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Abstract: The residential heritage that was built during the great expansion of real estate after the 
Second World War has severe deficiencies in structural safety, fire resistance, energy efficiency, and 
accessibility and these cannot be solved with sustainable renovation measures. This study focuses 
on replacement interventions and promotes a management model that addresses three areas 
(technical, social, and economic) and it refers to the application of the circularity principle to the 
construction sector for the goal of climate neutrality by 2050. The final objective is to define a 
protocol—namely, the guidelines—to reference in a decision-making process that promotes urban 
regeneration by comparing demolition with reconstruction and renovation. The proposed 
methodology allows for the determination of suitable areas in Bologna for replacement and the 
joining of the municipal geodatabase with data from archival research on building permits in 1949–
1965 by using GIS software. This digital archive can be implemented in a digital twin for an urban 
block, which can become a predictive tool for urban planning and the management of the whole life 
of a building. The main result is the characterization of urban blocks by identifying typical features 
belonging to specific building libraries that are validated with density analyses. These urban 
clusters and building archetypes can be used to assess targeted intervention measures by using 
specific tools, such as predictive maps and 3D city models. 

Keywords: residential building stock; 20th century; Bologna; urban peripheries; GIS;  
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1. Introduction 
Reports and surveys on climate change have highlighted the predominant role of the 

atmospheric concentration of greenhouse gases (GHGs), especially CO2, as they are 
mainly responsible for climate-altering action and increases in temperature [1]. This 
negatively affects the loss of biodiversity and, thus, food production, as well as alterations 
in other planetary limits, on which the Earth’s equilibrium depends [2,3]. 

The second-to-last IPCC report [4] categorized GHG emissions by economic sector 
(electricity and heat production, AFOLU, buildings, transport, industry, and other 
energy) and distinguished direct from indirect emissions. Direct emissions are related to 
the combustion of gases and fuels that are used by a sector (i.e., gas for heating or domestic 
hot water production, fuel for transports) or attributable to that sector (emissions from 
livestock farming, agricultural production, fertilizer use) [5]. Indirect emissions are 
produced by one sector but used in other sectors than those in which they are produced 
[5]. In order to get an overall and ‘true’ indication of each sector’s impact, it is appropriate 
to add up direct and indirect emissions: the construction sector has risen to third place 
(18.4%), right after AFOLU (agriculture, forestry, and other land use, 24.87%) and 
industry (33%) [4]. According to the most recent prospects (2019) on the world’s GHG 
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emissions by sector, which were developed by Climate Watch [6] and elaborated by the 
World Resources Institute [7], the total amount of GHG emissions was 49.8 GtCO2e and 
the most relevant sectors (considering both direct and indirect emissions) were industry 
(31%), AFOLU (23.7%), and buildings (18%). Even though there could be slight variations 
depending on the methodology used for the calculations, these figures reflect that the 
global impact did not significantly change from 2010 to 2019. 

The present research focuses on studying the environmental impact on urban areas 
and the construction sector in terms of emissions. 

In 2018, 55% of the world’s population lived in urban areas [8], which occupy a small 
part of the Earth’s surface (1–3%) and are responsible for the majority of GHG emissions, 
natural resource consumption, and waste generation. By 2050, cities are expected to have 
a major impact in terms of natural resource consumption, waste production, and GHG 
emissions [9]. A study on 167 cities worldwide highlighted that only 15% of the cities 
(namely, 25 cities located in Asia, Europe, Japan, Russia, and Turkey) are responsible for 
52% of the total GHG emissions [10]. This is significant as it points out that if a few cities 
invest in reducing their impacts, there would be a relevant advantage. Another study [11] 
on cities of the C40 cities network (in 2020) [12] found out that the majority of emissions 
are indirect, so they do not depend on the transportation and production of goods directly 
in a city, but rather on things that are produced elsewhere and imported into a city to be 
consumed. More specifically, according to the consumption-based model, the total 
impacts of the C40 cities resulted in 4.5 GtCO2e, which was 55% higher than the 
production-based impact (2.9 GtCO2e). This provides a valuable basis for reflection on 
the relevance of consumption rather than production in urban areas and for targeted 
action to reduce the impacts. 

Buildings are responsible for 40% of the EU’s total energy and 36% of the GHG 
emissions for energy, such as in the use and operational phases. However, if we consider 
the whole life cycle and the embodied carbon stored in buildings, an increase of 10% is 
estimated [13]. 

These facts inform us of the relevance and impact of the built environment in the 
process of ecological transition. Over recent decades, plans and programs have set 
ambitious targets for emission reductions, such as, at the European level, “A Renovation 
Wave for Europe” (2020) [14], the revision of the European directives on energy 
performance and renewable energy sources (2019–2021) [15] and “A New Circular 
Economy Action Plan” (2020) [16]; all of these are implementation tools for the EU Green 
Deal [12] in order to achieve the target of “zero emissions by 2050”. 

The strategy of the European Union for existing building stock aims at reducing 
impacts through a vision of deep interrelation between the areas involved in the 
construction sector: energy, resources, and materials [17]. The new CEAP (Circular 
Economy Action Plan) proposes the introduction of reference limit values, such as for the 
carbon footprints of materials in buildings, and the application of mandatory tools for 
assessing building sustainability. It also acknowledges the relevant role of the digitization 
of the built environment in the pursuit of sustainability goals. It makes explicit the 
urgency of updating existing legislation on construction and demolition waste and 
excavation soils together with the inclusion of targets for the use of secondary raw 
materials [17]. 

Interventions in the existing building stock need to be supported by circular design 
strategies, the integration of life-cycle thinking, the minimization of energy consumption, 
and the use of only renewable energy sources. In “Circular Economy-Principles for 
Building Design” [18], a new model of sustainable design was proposed; it was aimed at 
improving material efficiency and circularity in the life cycle by pursuing three main 
objectives: waste utilization, resource optimization, and reduction in environmental 
impacts throughout the life cycle through increased attention on design and material 
choice. The LCA (Life Cycle Assessment or Life Cycle Analysis) methodology is a valuable 
tool to assess the energy–environmental performance of a construction product and a 
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building by producing comparative scenarios and interpreting results with a critical eye. 
For instance, it is demonstrated that in existing buildings, the most significant 
contributing factor is related to the operational carbon associated with the use phase. 
Contrarily, in new, energy-efficient buildings, the embodied carbon becomes the most 
significant contributing factor, accounting for 40–70% of total emissions. As such, the 
future trend for the building stock will be characterized by a progressive increase in 
energy-efficient buildings, with the greatest impact on materials [19]. It is, thus, crucial to 
identify benchmarks, targets, and environmental performance categories defining 
environmental performance requirements for buildings, which take into account not only 
energy consumption in the operation of buildings but also the entire life cycle and the 
share of reused and reusable materials, aiming to 100% circular buildings and 100% 
renewable energy supply. 

