36 t/m? GFA to 1.54 t/m? GFA [70].

Among the most significant findings in analysing the composition of this type of build-
ing are the structural elements (main beams, edge beams, columns, cantilever beams, and
slabs), and outer walls are the near totality of weight, 11,042.91 t and 24,228.66 t compared
to the overall total of 36,590.88 t (Table 3) (Figure 12). Nevertheless, although reinforcing
bars (357.26 t) and other metallic materials (approximately 36.40 t) constitute a very small
proportion by weight, their recycling represents significant environmental benefits [71].
The data calculated following this workflow allow, with a reasonable approximation, the
inventory analysis of existing buildings. Combining this information with the first tool
results provides energy consumption and operational stage data, enabling simplified Life
Cycle Assessment (LCA) and Life Cycle Costing (LCC) analyses.

o % 0% 1M 0% g o

B Reinforced concrete frames _ 0% 0%
0% 06 0% g .

17.01.01 Concrete
® 17.01.03 Tiles and Ceramics
W 17.01.07 Mix concrete, bricks,etc.

Roofs
Attic slabs

Intermediate slabs 17.02.01 Weod

m Ground floor slabs m 17.02.02 Glass

u Quter walls ® 17.02.03 Plastic

m [nternal walls B 17.03.02 Bituminous mixtures

m Balconies m 17.04.02 Aluminium

m Doors and windows m 17.04.03 Lead

® Electrical system \ = ™ 17.04.05 Iron and Steel

® Plumbing system \ m 17.04.07 Mixed metals

m HVAC system % ®m 17.04.11 Cables

u WAFE equipment = W 17.08.02 Gypsud-based materials
Sanitaryware WAEE  Electronic equipment

Figure 12. Distribution of construction materials by building elements and by EWC code in the
analysis of residential block, FID 273. © Authors’ graphical elaboration.
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4.3. Life Cycle Assessment (LCA) and Life Cycle Cost (LCC)

The circular construction model is analysed, focusing on a simplified assessment of
its environmental and economic impacts using the georeferenced tools presented thus far.
This evaluation will be conducted comparatively with the energy refurbishment scenarios
previously discussed, using the gross floor area per square meter as the functional unit to
maintain compatibility with data from the “Cataloguing Matrix of Built Heritage”. The
analysis period is 30 years, as the average life expectancy of energy renovation interven-
tions [72]. In addition, the existing buildings have already exceeded 70 years of service
life and would reach a total lifespan of 100 years after another 30 years, assumed as the
maximum duration before needing to be demolished and reconstructed in the same form
and volume, utilising standard Italian technologies: reinforced concrete frames, brick
blocks, and outer EPS insulation. The boundary of the conducted analyses is schematically
depicted in Figure 13. In summary, the following aspects are evaluated over 30 years:

e  For all the energy refurbishment scenarios (52-S8): (i) the production stage for ma-
terials needed for renovation; (ii) the construction stage; (iii) the use stage (energy
consumption and maintenance); (iv) demolition of the currently existing residen-
tial buildings; (v) end of life of demolition materials; and (vi) reconstruction using
standard techniques and the same volume and shape.

e  For the preservation scenario (S1 baseline): (i) use stage, i.e., energy consumption
and maintenance; (ii) demolition of the buildings; (iii) end of life of the demolished
materials; and (iv) reconstruction using standard techniques and the same volume
and shape.

e  For the demolition and circular reconstruction scenario: (i) demolition of existing
buildings; (ii) end of life of materials; (iii) reconstruction using the Integrho model;
and (iv) use stage (energy consumption and maintenance) of the new buildings.

e  The environmental burden from the materials incorporated within the existing build-
ing stock, i.e., the production and construction stage (A1-A5) of the existing buildings,
is not considered in any analysis scenarios.

