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Abstract: To boost energy efficiency in the building sector at urban and district scales, the use of
a Geographic Information System (GIS) for data collection and energy spatial analysis is relevant.
As highlighted in many studies on this topic reported in literature, the correlation among available
databases is complex due to the different levels of information. As the first part of a wide research
aimed at estimating the energy demand of urban buildings, we present in this article a focus on the
details of the GIS-based procedure developed to assess the main energy-related features of existing
building stocks. The procedure is based on the elaboration of data from the Italian Topographic
Databases, under provision at the national level according to the INSPIRE European Directive and
the national General Census of Population and Houses. It enables one to calculate and map the
urban built volume characterized by mostly diffuse use categories in an urban context (residential
and offices), to which different equipment and building usage patterns can be associated, and by
construction periods, featuring different technological solutions. The method has been applied to the
city of Milan (Italy). An insight into the outcomes from the overall method of the wider research is
also reported.

Keywords: GIS-based procedure; urban building stock characterization; INSPIRE Directive; energy
planning

1. Introduction

Worldwide, cities are expected to increase their population by two-thirds by 2050,
hand in hand with their energy demands [1]. To satisfy this growing energy demand, while
reducing the related greenhouse gas (GHG) emissions, academic research and policies
have been supporting the diffusion of energy strategies for decades. Notably, the existing
building sector is responsible for a large share of the energy demand [2], and through the
implementation of deep retrofit measures (i.e., retrofit of envelope and thermal systems,
renewable sources integration, and district heating/cooling connection), relevant results
can be obtained.

However, to evaluate the potential effectiveness of retrofit measures, for an overall
urban stock or the buildings of selected urban areas, it is paramount to assess the energy-
related features of current buildings. Several attempts to define proper methods [3] and
tools [4] for the modeling of urban energy systems have been reported in the literature,
although research on this topic is still in progress. In this frame, the use of Geographic
Information Systems (GIS) is considered promising, as they allow the assessment of the
dimension and spatial distribution of the energy systems, which correlate to efficiency and
environmental impacts [5].

Considering the large body of literature on existing GIS-based building energy mod-
els, an overview to investigate which data are commonly adopted, alongside their main
strengths and limitations, is outlined hereinafter.

Buildings 2021, 11, 322. https:/ /doi.org/10.3390/buildings11080322

https:/ /www.mdpi.com/journal /buildings


https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-5175-9445
https://doi.org/10.3390/buildings11080322
https://doi.org/10.3390/buildings11080322
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/buildings11080322
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings11080322?type=check_update&version=2

Buildings 2021, 11, 322

20f19

The use of GIS is widely considered beneficial in urban planning. It encompasses
several functions, ranging from collection, storage, and visualization of georeferenced
databases to the correlation of spatial and analytical data, calculation of missed variables,
and integration with other tools for exporting/importing data or enhancing the level of
detail of the calculations. In the field of energy planning, the use of GIS rather offers an
added value, as it can provide insights on the relevant buildings’ features of the assessed
built urban area [6].

For instance, in the literature, it is possible to find studies concerning the spatial assess-
ments and/or estimations of the urban energy demand, either at district or urban scales.
Applications have been found for Bologna [7], St. Gallen and Zernez (Switzerland) [8],
Milan [9], Geneva [10], Ladispoli (Italy) [11], Houston [12], New York [13,14], Lisbon [15],
Turin [16], Gleisdorf (Austria) [17], Borldnge (Sweden) [18], London [19], Settimo Torinese
(Italy) [20], Busan (Korea) [21], and the Canton Ticino area (Switzerland) [22,23]. Other
surveyed studies have also provided to the spatial assessments of the potential energy
savings from buildings retrofit, such as in the studies of Caputo and Pasetti [24], applied to
the Italian city of Senago; and of Mastrucci et al. [25], applied to Rotterdam city. Others
have included the assessment of the potential energy supply from renewable sources, as
in the case of [26] whose case study was the city of London, and the integration of smart
energy strategies, as in the cases of [6,27], respectively, focused on the building stocks of
Oldenburg (Germany) and Zug (Switzerland) cities.

As extensively discussed in the review of Reinhart and Davila [28], to implement
an energy model of urban buildings, it is necessary to obtain a large amount of data
concerning the definition of climate, orography, and urban texture, and the technological
and physical characteristics of buildings. For instance, in the study of Pampuri et al. [23],
even thirteen different databases were used for modeling the urban energy demand and
identifying areas potentially suitable for district heating networks; in the study of Sar-
ralde [26], eighteen indicators were derived in order to analyze the urban morphology
toward investigating the solar energy potential. Given the recent growing diffusion of
public spatial data, some of these are already available in several contexts, but there is still
an ongoing issue regarding their integration when coming from different sources, due to
rare mutual consistency [29] and raw data quality [30]. As an example, in the studies of
Caputo et al. [9] and Belussi et al. [7], geometric data were available at the building level,
while data on the period of construction were available at the census unit level. Moreover,
concerning the building use category information, in these two studies, data at the census
unit level and at the building level, respectively, were utilized, thus leading to estimation
of the energy performance at different spatial scales. Yeo et al. [21] identified the building
block as the proper scale for facing the lack of data at the building level in the urban
context and, thus, divided the studied area in square cells of 40,000 m? toward assessing
their energy demand. Likewise, in the study of Mastrucci et al. [25], data about measured
natural gas and electricity consumptions were available at the postal code area level, while
the availability of building features was at the address level. As such, it was necessary to
adopt a statistical method capable of extracting energy use for each dwelling. In the study
of Quintana et al. [18], data on the punctual energy consumptions were associated to the
related polygonal geometries of buildings, employing a prior harmonization of coordinates
and their spatial overlaying. Finally, in the study of Howard et al. [13], data were collected
for each property, so they ranged heterogeneously from the single building unit scale to
the buildings group scale.