Despite the ongoing discussions around strategies and targets, finding the 
appropriate tools for achieving the mentioned objectives, numerous difficulties are to be 
faced. In 2021, ENEA (Italian National Agency for New Technologies, Energy and 
Sustainable Economic Development—Agenzia nazionale per le nuove tecnologie, l’energia e lo 
sviluppo economico sostenibile), outlined, in its latest report, the recovering rates for existing 
buildings necessary to ensure that the reduction targets are achieved and highlighted that 
these are far from the actual rates, e.g., the last rate, registered in the previous period, is 
much lower that the necessary one [20]. This shows that, so far, the current conditions 
have not allowed us to achieve the targets in a very short period of time.  

At the European level, 11% of existing buildings, every year, show interest in energy 
refurbishment interventions. It is worth mentioning also that throughout Europe, the 
current rate for deep renovations stands only at 0.2% [14], following the current reduction 
target (−60% GHG emissions in the building stock). In Italy, the Annex to the Ministerial 
Decree of 11 October 2017 (Minimum Environmental Criteria for the awarding of design 
services and works for the new construction, renovation and maintenance of public 
buildings, Criteri ambientali minimi per l’affidamento di servizi di progettazione e lavori per la 
nuova costruzione, ristrutturazione e manutenzione di edifici pubblici) [21] defines the 
minimum environmental criteria for construction materials, i.e., environmental 
performance characteristics to follow during all phases of tendering procedures, aiming 
to improve the environmental impact of the intervention. However, the proposed 
minimum values are still far from the 100% circular building goal. 

The present contribution describes, in detail, a methodology having, as the final 
objective, the identification of the decision support tools for administrations and 
professionals to be used during the preliminary phases, in an effort to facilitate the 
application of specific strategies on the existing building stock in accordance with the 
realization of the 2050 zero-emission target. These strategies shall be based on specific and 
detailed georeferenced knowledge of the existing building stock. Numerous studies have 
recently investigated the GIS-based methodologies, aiming to characterize the existing 
building stock to measure its impact in terms of energy and GHG emissions in the life 
cycle. As such, through the elaboration of georeferenced databases and the creation of 
conceptual energy building models, it is, thus, possible to estimate the energy demand 
profiles, e.g., in Milan (Italy), and to then map these results on the territory in an effort to 
support energy planning [22,23]. Additionally, a methodology to integrate large-scale 
LCA was conducted on Esch-Sur-Alzette (Luxemburg) existing building stock in GIS 
software: it allowed for the production of thematic mapping and directly linked the 
information about the impact (GHG emissions) on the territory [24]. In this case, the 
identification of renovation scenarios with defined time intervals and rate of interventions 
allowed for the evaluation of the benefit of GHG emission reduction and compare these 
results with the EU target. Another study, developed for Helsinki (Finland), created the 
“Helsinki’s Energy and Climate Atlas” [25,26], which is a 3D-city model with three 3D 
simulations based on three different scenarios, including predictions on GHG emission 
reductions by 2050. This research is based on the organization of building libraries (with 
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construction, use, and energy information) that have been linked to the buildings in the 
3D-city model so that simulation results can be directly viewed in the virtual city. All the 
mentioned studies are relevant for the present research as they set out a methodology, 
including data and results, valuable to measure the buildings’ impact in georeferenced 
maps that can be directly viewed on the territory and used as decision-support tools by 
public administrations and professionals. 

2. Materials and Methods 
In this study, the “Reconstruction for Regeneration” (R4R) paradigm is intended as 

a long-term strategy applied to the existing building stock, promoting urban regeneration 
and ecological transition. Additionally, it proposes urban renewal plans and programs to 
favor sustainable planning by integrating environmental impacts and large-scale LCA 
through the opportunities offered by digitization tools. R4R is addressed to the first urban 
peripheries and can potentially extend not only to a European but also to a global level. It 
promotes more radical interventions beyond standard energy refurbishments, i.e., the 
application of insulating envelopes, high-performance windows and doors, and advanced 
plant systems. This paradigm supports the demolition, including the reconstruction of the 
unlisted residential building stock in Italian cities, mainly built during the period of 
maximum expansion, i.e., between the first and second half of the 20th century. These 
buildings are at the end of their service life and have structural and energy deficiencies 
belonging to a building method that represents that specific epoch and appears over time. 
These criticalities are hard to recover and the interventions proposed in the renovation–
recovery–renewal scenarios are often unsustainable according to a cost–benefit analysis 
from an economic point of view and for engineering optimization. As such, the following 
section will provide further details about the R4R paradigm, focused on replacement 
approach and applied to the residential built heritage located in the first peripheries of 
Bologna (Italy). The said paradigm, on the one hand, does meet the demanding and 
performance framework in accordance with the regulatory requirements set by the 
relevant European legislation and, on the other hand, favors further changes. 

The present contribution is situated in the framework of a broader research project 
aiming to create an innovative model of the entire building process associated with the 
circular economy principles and based on the “Reconstruction for Regeneration” (R4R) 
paradigm applied to the residential building stock of first urban peripheries. The model 
is then related to a design proposal, e.g., a housing unit prototype, representing the 
practical application to a real context and, thus, the final step in the process. The model is 
developed in the technical, social, and economic areas, as it proposes an integrated 
intervention that considers not only technical issues (materials, construction solutions, 
etc.) but also analyzes its social impact and economic feasibility. 

The study herein presented addresses the methodological aspects involved in the 
process of the model’s formalization and focuses on the definition of the solid knowledge 
base about the building stock that shall be used for developing the decision-support tools, 
such as the predictive environmental impact maps in GIS software. 

Additionally, the method is divided into four phases: (2.1) creation of a knowledge 
base of the residential building stock in Bologna, constructed in 1946–70, (2.2) digital 
implementation of the data collected in the previous stage, through GIS software (ArcGIS 
by Esri) and urban fabrics characterization, (2.3) validation of the procedure for urban 
fabrics characterization, and (2.4) identification of decision-support tools for the 
intervention strategies in urban areas. 