The geometric information of the buildings under analysis is summarised in Figure 14.
Specifically, for the demolition and reconstruction scenario, an increase of approximately
10% in gross floor area was assumed, supplemented by an additional 10% derived from the
optimisation of the existing buildings. The production stage encompasses the materials
required for each scenario’s energy refurbishment (or demolition and reconstruction)
operations (Figure 15). The assumptions regarding using recycled materials and the end-of-
life treatment of materials in the circular model scenario are provided in Supplementary
Materials (Table S1). The use phase was evaluated, including four main elements:

e  Energy consumption for heating, cooling, and domestic hot water, assessed for each
scenario with the first tool presented.

e  Energy consumption from appliances and lighting, taken from the Joint Research
Centre (JRC) technical report for the European Commission, based on data from the
European ODYSSEE database: 193.00 kWh/per.y [73].

Water consumption of residential buildings, using a module of OneClick LCA.
Building maintenance and replacement of components that deteriorate with ageing
were estimated by referring to the table in the “Guideline for Sustainable Building”
document from “Bundesministerium fiir Verkehr, Bau-Wohnungswesen”, employing the
average lifetime value to evaluate maintenance operations [72].
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Figure 13. System boundaries in each evaluated scenario. © Authors’ graphical elaboration.

The simplified module of OneClick LCA has been employed to evaluate the impacts of
demolition and end-of-life waste management. For the demolition stage (C1), the module
calculates the effects per square meter of gross surface area. It refers to the data in the
“RICS professional standards and guidance, UK: Whole life carbon assessment for the built
environment” [74]. Environmental impacts related to the treatment process at the waste
material sorting plant (machinery for handling, electricity consumption, and emissions
from handling) and disposal at recycling, waste-to-energy, or landfill facilities are assessed
using specific modules of OneClick LCA based on the EWC code of materials.

As for transportation, evaluated within the same module, data available in the lit-
erature have been used: 50 km to recycling facilities for inert materials, 20 km to waste-
to-energy facilities, and 100 km to recycling facilities for metal materials. Regarding the
transport stage (A4), the calculations have been performed using the higher value between
the default value provided by the OneClick LCA (1.10.0) software and the value commonly
found in the literature for each material type: 50 km for massive materials [44] and 100 km
for all others [75]. The impacts of the construction phase are typically around 4-5% of
production stage [76] and have been evaluated with the OneClick LCA module for con-
struction sites in the Mediterranean climate. Specifically, it assumes the production of
5kg/ m? of construction waste, the consumption of 25 kWh/ m? of electricity, and 3.5 L/ m?
of diesel.
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BUILDING DATA - Energy and Deep Renovation Scenarios
Basament shape:

rectangular, C-shape, H-shape

Gross Floor Area {GFA): 28,036 m2
Territorial Area (TA): 12,662 m2
Built Area (BA): 4448 m2
Total volume (V) 96,475 m3

Height (min, avg, max): 18.20-21.05-2390 m

Compaciness (avg) 0.75
Mo. housing units: 299
Stairs average area 2289
Flat average area Tha41
Total no. of inhabitants 834

CONSTRUCTION DATA - Energy and Deep Renovation Scenarios

Structure: reinforced concrete frame

Reofing: not insulated reinforced brick-concrete slabs; bitumen waterproofing; wooden
battens, roof tiles

Intermediate slabs: brick-cancrete slabs (16 or 20cm); floaring (ceramic 90%, parquet10%),
plasterboard ceilings in shops

Foundations; reinforced concrete inverted beam and not insulated slabs

Outer walls: not insulated walls of solid Bolognese bricks (28cm thick), plaster (outside
2.0cm, inside 1.5cm)

Internal walls: hollow bricks, plaster {1.5+1.5)

Balconies: brick-concrete slabs (16 or 20cm), sloping screed and ceramic fleoring, guttering
and railings

Windows: h0% wooden single pane windows and 50% aluminium double pane windows, PVC
roller shutters, grilles on ground floor

Doors: wooden interior and exterior, 50% door security

HWAC: iron radiators, independent gas boilers and air conditioning units {30%)