To model the urban/district energy demand, adopted approaches refer to top-down
and bottom-up methods. The formers allow the estimation of urban level energy demand
based on aggregated input data (e.g., regional/national level energy demand) through
econometric or technological correlations. In contrast, the latter was based on subordinated
input data (e.g., building-level data) and highly detailed and reliable calculations. Mod-
eling with high detail each building of an urban area is impractical; hence, in the case of
bottom-up approaches, to overcome the data availability and computational effort issues,



Buildings 2021, 11, 322

30f19

it is quite common to model a set of representative buildings (which could be real samples
or archetypes) and associate their energy demands to the other similar buildings in the
given area [3]. Such representative buildings are classified based on some energy-related
features, although there is no agreement yet on which variables are the least ones to be
considered. Ma and Cheng [14] outlined an interesting framework on the major challenges
of data processing in urban energy models, including the selection of proper variables,
and outlined that the literature ranges from more easily applicable approaches relying
on few features to other approaches that are more accurate but, at the same time, more
time-consuming. Among the possible energy-related features, the building use category is
one of the most adopted ones. Based on that, it is possible to associate different equipment,
usage patterns, and related energy behavior to the given buildings [31]. For instance,
Howard et al. [13] considered only the buildings use category while following studies that
used it in combination with other variables. Another common energy-related feature is the
buildings’ construction period, thanks to which it is possible to associate typical construc-
tion solutions and, thus, envelope thermophysical performances, generally based on the
technical literature or standards [32]. Additionally, the building shape, often accounted
through the surface-to-volume ratio, allows one to take into account the magnitude of
the dispersing envelope in the thermal energy balance [19]. For instance, in the study of
Groppi et al. [11], building archetypes, from the TABULA project Italian database and
defined based on use, age, and surface-to-volume ratio, were associated with the buildings
under study based on the known construction period; Mutani et al. [16] considered the
surface-to-volume ratio, the period of construction, and the heated volume. In other stud-
ies, further variables were included: Heiple and Sailor [12] and Nageler [17] considered
the period of construction, the use category, and the fuel of installed thermal systems;
Fonseca and Schlueter [27] considered the period of construction, the use category, and the
thermal systems typology; Saretta et al. [22] based the energy demand estimation of the
residential buildings on the floor surface and period of construction while also analyzing
other variables for estimating the potential of building-integrated photovoltaics retrofit of
facades (e.g., fagade surface and incident radiation); Monteiro et al. [15] argued that more
variables should be considered at the urban/district level (in particular, they considered
the period of construction, the size class, the roof type, and the neighboring). Conversely,
de Oliveira et al. [10] compared five different district heating networks in the studied
urban area and observed a homogeneous behavior in terms of load curves regardless of
the variety in terms of building category and building age. Summarizing, in most of the
surveyed studies, buildings were characterized according to three main variables, which
allow one to find a balance between accuracy and replicability, considering the widespread
lack of data and poor quality: the building shape, often based on the surface-to-volume
ratio that is correlated to the quantity of external surfaces area; the building use category,
which is correlated to the building internal settings and thermal systems operation; and
the building period of construction, which is correlated to the envelope thermal properties.

To better highlight these critical points, Table 1 summarizes the heterogeneous local
data sources adopted in the selected literature for characterizing through GIS-based proce-
dures the building stock by the surveyed main features affecting the energy demand of
buildings (the building shape, the period of construction, and the use category).

In contrast to the heterogeneity of available data sources, the European Union (EU) is
boosting the harmonization of spatial data collection from the Member States toward energy
and environmental policies and, to that aim, issued the European Directive 2007/2/EC,
laying down general rules to establish the Infrastructure for Spatial Information in the
European Community (INSPIRE) [33]. Considering this, a standardized procedure for
supporting urban energy planners and researchers in integrating the large amount of big
data is necessary.
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Table 1. Buildings’ data and sources in GIS-based procedures of the selected technical literature.

Data on Buildings !