2.1. Creation of a Knowledge Base for the Residential Building Stock in Bologna 
The first phase of the described method focuses on the creation of a knowledge base 

of the residential stock in Bologna (Italy), built between the first and second half of the 
20th century, including the first peripheries of the city, which are characterized by a high 
number of dwellings and buildings, relevant density values, and non-compliance with the 
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current requirements in terms of structural safety and energy efficiency. Moreover, it has 
the most significant transformative potential in terms of impact on the urban territory and 
feasibility of replacement intervention. 

Within this context, it is worth mentioning the CRESME report [27] on the con-
sistency of the built heritage in relation to construction epochs and territorial context, and 
the data provided by ISTAT relative to the last population and housing census on the 
national territory, focusing on the Municipality of Bologna [28,29]. The analysis of this 
data leads to the following considerations: 

In Italy, it is registered diffused and small-scale housing, where the highest number 
of dwellings is located in multi-family buildings in urban areas; 

The residential stock in Bologna is divided almost equally into two chronological pe-
riods: prior to 1945 and between 1946 and 1970. Indeed, 43% of the existing buildings were 
constructed in 1946–70, 42% in previous epochs, and 15% in later ones. However, on a 
national level, 30.8% of the existing residential buildings were constructed between 1946 
and 1970, thus, more than 3.7 million buildings, 25.9% in previous epochs and 43.4% from 
1971 to 2011. 

It is, thus, uncontested that half of the multi-family buildings in the cities is located 
in the historic centers and was built before 1945 and the other half, in the first suburbs, 
was built between 1946 and 1970 in response to increases in population given the progres-
sive consolidation of a state of prosperity due to economic recovery and increasing indus-
trialization processes after World War II. 

These considerations, developed in light of statistical data and report consultation, 
constitute a valuable support in the choice of the reference period, e.g., 1946–70. Indeed, 
the buildings constructed during this period of time represent the majority of the existing 
stock that does not meet the current regulatory standards established for structural safety, 
energy efficiency, and fire resistance. As such, they are the ideal buildings for the R4R 
paradigm’s investigation. 

2.1.1. Archival Research 
Extensive archival and documentary research was conducted as statistical data are 

not reliable and precise enough to develop the knowledge base. As such, two main strands 
were followed: 

Consultation of maps and aerial photographs of Bologna in the period 1919–1971 to 
qualitatively reconstruct its expansion by the construction period and outline the urban-
ized perimeter as of 1971; 

Collection and cataloguing of the building permits for the period 1940–1965 (availa-
ble at the municipal archives) to conduct some analyses on the building sector’s develop-
ment during the period of interest and to create a digital archive providing typological 
and construction information on residential buildings [30]. 

2.1.2. Organizing the Dataset 
The digital archive includes the building permits (in chronological order) and Gen-

eral Protocol (GP) number, for easier access to the originals stored in the municipal ar-
chives. Additionally, further support is provided by a spreadsheet organized into several 
information packages that can be integrated into the Municipality of Bologna georefer-
enced databases through an association key based on building identification codes, e.g., 
“CODEDIF” [30]. As such, the available knowledge base is further increased through the 
architectural and construction information, which can be used to set out the recurring fea-
tures of buildings and determine some archetypes [31] directly related to the entire build-
ing stock to be studied and that can be extended and applied to other contexts. 

The information packages collected in the Excel spreadsheet for each building that 
was analyzed, namely each building for which the archival permit was found, are based 
on the following data from archival permit consultation and georeferenced municipal da-
tabase: 
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• Association key information, 
• Metric/dimensional data, 
• Building data, 
• Construction data, 
• Potential inhabitants, 
• Commercial/real-estate data. 

The different packages collect information that refers to three main development ar-
eas of the model (technical, social, and economic) (Figure 1). 

 
Figure 1. Different packages of information and their link to three main application areas, © Au-
thor1. 

2.2. Digital Implementation Using a GIS Software 
Once the database structure and the different packages of information that are 

needed to characterize the residential building stock are defined, the following phase of 
the research focuses on digital implementation and integration with the georeferenced 
municipal database about buildings and urban territory toward the future definition of 
the digital twin/3D-city model [32–34] of Bologna. During the process of digitalizing the 
building stock in Bologna, the study of GIS software and other 3D-city models [35–37] 
allows for organizing all the databases from the Municipality and archival research. 

The data collected from archival research shall be accessed, searched, and visualized 
easily on the territory and integrated within georeferenced municipal databases [38]. As 
shown in Figure 2, a georeferenced map was created, including three main information 
layers [39]. 
1. Data on the built environment: buildings, roads, pavements, green areas, trees, elec-

tric charging stations, cycle and pedestrian paths, public mobility, and cadastral 
sheets. 

2. Data on regulatory and urban planning instruments: restraints and protections on 
the territory and buildings (water resources and hydro-geological structure, natural 
and landscape elements, historical and archaeological evidence, infrastructures, soils, 
and servitudes), historic city fabrics, and parts of the city to be regenerated, com-
pleted, and planned. 

3. Chronological data: the urban territory was divided into construction periods using 
the data of the last census conducted by ISTAT and orthophotos of Bologna [40]. By 
georeferencing the 1971 aerial photo [41], the parts of the city built later were clearly 
identified (the period of interest is 1945–1970) [39]. 

2.2.1. Urban Fabrics Characterization 
In order to “join” the data from archival permit consultation and georeferenced da-

tabase available online [38], a procedure for urban fabric characterization based on density 
parameters was tested and developed. An algorithm, here intended as a sequence of op-
erations applied in the georeferenced map with the software ArcGIS by Esri, was defined 
(Figure 3). More specifically, it includes almost automatic operations whose aim is to iden-
tify a set of urban areas representing the building stock to be studied. These operations 
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are based on: (i) restrictions, protections, and in-force planning regulations to exclude both 
restricted/protected areas and buildings, (ii) on uses/functions to exclude mainly not res-
idential areas, and on (iii) the overlapping of the aerial photo of 1971 and manual check 
to exclude all the parts of the municipal territory that were built after 1971 or were demol-
ished and reconstructed after that year. 

In particular, specific analyses were conducted to define the consistency of listed and 
industrial buildings [39] as considering only the urban residential blocks without indus-
trial or listed buildings would have reduced the sample of urban areas to study and ex-
cluded suitable areas for demolition and reconstruction interventions. The analyses are 
intended to find the most frequent values in terms of numbers and built surface of indus-
trial and listed buildings in order to define a rule to select mostly residential areas with 
few listed dwellings constructed between the first and the second half of the 20th century 
(not after 1971). As such, 210 urban blocks resulted after introducing an arbitrary criterion 
based on the built surface for industrial buildings and the number—as a percentage of the 
total number of buildings in each area—for listed buildings (Table 1) [39]. 