BUILDING DATA - Replacement Scenario

Basament shape: H-shape
Gross Floor Area (GFA): 29,511 m2
Territorial Area (TA): 12,662 m2
Built Area {BA). 3688 m2
Total volume (V) 104,099 m3
Height (min, avg, max) 2830 m
Compactness (avg) 059
Mo, housing units: a20
Stairs average area 25.00
Flat average area 98,20
Total ne, of inhabitants 1280

CONSTRUCTION DATA - Replacement Scenario

Structure: Steel frames with reinforced concrate shear walls

Roofing: CLT slabs, cellulose insulation in cavity, wood fiber, green roof or floating
woad-palymer flooring

Intermediate slabs: CLT slabs, cellulose insulation in cavity (dry screed), double gypsum
fiberboard, flooring (parquet 90%, ceramic tiles 10%), gypsum fiberboard ceilings in shap
Foundations: reinforced concrete inverted beams

Outer walls: Timber frame walls with cellulose insulation, wood fiber ETICS insulation, and
inside recycled textile fiber and clay panels

Internal walls: Timber frame, recycled textile fiber, clay panels

Balconies: CLT slabs, sloped lightweight expanded clay screed, floating wood-polymer
flooring, metal sheel covering, metal railings, WPC sun-shading

Windows: Wood/aluminum windows, PV roller shutters

Doors: Internal and extermnal wooden doors, security doors

HWAC: Radiant panel system with milled wood fibers, hydronic heat pump, and ducted fan coil
units {not evaluated),

Figure 14. Geometrical and construction information of buildings in the energy and deep renovation

scenarios on the left and in the replacement scenario on the right. © Authors’ graphical elaboration.

The economic viability of different scenarios is evaluated in the medium /long term
by examining the benefits generated from the reduction in annual energy cost compared
to the operational and construction costs associated with each scenario (Table 2). This
assessment aims to estimate the feasibility through the Life Cycle Cost Analysis (LCCA)
approach, whose methodological foundation can be traced back to ISO 15686-5:2017. The
effectiveness of the design solutions is assessed in terms of costs and potential savings
(“negative costs”), and the results will be presented using the indicators Net Present Value
(NPV) and Profitability Index (PI). The following assumptions are made:

W)

(ii)
(iif)
(iv)
\

The initial cost of refurbishment interventions (thermal insulation, roof insulation,
photovoltaic system installation, and replacement of heating systems) was calculated
parametrically or referenced from literature average data. For the new construction
scenario, a specific cost estimation was carried out (Table 4, Tables S2 and S3).

The benefits derived from the interventions are evaluated as the difference in annual
energy cost between the baseline and the considered scenario [69].

Maintenance costs were taken from the literature and comparison with similar inter-
ventions [77].

The cost of demolition and end-of-life waste treatment is based on a specific publica-
tion [71].

The residual value of the demolition and reconstruction scenario was assessed through
linear depreciation relative to the intervention construction cost. The retrofitting
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Outer Wall
Area: 19.200 m2
Area 59: 27.520 m2

Ren. Scenario:
52/Sb/S7/58

Roof
Area: 5170 m2
Area S9: 4.940 m2

Ren. Scenario:
53/S5/S7/58

Ground Floor Slab
Area: 4.478 m2
Area S9: 5.560 m2

Ren. Scenario:
S8

Intermediate Slab
Area 26.495 m2
Area 59; 27.518 m2

Ren. Scenario:
S8

Basament Wall
Area: 3.840 m2
Area 59. 5.045 m2

Ren. Scenario:
N.A.

Internal Wall
Area: 24.200 m2
Area 59: 27.960 m2

scenarios were evaluated with a zero residual value since they are expected to be
demolished at the end of the 30-year analysis period.

(vi) The possible application of tax incentives was considered by current Italian regula-
tions, which provide three thresholds of potential tax deductions based on the type of
energy retrofitting intervention: 50%, 65%, and 90% (Table S4).