 
(a) 
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(b) 

Figure 2. (a) Georeferenced map of Bologna with (1) built environment and (2) restrictions and pro-
tections, © Author1 (geodatabase source: Open Data, Comune di Bologna, https://opendata.co-
mune.bologna.it/pages/home/, Sit Mappe, Comune di Bologna, http://sitmappe.comune.bolo-
gna.it/pugviewer/#!/app/map/default, accessed on 29 September 2022) (b) Georeferenced map of 
Bologna with (3) urban planning and regulation and (4) construction epochs (chronological data), 
© Author1, (geodatabase source: Open Data, Comune di Bologna, https://opendata.comune.bolo-
gna.it/pages/home/, Sit Mappe, Comune di Bologna, http://sitmappe.comune.bolo-
gna.it/pugviewer/#!/app/map/default, accessed on 29 September 2022). 
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Table 1. Results of the analyses to evaluate the consistency/size of existing listed and industrial 
buildings. 

Industrial Buildings – More Frequent Values Listed Buildings – More Frequent Values 
58.74% Urban blocks without industrial buildings 38.81% Urban blocks without listed buildings 

13.29% 
Urban blocks with the built area covered 

by industrial buildings between [0.01–
10%] of the territorial area 

55.94% 
Urban blocks with the built area covered 
by listed buildings between [0.01–10%] of 

the territorial area 

17.83% 
Urban blocks with percentage number of 
industrial buildings between [0.01–10%] 

out of the total number of buildings 
23.78% 

Urban blocks with percentage number of 
listed buildings between [0.01–10%] out of 

the total number of buildings 

20.98% Urban blocks with number of industrial 
buildings between [1–5] 

33.22% Urban blocks with number of listed 
buildings between [1–10] 

 
Figure 3. Workflow of the operation to detect the urban territory of Bologna, which is the primary 
residential existing building stock and with few listed dwellings, constructed between the first and 
the second half of the XX century (not after 1971), © Author1. 

The criterion constitutes a first attempt to outline the context in which to test the ap-
plication of the R4R paradigm. However, several other rules could be applied following 
other different research purposes. In fact, identifying and using an arbitrary principle does 
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not jeopardize the following research phase, which aims at finding clusters of urban ter-
ritory with common features, starting from different value ranges of some parameters de-
scribing the concept of density [42,43] of the built environment, also using the “Space-
mate” chart [44]. 

The “Spacemate” is intended to describe urban fabrics from a typological and mor-
phological point of view, highlighting the relations between some density parameters: 
FSI, Floor Space Index, GSI, Ground Space Index, OSR, Open Space Ratio and L, Layers 
[44], which are described in Table 2 and Figure 4. 

Table 2. Description of the density parameters used in the “Spacemate” chart. 

Name Description 

FSI Floor Space Index 
Impact of horizontal built surfaces on a territorial area, defined as urban intensity, e.g., the 
pressure of horizontal built surfaces on the territory [42,43]; 

GSI Ground Space Index 
Impact of built coverage on a territory, the ratio between the sum of buildings’ footprint 
and the territorial surface. Both FSI and GSI were usually used in urban planning 
regulations as a limit; 

OSR Open Space Ratio 
Pressure of built horizontal areas on unbuilt surfaces, the ratio between horizontal gross 
floor areas and the open space ones; it was used in planning regulations to set up a limit 
on unbuilt surfaces [42]; 

L Layers building’s height in terms of the number of floors, it is the ratio between FSI and GSI [44] 

 
Figure 4. Representative diagram of the different parameters of density used in the “Spacemate”, © 
Author1. 

The application of “Spacemate” to 210 urban blocks (Figure 5) can easily recognize 
different clusters representing the urban territory on the graph. For each urban area, den-
sity parameters were calculated automatically in the GIS software and integrated directly 
into the georeferenced database. Please see the following points for an overview of the 
values inserted into the database for the existing building stock (these values are collected 
in Supplementary File S1): 
• No. of Floors for Residential Buildings: the ratio between eave height and 3.5 m (in-

termediate floor gross average height for residential buildings). The authors applied 
this formula to obtain an indication of the height of the building in terms of floors 
and it provides useful data as it can be compared with the values of layers. The value 
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of the gross height of a residential floor (3.5 m) is an estimate based on the average 
internal height of a residential floor coupled to the thickness of slabs (structural part 
and finishing one). 

NF-Res = (Building Height in m)/(3.5 m)   (1)

• No. of Floors for Industrial Buildings: the ratio between eave height and 3.8 m (inter-
mediate floor gross average height for industrial buildings). The authors applied this 
formula to obtain an indication of the height of the industrial building in terms of 
floors and it provides useful data as it can be compared with the values of layers. The 
value of the gross height of an industrial floor (3.8 m) is an estimate based on the 
average internal height of an industrial floor coupled to the thickness of slabs (struc-
tural part and finishing one). It is supposed to be higher than the residential one. 

NF-Ind = (Building Height in m)/(3.8 m)  (2)

• Gross Floor Area (GFA): the total built surface of a building, e.g., the sum of the gross 
horizontal area of each floor. It is a key value necessary to obtain the Floor Space 
Index; the GFA was calculated separately for residential and industrial buildings. 

GFA = (Building Footprint or Coverage in m2) · (No. of Floors) [m2] 
Residential building: GFAres = BF · NF-Res [m2] 
Industrial building: GFAind = BF · NF-Ind [m2] 

(3)

• The following formulas lead to the values of density parameters for urban blocks 
[42,43]: 

Floor Space Index FSI = (Σ GFAi,res + Σ GFAi,ind)/Territorial Area 
i = ith building in the urban block 

(4)

Ground Space Index GSI = Σ BFi/Territorial Area 
i = ith building in the urban block 

(5)

Open Space Ratio OSR = (1-GSI) / FSI   (6)

Layers L = FSI/GSI   (7)

• Average Building Height of an urban block: the arithmetical average between all the 
values of heights inside a block and it is the ratio between the sum of all buildings’ 
heights and the number of buildings: 

Average Buildings Height = Σ BHi in m / N [m] 
i = ith building in the urban block 

N = number of both industrial and residential buildings in the urban block 
(8) 

• Average Number of floors in an urban block: the arithmetical average between all 
the values of the number of floors within a block and it is the ratio between the sum 
of all buildings’ number of floors and the number of buildings. 

Average Number of Floors = (Σ NFi,res + Σ NFi,ind) / (Σ Ni,res + Σ Ni,ind) 
i,res = ith residential building 
i,ind = ith industrial building 

Ni,res = number of residential buildings in the urban block 

(9) 
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Ni,ind = number of industrial buildings in the urban block 

 
Figure 5. Spacemate for Bologna residential building stock to be studied, consisting of 210 urban 
blocks, © Author1. 

The urban blocks with similar density parameter values appear in the same zone. 
When the Bologna “Spacemate” was compared with the original one [44] and the catego-
ries proposed by another study applied in Bologna [45], some different clusters were 
found. These have specific range values in urban intensity, built area and open spaces, 
and height (e.g., the number of floors). Therefore, the next steps of the research focus on 
the most representative set included in these clusters in order to deepen the study on a 
first relevant urban block sample. Through the combination of the value of GSI, layers and 
the number of floors calculated with Equations (1) and (2), another arbitrary criterion was 
applied to identify a subset of urban fabrics among the 210 items that are expected to be 
the most fitting to the present research interests, made of 55 urban blocks. 

2.3. Validation and GIS Matching 
The validation process is crucial to check the urban clusters and the whole procedure 

for urban fabric characterization. This stage is complex and very expensive in terms of 
time, as it relies on the comparison of the same parameters calculated from two sources, 
i.e., archival permits supported by on-site surveys and satellite images and georeferenced 
databases, used in order to obtain the “Spacemate” for Bologna. The matching between 
the building in the GIS map and its permit, collected during the archival research, is based 
on location data (address) and building ID code “CODEDIF”, included in municipal da-
tabases and added to the dataset created during and after the archival research (Section 
2.1.2). This association allows for linking all the data accessible by construction drawing 
consultation (plan, facades, section, technical forms with information about materials) 
with the territory (a specific location) and municipal georeferenced databases, which in-
clude metric/dimensional information, function/use information, and urban planning in-
formation, such as zoning, restrictions, and protections. Density parameters (FSI, L, OSR, 
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NF) are also calculated from permit data and measuring the deviation between the two 
sources’ values offers a synthetic indication of the correctness of urban clusters and out-
lines the limits of different parameters’ ranges.  

2.4. Decision-support Tools for Intervention Strategies: GIS Integration of Large-Scale LCA 
Two different decision-support tools working at different scales are identified: GIS 

integration of large-scale LCAs to produce strategic urban maps in an effort to support 
sustainable intervention in cities and an evaluation matrix for urban blocks, which aims 
to calculate a synthetic index, a score of the urban block sustainability according to differ-
ent intervention scenarios. It combines requirements related to 6 relevant areas (urban 
space layout, mobility, energy, circular metabolism, green, and inclusive and participative 
society); it identifies some principles describing each area, which correspond to several 
prerequisites that can be directly assessed/implemented with a set of actions supported 
by quantitative information, namely indicators. 

This matrix, inspired by the Lehmann sustainability matrix [46] and the guide for 
designing sustainable neighborhoods by UN-Habitat [47], is currently under develop-
ment and it is intended to give a synthetic index of the sustainability of an urban area. 

GIS Integration of Large-Scale LCA 
In order to continue the digitization of the existing building stock analyzed in Section 

2.2 and to develop a tool to support sustainable city planning, the integration of large-
scale life cycle analysis in GIS software was investigated. In accordance with the R4R par-
adigm and numerous research goals, this methodology allows one to (i) estimate the con-
venience of replacement rather than recovery-renewal, (ii) identify a set of criteria and 
actions to be considered in preliminary phases, and (iii) visualize the results of the anal-
yses directly on the territory support city planning. 

The life cycle approach and the consequent development of the LCA methodologies 
for assessing the environmental performance of the building stock on a large scale allow 
for the identification of objective and measurable criteria, providing support to urban 
planning policies in order to achieve the target of building sector decarbonization and 
define climate change mitigation and resilience strategies on a larger scale. Integrating life 
cycle energy analyses with whole-life carbon assessment (embodied and operational car-
bon) of new construction and recovery/renovation interventions applied to existing build-
ings is necessary in order not to overestimate the environmental benefit due to reducing 
energy demand, without taking into account the impact of products and processes [48], 
whose share in the whole life cycle is more relevant in the transition to net-zero-energy 
buildings. 

The model for assessing the environmental impact of the building stock generally 
consists of: a building stock model, an energy model, LCA results, and, sometimes, the 
representation/visualization in the GIS system [49]. Two main strategies relate data to 
building stock: top-down or bottom-up [50]. These were defined for estimating building 
stock energy demand; however, they can be extended to environmental impact assess-
ment with the LCA method [49]. 

The bottom-up approach aims at calculating the impacts of groups of buildings or 
individual buildings, using more specific data and, depending on the sample’s represent-
ativeness, extends them to the entire estate. In particular, the “archetype technique” is 
based on defining a limited number of conceptual building models, namely the arche-
types, which significantly represent the entire building stock and depend on a different 
combination of geometric, construction, plants, and use-related (functions) characteristics. 

The number of archetypes is variable, depends on the context and research purposes, 
and properly represents the building stock to be studied. The energy and environmental 
analyses on the archetypes are then associated with the entire building stock, which was 
divided into categories identified by these virtual models. A certain level of simplification 
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(in terms of performance analyses’ results at the urban, regional, or even national scale) is 
included in this technique, but it does not compromise the outcomes of the research. 

By studying and reading, with a critical eye, several contributions [22–24,31,51–53], 
a methodology based on the large-scale LCA method and the bottom-up approach that 
can be implemented with GIS software was explored to assess different intervention sce-
narios (retrofit and demolition with reconstruction) on the building stock. Results can be 
used to produce predictive simulations and verify the achievement of emission reduction 
targets [24,26]. This method (Figure 6) consists of (i) definition of a model of the existing 
building stock according to the bottom-up approach (archetypes) in order to identify sev-
eral conceptual models that significantly approximate the actual building stock; (ii) defi-
nition of intervention scenarios (no interventions, renovation, or demolition with recon-
struction); (iv) assessment of the impact in terms of CO2 emissions in a determined time 
interval; (v) integration of the results in a GIS system to visualize and map the emissions, 
linked to the different scenarios, on the territory. 

 
Figure 6. Methodology workflow for large-scale LCA GIS integration, © Author1. 