PRESERVATION ENERGY RENOVATION REPLACEMENT
Existing building products Added building products New building products

40mm  Heavy clay panel
50mm  Textile insulation
186mm Timber-frame wall
w cellulose insulat.
40mm  wood fibre insulat
Smm  ETICS fimishing

15mm Lime plaster
280mm  Brick wall w
lime mortar
15mm Lime plaster
140mm  EPS insulation

16mm Lime plaster
280mm  Brick wall w

lime maortar
16mm Lime plaster

15mm Roof tiles 40mm  WPC flooring
15mm . Roof tiles 40mm  Wooden battens 7 ™ 40mm  Wood fibre insulat. NS
40mm  Wooden battens frerererrerereres Waterproofing [ L Waterproofing
20mm Screed layer 120mm  PIR insulation [ ¥ X ) i 260mm Timber-frame w r
160mm  Reinforced brick f§ Vapourbarmer o= cellulose insulat >

pesanigrin) 200mm  Renforced brick | k"/g%/%/gz/ ,.

15mm Lime plaster concrete stab oy

15mm  Lime plaster 160mm CLT slab

3mm Lincleumn amm  Linoleum

50mm Renforced 80mm Screed |
S0 Screac layer concrete S0mm IPSms:lguron

100mm  Reinforced

50mm XPS insulation
concrete slab  F
5

% P S0mm  Reinforced concrete
100mm  Reinforced o e s

S00mm Crawl space

Gravel concreleslab 300mm Reinforced concrete. » <. =
Gravel foundation oL
" " 10mm  Ceramic flooring 20mm  Parquet
10mm Ceramic flooring s0mm Screed layer 40mm  Wooden radiant

20mm  Screed layer panel

Ri —
20mm Concrete e os::roer::ew q 25mm  Double gypsum
160mm  Reinforced brick : : - fiberboard 7 77
i 160mm  Reinforced brick S 100mm Timber-frame w ,'N . p/
-~ g ol concrete slab colkdose insulet Y, 7
m e pas 15mm Lime plaster 160mm CLT slab
15mm Lime plaster I 15mm Lime plaster ;:;:m I;":‘DI::;H =
280mm  Brick wall w | 280mm  Brick wall w o ::; sl s
lime mortar lime mortar SO Wa -
Waterproofing Tl

22mm  Heavy clay panel
80mm  Timber-frame wall
w textile insulation

10mm Lime plaster
280mm  Hollow brick wall
w lime mortar

10mm  Lime plaster
280mm  Hollow brick wall
w lime mortar

Ren. Scenario: 10mm  Lime plaster 10mm  Lime plaster % 22mm  Heavy clay panel
N.A.
Door and Windows
Area: 2.350 m2
Area S9: £.320 m2 Wooden doors Wooden doors Wooden doors
Single glass w 3-Layered insulating glass FlLayered insulating glass
Ren. Scenario’ wooden frame w wooden/aluminium frame w wooden/aluminium frame
54/85/57/58
Figure 15. Construction elements in each scenario: existent buildings on the left, energy renovation
in the centre, and circular replacement on the right. © Authors’ graphical elaboration.
Table 4. Relevant operating and intervention costs for each scenario. © Authors.
Element Cost Source of Data
Electricity supply for lighting and air 0.6601 EUR/kWh ARERA, TV Trimester 2022 [67]
conditioning
Natural gas supply for heating 1.0764 EUR/Sm? ARERA, October 2022 [67]
Maintenance of the photovoltaic system 40 EUR/m?y (Fregonara et al., 2018) [77]

Maintenance of the conventional gas boiler 80 EUR/pcs y Altroconsumo, 2022
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Table 4. Cont.