3. Results 
The methodology presented above is divided into four main phases. The first one is 

intended to create a solid knowledge base of the residential building stock that can be 
suitable for demolition with reconstruction interventions according to the R4R strategy. 
The second one focuses on digital and GIS implementation, aiming at making data acces-
sible from archival research for further analyses and the future definition of a 3D-city 
model of Bologna. In the third one, the matching process is necessary to validate the clus-
ters and the urban fabric characterization procedure. The last stage aims to use all the data 
collected and validated in the previous phases to identify archetypes representing the 
building stock. Future integration of LCA and energy models is needed to evaluate the 
environmental performance following intervention scenarios. Moreover, the evaluation 
matrix for urban blocks attempts to compare different intervention scenarios and consider 
other issues of the building that might have implications on urban sustainability. Since 
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the matrix and the calculation methods for obtaining an index value of the sustainability 
of an area are still under development, the first results are not included in this section. 

3.1. Building Libraries 
The first phase is preliminary to the following ones and defines the base, made of 

“real data” from archival permits, and their structure/organization determines all the sub-
sequent analyses and simulations. 

The building libraries (Figure 7) include information about surfaces and volumes, 
building type features, materials, real-estate data, and people. 

 
Figure 7. Different packages of information and structure of the database from archival research to 
be integrated with municipal georeferenced databases, © Author1. 

The below list provides an overview of each of them:  
• Association key information: building code, GIS polygon ID code. 
• Metric/dimensional data: main building built area, service building built area, perim-

eter, main building height, service building height, main building built volume, un-
derground level height (from archival building permits), main building total built 
volume (underground and built volume), service building built volume, compact-
ness (envelope/volume), Gross Floor Area GFA (built area · number of floors), Resi-
dential Gross Floor Area RGFA = (built area · number of residential floors), vertical 
surface VS = (perimeter · height), the average distance between buildings, respect the 
minimum distance between buildings (YES/NO). 

• Building data: neighborhoods/city districts (01 Historic Centre, 02 Costa-Saragozza, 
03 Porto-Tanari, 04 Bolognina, 05 San Donato, 06 Città Giardino-San Ruffillo, 07 
Colli), cadastral sheet, urban block ID code, intervention type (NC = New Construc-
tion, DR = Demolition and Reconstruction), address at the construction (street name 
in the building permit), civic number, other civic numbers, General Protocol number, 
construction year/archival permit year, number of floors (from georeferenced data-
bases), number of floors, number of residential floors, underground floor (YES/NO), 
roof type (pitched roof PR or Flat Roof FR), ground floor primary use, building type, 
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vertical load-bearing structure, designer/director of works, social economy building 
(YES/NO). 

• Potential inhabitants: no. of housing units per intermediate floor, no. of housing units 
per ground floor, total of housing units, average surface per housing unit (GFA, m2), 
minimum no. of inhabitants per floor (D.M. 1444/1968, 30 m2/inh.), maximum no. of 
inhabitants per floor (D.M. 1444/1968 25 m2/inh.), no. of single rooms, no. of double 
rooms, no. of inhabitants per floor from no. of beds (single and double rooms), total 
no. of inhabitants—minimum value (D.M. 1444/1968 30 m2/inh.), total no. of inhab-
itants—maximum value (D.M. 1444/1968 25 m2/inh.), total no. of inhabitants from 
no. of beds (single and double rooms). 

• Construction data: external wall thickness and materials, external finishings, roof 
thickness and materials, type of roof covering, first-floor thickness and materials, 
ground floor thickness and materials, intermediate floor thickness and materials, in-
ternal wall total length, the ratio between internal wall length and external perimeter, 
the ratio between internal wall length and built area (coverage), 

• Commercial/real-estate data: no. of two-room apartments per floor, no. of three-room 
apartments per floor, no. of four-room apartments per floor, and the total of each 
type of apartments. 

3.2. Urban Block Clusters 
The application of “Spacemate” to Bologna’s first periphery and mostly residential 

urban blocks (210) allows for the identification of eight different clusters with common 
characteristics in terms of built area (GSI), height (number of floors and L), FSI, and OSR 
[39]. 

The eight categories can be easily recognized in the chart (Figure 8). 

 
Figure 8. “Spacemate” with urban clusters and in yellow color, the subset of 55. Each urban block is 
identified by its identification code © Author1. 
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• A: Low-rise medium compact buildings (1–3 floors); 
• B: Low-rise compact buildings (1–3 floors); 
• C: Mid-rise medium compact buildings (3–5 floors); 
• E: Mid-rise compact buildings (3–5 floors); 
• F: Mid-rise extremely compact buildings (3–5 floors); 
• G: High-rise compact buildings (more than 6 floors); 
• H: High-rise spacious buildings (more than 6 floors); 
• I: Low-rise isolated buildings (1–3 floors). 

The major part of 210 urban blocks is located in the central area of the chart, which 
corresponds to compact fabric, without open spaces and with medium-high buildings (3–
5 floors), i.e. the so-called “mostly residential areas, with few listed buildings, mostly built 
before 1971, mid-rise and compact (even extremely compact) buildings” [39]. 

In order to further explore the most representative set according to research interests 
(high-density areas) and also the urban blocks outside the urban clusters, a criterion that 
combines the value of GSI, the number of floors NF, and L, is defined and then applied to 
obtain a subset of 55 urban blocks, that is 26.2% of 210. See criterion below: 

GSI ≥ 0.4 ∧ L ≥ 3.25 ∨ NF ≥ 3  (10)

The 55 urban blocks belong mainly to urban clusters F and E, with some areas in-
cluded in groups G and B, which all correspond to compact and highly compact buildings, 
with some differences in terms of layers/number of floors. Further analyses are intended 
to check the identified urban clusters and describe, from a typological and morphological 
point of view, the five areas that lay outside the clusters [39]. 

3.3. Validation Procedure Results 
The validation is applied to the building stock in 20/55 urban blocks, identified by a 

specific number code (urban block ID code), consisting of 377 buildings, 252 dwellings, 
and 125 host services (i.e., garages, warehouses, etc.) (Figure 9). 

The procedure calculates the same density values from different sources thanks to 
matching data from archival permits, on-site surveys and satellite images (i.e., Google 
Maps), and municipal geodatabases in georeferenced maps. Theoretically, this is quite a 
simple process. However, it is complex and energy expensive and, in a few cases, the as-
sociation is not possible because of the lack of information. 

The primary association key comprises the address and “CODEDIF”. This last code 
is also included in archival permits, but in many cases, it is not correct as it is linked to 
another building and, sometimes, also using the address at the construction year to be 
compared with the current one (with the help of the toponymy archive [54]), the matching 
fails. This means that it is impossible to have building data, potential inhabitants, and 
construction data on that building. In this case, the validation procedure succeeds in 75% 
of the buildings, but only 15% (38/252 of dwellings) results without permits. If we consider 
the whole number of constructions (252 + 125), the percentage will decrease to 10%. How-
ever, this is unreliable as service buildings are always included in the same permit as the 
main one. FSI, OSR, average building height, and the average number of floors were cal-
culated from two different sources (municipal geodatabases [38] and archival permits). 
The first ones with Formulas (4), (6), (8), (9), and the second ones with the same but using 
as input the “real” number of floors, obtained by checking the drawings in the archival 
permits and distinguishing the main buildings, which host housing units, from the service 
ones. The charts (Figure 10) facilitate comparison and visualization of the registered devi-
ations. These are presented in the following table (Table 3) as maximum, minimum, and 
average deviation in the archival permits’ values from the georeferenced databases. A 
negative value means that the parameter obtained from georeferenced databases (and 
used in the “Spacemate” chart) is underestimated; a positive variation indicates that it is 
overestimated. 
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Table 3. Maximum, minimum, and average building height variations, NF, FSI, and OSR were cal-
culated from two different sources. (+) means that values from GIS are higher than permits (-) means 
that values from GIS are lower than permits, and the variations are expressed in percentage from 
values obtained by GIS data. 

 Average BH 1 Average NF 2 FSI OSR 
Maximum −69.77% −96.00% +20.51% −25.50% 
Minimum +3.65% +7.35% +0.51% −0.51% 
Average −28.88% −27.93% +7.00% −7.97% 

1 BH: Building Height, 2 Number of Floors. 

Furthermore, other charts (Figure 11) emphasize the consistency of main buildings 
and service buildings (in terms of built surface and volume) and the relation between the 
number of polygons represented in GIS maps and the number of main buildings and ser-
vice buildings obtained by archival permits’ consultation. The number of polygons in GIS 
maps expresses the complexity of the building’s form and aggregation and the more com-
plex the form, the higher the number of polygons. Further, the number of service build-
ings is sometimes relevant, implying significant errors in estimating the blocks’ average 
height and the number of floors. 

 
Figure 9. GIS maps with the 20 urban blocks, in green: cluster F, in blue: cluster E, in pink: cluster 
B, in red: outside the clusters, the numbers represent urban block ID code © Author1. 
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Figure 10. Charts with the values of OSR (a), FSI (b), the average building height (c), and the average 
number of floors (d) for 20 urban blocks. These parameters are explained in Section 2.2.1. The dif-
ferent colors represent different data sources, e.g., yellow color is for (1) data source: municipal 
georeferenced databases, and green color is for (2) data source: archival permit consultation. N.A. = 
Not Available, if many associations with building permits are missing © Author1. 
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Figure 11. Charts with (a) the number of main and service buildings compared with the number of 
polygons in the GIS map and (b) the consistency of main and service buildings in terms of built area 
and (c) built volume. The different colors represent different data sources, e.g., yellow color is for 
(1) data source: municipal georeferenced databases, and green color is for (2) data source: archival 
permit consultation, © Author1. 

Service buildings are not relevant in terms of built volume and built area and are 
mostly one-story high (much lower than main buildings), but highly relevant in terms of 
quantity. These considerations and the variation in the average BH and number of floors 
(Table 3) result in unreliable values because these do not describe the actual vertical de-
velopment in the urban blocks. However, these relevant variations do not affect FSI and 
OSR in the same way and their deviations are much more limited and do not exceed 
25.50%. All the values and variations are collected in Supplementary File S2. 

3.4. Typical Urban Blocks 
Some of the data included in the dataset from archival permits and municipal georef-

erenced databases were analyzed for the same 20/55 urban blocks to obtain relevant val-
ues for the future definition of the building archetype. This is part of the process aimed at 
integrating the building stock with LCA and energy models and intervention scenarios in 
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order to produce maps that municipalities and professionals can use as support for plan-
ning sustainable urban strategies. 

This stage focuses on building type, namely some information belonging to the build-
ing data library, but also potential inhabitants’ data and other density parameters 
[42,43,55], more specifically: 
• Presence of underground floor: YES, there is an underground floor; NO, there is not 

an underground floor. 
• Type of roof: PR Pitched Roof, FR Flat Roof. 
• Ground floor main use: R Residential (including building units and service areas for 

houses, i.e., garages, small warehouses, etc.), RT Residential and Tertiary (housing 
units and other commercial activities), RP Residential and Production (housing units 
and productive activities), TP Tertiary and Production (commercial and productive 
activities). 

• Building type [56,57]: S Single-family house, SD Single-family Detached house, M 
Multi-family houses, MD Multi-family Detached houses, MTe Multi-family Terraced 
houses, MR Multi-family Row houses, MCR Multi-family Closed Row house, MB 
Multi-family Balcony houses, MTo Multi-family Tower houses.  

• Vertical load-bearing structure: M Masonry, RC Reinforced Concrete, MRC Masonry 
and Reinforced Concrete. 

• Population density [42,43]: the total amount of people who are potentially residents 
and/or inhabited the building units in an urban block and is the ratio between the 
total number of occupants and the territorial area: 

PD = Potential Inhabitants/Territorial Area [No. Inhabitants/m2]  (11)

• Occupancy density: the ratio between the potential occupants of the building units 
and the total area of all residential floors in an urban block; it offers an indication in 
terms of surface available for each inhabitant [43]: 

OD = Potential Inhabitants/Residential Gross Floor Area 
[No. Inhabitants/m2] 

(12) 

• Compactness: the ratio between the envelope area and the volume of a building. It 
expresses the impact of the shape on built volume and is useful for energy demand 
profile; more compact buildings are usually more energy efficient [58]: 

CO = Envelope Area in m2/Volume in m3 [1/m] (13) 

• Vertical density: this parameter is similar to the FSI, but instead of considering the 
impact of gross horizontal areas on the territorial surface, it studies the impact of 
vertical envelope surfaces of buildings on the territory. This value is useful to link 
energy behavior and urban morphology [42,55]: 

VD = Envelope Area in m2/Territorial Area in m2 [-] (14) 

Analyses of the data for the sample of 20 urban blocks are intended to find the most 
recurrent values and to characterize them more precisely within their urban cluster. 