Element Cost Source of Data
Maintenance of the heat pump 1.5% Co EUR/pcs y (Paiho et al., 2017) [78]
SZ/SS/S7—Install?1t10n of 12 em PIR insulation 180.00 EUR/m? of roof surface “DEI nuove costruzioni, I semestre 2022 [79]
in the roof
- i 2
S3/S5/S7 : Instauatlon. of 14 cm EPS thermal 150.00 EUR/m* of “DEI nuove costruzioni, I semestre 2022” [79]
insulation with graphite. wall surface
S4/S5/S7—Installation of new windows 1.250.00 EUR/m? of " . ”
(U < 1.30 W/m2K). wall surface DEI nuove costruzioni, I semestre 2022” [79]
s6/s7/ Sg_I“Stagy“‘;Z;"f a photovoltaic 2.400.00 EUR/kWp (Fregonara et al., 2018) [77]

S58—Deep Renovation, including wall

. . . . 1.188.00 EUR/m? “Prezzario delle tipologie edilizie DEI del
insulation, roof insulation, structural .
. . . GFA 2019” [80]
interventions on floors, and vertical structures
Cost of demolishing existing buildings 131.32 EUR/m? GFA (Costantino et al., 2022) [71]

509—Cost of new buildings, Integrho model,
including structures, finishes, mechanical and 1.825.68 EUR/m? GFA “DEI nuove costruzioni, I semestre 2022” [79]
electrical systems

S01/S02/S03/S04/505/S06/S07 /S08—Cost
new buildings using standard construction
systems, including structures, finishes,
mechanical, and electrical systems

“Prezzario delle tipologie edilizie DEI del

2
1.843.00 EUR/m~ GFA 2019” [80]

5. Results
5.1. Interpretation of Life Cycle Assessment (LCA) Results

The results obtained from the simplified LCA analysis are presented in a series of
summarised diagrams (Figure 16), which assess the percentage variation relative to the
baseline scenario for each impact category. The first graph encompasses all the stages
described in the preceding section, including the demolition and reconstruction of buildings
in all analysed scenarios after 30 years of use. On the other hand, the second diagram
exclusively considers the impacts of the use stage, excluding the operations required to
implement the interventions and the end-of-life stage. The third graph accounts for all
effects of material production in each scenario, the 30-year use stage, and the end of
life solely for the materials installed during the intervention. Consequently, this final
assessment places a disadvantageous perspective on the demolition and reconstruction
scenario, which is evaluated comprehensively, while, for the other scenarios, the demolition
of existing buildings is excluded.

The first diagram shows that all the hypothesised scenarios effectively reduce the
environmental impacts of existing buildings, even when considering demolition and recon-
struction at the end of the 30-year analysis period. At the same time, partial interventions,
such as roof insulation (—11.08%), windows (—3.55%), and photovoltaics (—10.20%), have
a limited impact compared to those involving the entire envelope (ranging from —42.73%
to —50.21%). In this perspective, any energy renovation intervention, from roof insulation
to window replacement and even more significant ones, contributes to reducing green-
house gas emissions, even in the medium term of 30 years, significantly lowering energy
consumption for heating and cooling. The scenarios that achieve the best results across
all analysed parameters are the demolition and reconstruction employing the “Integrho”
circular model (—74.51%), followed by deep renovation (—50.21%). Furthermore, the
analysis results do not account for the biogenic carbon storage of materials which would
further favour the replacement model in assessments due to its predominantly bio-based
raw materials. From this perspective, taking immediate action through replacement, rather
than postponing demolition in the future, proves to be a more environmentally sustainable
strategy, although the outcome should be evaluated based on the construction system used
for reconstruction. Indeed, the marked result difference between the deep renovation and
replacement scenarios is linked to the reconstruction model. Evaluating environmental
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impacts only concerning the use stage, the difference between the two scenarios diminishes
to 5.88%. Finally, the last diagram shows environmental impacts under the assumption
that, in scenarios S01-5S08, the buildings are not demolished and reconstructed after the
30-year analysis period. Despite these assumptions being particularly unfavourable for the
replacement scenario, the demolition and reconstruction achieve a reduction in emissions
in line with energy refurbishment scenarios: —58.43% compared to the deep renovation’s
—64.19%. To gain further insight into the influence of the circular building model on the
assessments above, the impacts related to individual components (structural frame, slabs,
outer walls, etc.) of the Integrho model were compared with the standard reconstruction
model (Figure 17). The primary contributors in terms of impact are the horizontal load-
bearing structures, consisting of steel beams and cross-laminated timber (CLT) slabs, which
account for a total of 24.44% of the Global Warming Potential (GWP), followed by the
non-structural layers of floors, including dry screed layers with cellulose flakes, gypsum
fibre screeds, and radiant panel (13.82%).

Environmental impacts cradle-to-cradle (A1-D}
100,00

90.00
80,00
70.00
60.00
50.00
40.00
30.00
20.00
< 0k L0
0.00
Global Warming Acidification Eutrophication Ozone Deplation Photochemical Ozone  Gross Energy
Potential (GWP) Patential (AP) Potential (EP) Potential (ODP)  Creation Potential Requirment (GER)
[kg cO2e] [s02e] [PO4e] [CFC11e] (POCP) [kg C2CH4e] [MJ]
100.00 Environmental impacts operational stage (B1-B7)
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
< 1K 1A (LR T
0.00
Global Warming Acidification Eutrophication Ozone Deplation Photochemical Ozone  Gross Energy
Potential (GWP) Patential (AP) Potential (EP) Potential (ODP)  Creation Potential  Requirment (GER)
[kg CO2e] [SO2e] [PO4e] [CFC11e] (POCP) [kg C2CH4e] [MJ]
Environmental impacts cradle-to-grave {A1-C4)
100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
Global Warming Acidification Eutrophication Ozone Deplation Photochemical Ozone  Gross Energy
Potential (GWP) Potential (AP) Potential (EP) Potential (ODP)  Creation Potential  Requirment (GER)
[kg COZe] [SO2e] [PO4e] [CFC11e] (POCP) [kg C2CH4e] [MJ]

W 501 - Baseline MS02-Roof ®W503-Walls ®S04-Windows MSO5 - Envelope M S06 - Photovoltaic M S07 - Advanced M 508 - Deep Renovation M 509 - Replacement

Figure 16. Percentage change in environmental impacts of the nine analysis scenarios evaluated
compared to baseline (100%): considering all analysed stages (top), only the use stage (middle),
and excluding the demolition/reconstruction at the end of the analysis period for retrofit scenarios
(bottom). © Authors’ graphical elaboration.
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Figure 17. Comparison in terms of environmental impacts between the two reconstruction models:
(i) based on the principles of circular economy applied to scenario S9; (ii) based on traditional
construction techniques applied to scenarios S1-S8. © Authors’ graphical elaboration.

These categories are followed by mechanical systems (13.66%), vertical load-bearing
steel structures and reinforced concrete shear walls (13.08%). Furthermore, concerning
the Integrho model, a particularly high proportion of biogenic carbon storage in materials
is evident, totalling 8,823,175.71 KgCO,eq, compared to a greenhouse gas emission of
15,546,190.90 KgCOyeq over the lifecycle.

5.2. Interpretation of Life Cycle Cost (LCC) Results

The simulation was conducted by evaluating the Net Present Value (NPV) (Figure 18)
and the Profitability Index (PI) (Figure 19) while varying the interest rate, set as a variable
not to influence the analysis results with a predetermined value. Each scenario was assessed
based on potential tax deductions available in Italy, 0%, 65%, and 90% (where applicable),
to identify the most suitable energy retrofit interventions that can be undertaken on the
building stock within a life cycle cost-benefit analysis. Considering the calculation method
used, demolition and reconstruction costs at the end of the 30-year simulation period were
not included in the study for scenarios other than S9. Indeed, as positive cash flows do
not stem from this operation, the NPV method would not account for economically viable
interventions. For this reason, the demolition and reconstruction was not accounted in
refurbishment scenarios but was only evaluated in the replacement one. As a general
result across all scenarios, the contribution provided by tax incentives in energy retrofit
interventions proves crucial to ensuring their economic feasibility.