In every urban block: 
1. The underground level is widespread: in 70% of the areas, more than 78% of the 

buildings have an underground level, with an average value of 92%. Only in two 
urban blocks, the percentage of buildings with an underground level is lower than 
78% (54% and 60%). 

2. The pitched roof is extremely frequent: in 90% of the areas, pitched roofs are more 
frequent than flat roofs and in 50% of the urban block, more than 80% of the buildings 
have pitched roofs, with an average value of 95%. Only in two urban blocks, the 
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percentage of the buildings with a flat roof exceeds the pitched ones and in the other 
40% of urban blocks, the pitched roof is 50–73% diffused, with an average value of 
59%. 

3. The most frequent use for the ground floor is residential: in 60% of the areas, residen-
tial use is more frequent than the others, in 25% of the areas, “tertiary and productive 
use” is more frequent, and in 10% of the areas, “residential and tertiary use” is more 
frequent, and 5% has equal “tertiary and productive use” and “residential and ter-
tiary use” as more frequent values for ground floor use. 

4. The most frequent building type is multi-family row houses: in 60% of the areas, 
multi-family row houses are more frequent than the others, in 25% of the areas, multi-
family detached houses are more frequent, and in 5% of the areas, multi-family 
closed-row houses are more frequent. 

5. The most frequent vertical load-bearing structures are masonry (40%) and masonry 
with reinforced concrete (30%) and in 25% of the areas, the reinforced concrete struc-
ture is more frequent, while in the remaining 5%, there are equal masonry and rein-
forced concrete structures. 
The most frequent value ranges for compactness, vertical density, population den-

sity, and occupancy density are presented in the table below (Table 4). 
Finally, the building stock in the 20 urban blocks has an underground level (90%) and 

pitched roof (90%), more than half have housing units and services for housing on the 
ground floor (60%), and only a quarter host commercial activity (25%). The same result 
can be observed in the building type: 60% with multi-family row houses and 25% with 
multi-family detached houses, while for vertical load-bearing structure, there is not a 
dominant value: masonry is 30%, masonry with reinforced concrete is 40%, and reinforced 
concrete is 25% (Figure 12). Please refer to File S2 for a complete overview of all the values 
and frequency analyses. 

Table 4. The most frequent values range for compactness, vertical density, population density, and 
occupancy density. 

 CO 1 VD 2 PD 3 OD 4 
Frequent range 0.34–0.42 1.4–2 0.055–0.085 0.037–0.039 
1 CO: Compactness, 2 Vertical Density, 3 Population Density, 4 Occupancy Density. 

 
Figure 12. Charts with some of the most frequent values of the building stock in 20 urban blocks, © 
Author1. 
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4. Discussion 
The presented process for defining the decision-support tools for strategic interven-

tions on the building stock is complex and founded on the building stock’s knowledge 
base. The more precise, reliable, and accurate knowledge, the more effective the ensuing 
results and simulations are. 

The procedure for urban fabrics characterization leads to the identification of eight 
different urban clusters that are the main reference for all the other analyses. The valida-
tion uses “real data” from archival research to evaluate the clusters and, despite the rele-
vant variations in the number of floors, building height, and layers, these do not cause 
significant variations in FSI and OSR. Considering the implementation scale of this re-
search, the urban clusters are still appropriate, but they can be implemented with: 

A new parameter for vertical development, such as the maximum building height 
and maximum number of floors; 

A new relationship between the value of L (layers) and the average number of floors. 
It can be deepened using data from archival permits and service buildings’ consistency.  

However, the matching process—that allows for the validation—is very energy ex-
pensive and this is an effective barrier to extend this research’s application. From this per-
spective, the most feasible future development is to complete the matching within 55 ur-
ban blocks and find rules and links through archetypes and other analyses to refine the 
first results and adopt them in other contexts. 

This contribution presents the first results of building data analysis in terms of typol-
ogy and construction characteristics to identify some recurrent features of a subset of ur-
ban blocks towards the definition of the archetypes. Compactness and vertical density 
combined with the other density parameters can further describe and characterize the ur-
ban blocks from a morphological and typological point of view. Moreover, population 
density and occupancy density can be used as social indicators, giving insights into the 
quantity of residential surface potentially available for each inhabitant (OD) and the pop-
ulation pressure in the urban block (PD) and setting a baseline for comparing R4R inter-
ventions. 

5. Conclusions 
The most delicate and complex phase of the methodology for GIS integration of large-

scale LCA is the identification of archetypes. This process is still ongoing and the follow-
ing steps of the present research will focus on the points outlined below: 

The study of the relation between the building data, other density parameters and 
dimensional data, and construction ones, so that every archetype has the following typical 
values: built floor surface, the average number of floors or layers, building type, roof type, 
underground level, ground floor use, vertical/load-bearing structure, and construction 
data (walls, slabs, finishings, etc.). 

Simplified energy simulations of each archetype, the correlation of energy consump-
tion with building typology, population density, and construction characteristics to eval-
uate environmental performance in the use stage and potentially prioritize interventions 
at the urban scale. 

LCA analysis on each archetype in different intervention scenarios (renovation/en-
ergy refurbishment or R4R). The evaluation of environmental performance following the 
LCA methodology integrated into GIS maps allows for comparison between the different 
intervention scenarios. 

Design proposals for new constructions, which follow specific requirements so that 
new archetypes will be defined and potentially replace the existing ones. In this case, the 
evaluation matrix can be a valuable support for assessing the effects of R4R interventions 
at the urban block scale. 

The final product of the research is a tool that local administrations and professionals 
can use before the interventions on the existing building stock to easily find out the 
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environmental impacts of different strategies. The methodology herein described consists 
of a detailed and time-expensive procedure to collect, organize, and use “real data” on 
buildings that are implemented in a software GIS in order to create georeferenced maps 
(and also 3D-city models), where you can directly visualize the consequences of different 
scenarios and rates of interventions. Moreover, the future identification of some building 
archetypes, based on different building library data, can be extended to the entire existing 
stock of Bologna and used for other research interests. This GIS-based methodology for 
urban fabric characterization can be applied to other contexts with other aims by using 
georeferenced databases and archival documentation. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/su142113740/s1, File S1 includes all the values of buildings 
and urban blocks used for density analyses and Bologna “Spacemate”; File S2 includes all the values 
for buildings, urban blocks, and variations in parameters used for the validation procedure and the 
data used for frequency analyses to identify typical values for the 20 urban blocks (Section 3.3). 
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