The only strategy deviating from this trend is installing photovoltaic systems, which
have a very short payback period despite the unfavourable assumptions of gas heating
systems for apartments. Conversely, the situation differs for the more expensive scenarios,
508 Deep Renovation and S09 Replacement, which become economically viable with 90%
incentives. Considering the hypothesis of no available tax deductions, despite the extended
evaluation period, not all scenarios consistently appear economically sustainable.
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Figure 18. Net Present Value (NPV) assessed for each intervention scenario at varying interest rates
and tax incentives: absent at the top, 65% in the middle, and 90% at the bottom. © Authors’ graphical
elaboration.
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Figure 19. Profitability Index (PI) assessed for each intervention scenario at varying interest rates and
tax incentives: absent at the top, 65% in the middle, and 90% at the bottom. © Authors’ graphical
elaboration.

S2 Roof yields positive results for interest rates below 16%, with a payback period
of 6 years; S3 Walls for interest rates below 11%, with a payback period of 9 years; the
54 Windows scenario is not economically sustainable without incentives; S5 Envelope
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ENERGY CONSUMPTION DATA
* Energy consumption of each
scenario
= Variation in energy
consumption of each scenario

DATA from the author's analysis

for interest rates below 7%, with a payback period of 13 years; and S7 Advanced for 8%
and 11 years. The 90% scenario, as anticipated, deems all envelope-related interventions
economically sustainable, while deep renovation and replacement scenarios yield positive
outcomes only with low-interest rates. However, the results concerning scenarios S8 and S9
should be evaluated, considering that the NPV method evaluates an investment positively
solely by rating its cashflows. Therefore, all works, primarily structural ones, that do not
yield any benefits in terms of energy consumption reduction lead solely to an increase in
initial implementation costs. Consequently, they should be assessed based on improved
structural safety and residential quality for individuals without a direct comparison with
scenarios involving simple energy retrofit.

5.3. Implementation of the Knowledge Base of the Residential Building Stock of Bologna

The tools presented in this research allow for the implementation of the “Cataloguing
Matrix of Built Heritage Heritage” seen in Section 4.2 with four specific sections, related to
the outcome of simplified analyses each building (Figure 20):

(i) Energy efficiency: the energy consumption data per gross square meter and the varia-
tion compared to the baseline scenario, considering heating, cooling, and domestic
hot water, calculated using the Honeybee (0.0.66) software for each analysis scenario.
Environmental impacts: the cradle-to-cradle GWP data for each analysis scenario and
the variation compared to the baseline scenario are reported.

Economic impacts: comprise the market value of the existing buildings and their value
after the refurbishment or new construction intervention. In addition, these include
the reduction in annual energy costs and the global cost of the analysed interventions.
Material passport data: include the material quantities stored in the buildings, divided
by EWC code and evenly distributed among the buildings, in kg/m?.

(i)
(iii)

(iv)

LIFE CYCLE IMPACT DATA MARKET VALUE DATA MATERIAL PASSPORT DATA

*  Global Warming Potential »  Building market value * Quantities of materials storedin
{GWP) of each scenario »  Building market value after buildings by EWC code (European

* Variation in Global Warming » refurbishment Waste Catalogue): Concrete, tiles
Potential (GWP) of each +  Market value of new construction and ceramic mixtures; bricks and
scenario » Reduction of energy costs of each concrete mixture; timber; glass;

scenario
* Initial cost of each scenario

plastic; bituminous mixtures;
aluminium; steel and iron;
various metals; electric cables;
gypsum-based materials;
electronic waste

BUILDING LIBRARIES

Figure 20. Implementation of different categories of data contained in the “Cataloguing Matrix of
Built Heritage” from results of simplified analyses. © Authors’ graphical elaboration.

From the subsequent implementation of these data in the municipal georeferenced
model, it would be possible to obtain a Digital Twin at the city scale [73]. With appropriate
input corrections, this tool could potentially expand both territorially, covering the entire
urban territory, and temporally, encompassing not only the second post-war heritage but
also functionally, including not only residential buildings.

6. Discussion

The present article has addressed the energy retrofitting of the second half of the
20th-century residential built heritage (1945-1965). The residential stock of this period
embedded main issues related to construction techniques and advanced obsolescence.
Therefore, while the necessity to intervene in this type of heritage aligns with one of the
fundamental strategies for achieving European climate neutrality objectives, implementing
these actions on a large housing stock at the urban scale presents significant complexity.
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This complexity arises from the need to contend with economic and financial analyses, as
well as the social and cultural dimensions. For this purpose, a model of urban regeneration
based on demolition and reconstruction has been proposed, adhering to the principles
of circular economy as a benchmark to be utilised in comparative analyses with other
refurbishment scenarios. This model has been formulated by harmonising bioclimatic and
functional adaptability strategies with those derived from applying circularity principles to
the building project, including building in layers, design for disassembly, and design out
waste.

The proposed methodology for assessing urban-scale impacts comprises several
phases: informative, procedural, instrumental, and applicative, with the aim of study-
ing different intervention typologies, particularly deep renovation and demolition and
reconstruction. From this analysis, the circular model Integrho, due to its design character-
istics, demonstrates impacts in terms of greenhouse gas emissions production comparable
to the deep renovation scenario (5% difference), even not considering the future demolition
and reconstruction of buildings after the 30-year period and without accounting for the high
level of storage of biogenic carbon in materials, 8,823,175.71 KgCO,eq against a greenhouse
gas emissions total in the life cycle of 15,546,190.90 KgCO,eq. Similarly, positive results
are found in other impact category indicators (AP, EP, etc.). Consequently, the economic
aspect was addressed, evaluating that the replacement scenario, analysed with the same
tax incentives provided for energy renovation interventions, can be economically viable
through the tax deductions, specifically 65%, if accompanied by the current volumetric
bonuses mandated by regulations, to the extent of at least 20%. The analysis results are
subsequently incorporated into the “Cataloguing Matrix of Built Heritage”, allowing this
tool to be enriched with energy, environmental, and economic impact data. Applying this
methodology to the entire urban area could yield a decision support tool for administra-
tions, aiding in making more informed strategic choices regarding heritage. Furthermore,
this tool enables the determination of material quantities stored within buildings, thereby
enhancing the potential of urban mining.

7. Conclusions

The present article has introduced a methodology based on employing GIS georefer-
enced data processing tools to conduct simplified analyses on energy consumption, Life
Cycle Assessment (LCA), and Life Cycle Costing (LCC) of residential building stock at the
urban block scale. It has highlighted the economic convenience of all energy renovation
scenarios analysed, demonstrating effectiveness in reducing energy consumption and envi-
ronmental impacts. In particular, the simplified LCA analysis conducted at the urban block
scale allowed the environmental sustainability to be established in the medium-long term
of the demolition and reconstruction intervention based on a construction model inspired
by circular economy principles. This finding underscores the validity of these principles in
developing an urban regeneration model for second post-war residential buildings based
on replacement. Furthermore, it was evaluated how the circular construction model can
compete, in terms of environmental impacts, with other analysis scenarios, even when not
considering the future long perspective of demolition and reconstruction of the buildings
undergoing refurbishment. From an economic point of view, replacement is feasible when
supported by substantial tax incentives or by employing an Energy Service Company
(ESCo) model, which is not the subject of this article. In both scenarios, two assumptions
are considered: (i) approximately a 20% increase in volume will be sold at market value
and (ii) all inhabitants will retain ownership of their properties after the reconstruction [51].
In this perspective and under these assumptions, demolition and reconstruction overcome
the issues related to gentrification, allowing residents in the outskirts to access new hous-
ing, which is often economically unattainable in those areas due to high land property
values. Consequently, replacements can be considered one of the sustainable models to be
employed in a strategic vision aimed at achieving widespread renewal of the residential



Buildings 2023, 13, 2355 27 of 30

building stock in line with the decarbonisation achievement set by the European Union for
2050.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/buildings13092355/s1, Table S1: Input and end-of-life materials
used in the circular building mode; Table S2: Construction costs for each analysis scenario; Table S3:
Summary of Cost Estimation related to demolition and reconstruction intervention scenario; Table S4:
Summary table of the maximum tax incentives for energy renovation by intervention type (65% and
90%).
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