Reference Shape Age Use Category
Alhamwi et al. [6] OSM - OSM
Belussi et al. [7] Cart + GIS BCen Masterplan
Buffat et al. [8] BCen + CadB + OSM +Cart CadB CadB
Caputo et al. [9] Cart BCen BCen
Caputo, Pasetti [24] GIS BCen GIS
de Oliveira et al. [10] GIS GIS GIS
Fonseca, Schlueter [27] OSM OSM OSM
Groppi et al. [11] GIS GIS GIS
Heiple, Sailor [12] GIS GIS GIS
Howard et al. [13] GIS - GIS
Ma, Cheng [14] GIS + CadB BCen + CadB BCen + CadB
Mastrucci et al. [25] GIS GIS GIS
Monteiro et al. [15] GIS BCen + EPCR GIS
Mutani et al. [16] GIS GIS + BCen GIS + BCen
Nageler et al. [17] GIS + OSM energy utility energy utility
Pampuri et al. [23] GIS CadB CadB
Quintana et al. [18] GIS online phonebook -
Ratti et al. [19] DEM - -
Saretta et al. [22] GIS CadB CadB
Sarralde et al. [26] GIS - GIS
Tor"‘zit l;/llf’[gzkt‘)?dam GIS BCen GIS
Yeo et al. [21] GIS + CadB - GIS + CadB

! Legend. BCen: Buildings Census; CadB: Cadastre of buildings; Cart: Cartography; DEM: digital elevation model (i.e., graphical
representation of the altitude values of the terrain surface); EPCR: Energy Performance Certificates Register; GIS: GIS maps; OSM: Open
Street Map (i.e., GIS worldwide maps elaborated based on voluntarily collected data—https://www.openstreetmap.org, accessed on

25 July 2021).

As a novelty, in this article, a GIS-based procedure is presented to assess the main
features of an existing building stock processing information coming from different public
databases under the INSPIRE Directive umbrella. In detail, the developed procedure allows
the estimation and mapping of the urban built conditioned volume of the residential and
offices building uses, which are the categories most diffuse and likely of interest by wide
energy plans in urban areas, characterized by different construction periods. Furthermore,
the existing literature has focused on the analysis of the energy demand assessment and
on the obtained results, just mentioning the data sources initially used for mapping the
energy-related features of the buildings, therefore neglecting an in-depth and step-by-
step description of the procedure carried out for implementing and integrating data. For
instance, Belussi et al. [7] only mentioned the need for correlating the adopted databases
through the spatial vector overlaying function, missing the detailed discussion on the
whole set of actions. Torabi Moghadam et al. [20] mentioned the main operational steps
and the used generic data without giving details on the used GIS automatic functions and
precise data. In few surveyed studies, a partial description of some steps of the whole
GIS-based procedures was included. For instance, Buffat et al. [8] described in detail the
procedures for obtaining the building heights through the difference between the heights
from the Digital Surface Model and the Digital Terrain Model, the wall area shared between
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both buildings through the buffer region option, and the roof slope. Alhamwi et al. [6]
described how they obtained the data from Open Street Map (OSM) but neglected most
of the description of data filtering and data integration. Summarizing, as emphasized
by Monteiro et al. [15], the lack of information about the problems found, the workload
involved, and the quality of the input data and sources used to create the urban energy
models hampers the potential benefits of data reuse to the research of novel trends, patterns,
and relationships and causes a shorter longevity of these models.

The aim of the present article was to develop a method to overcome this lack of
information, focusing on the detailed description of the first part of a broader research,
where a method was developed for quantifying and mapping the buildings’ energy demand
of the urban areas within Italy, referring to the city of Milan as the first application case
study, and whose additional details and results are going to be described in a further article.

2. Materials and Methods

The procedure developed to calculate and mapping the urban built volume distribu-
tion by construction age and use category is described in detail in the following subsections.
It refers to the residential and office buildings being the most diffuse categories in the urban
context to which energy retrofit planning can be widely referred. Indeed, according to the
national Building Register [34], the residential and office building stock volumes are the
highest ones covering 77% of the building stock. The Geo-database has been implemented
with the open-source software QGIS 2.18.14 [35], including some routines developed in the
embedded Python console 2.7 [36] to accomplish the most complex calculations.

2.1. Pre-Processing

The first step considers some preliminary actions for the data pre-processing, i.e., the
download and import of spatial data, the selection of the area under study, the data cleaning,
and the spatial correlation. The flowchart of the pre-processing procedure outlined in the
following is reported in Figure 1.

2.1.1. Download and Import of Spatial Datasets in GIS Environment

According to the INSPIRE Directive [33], the spatial datasets regarding statistical
units (i.e., the units for dissemination or use of statistical information) and buildings are
included among those to be implemented by the Member States. Moreover, the document
concerning the INSPIRE specifications of the theme “Buildings” [37] includes the physical
information (height, number of floors, and elevation) among the core ones, although it
offers a flexible approach.

Hence, the so-called Topographic Database (TDb), which was introduced in Italy in
2011 [38] and is currently under standardization according to the specifications reported
in [39], has been used in this study for assessing the built volume. The TDb, in fact, is a
relational database of georeferenced and continuously updatable data encompassing all
fundamental information for describing the built and natural environment. It is based
on a hierarchical structure whose mandatory unit is the Class (i.e., a set of geometries
associated with topological and informative data, named Attributes). In particular, the
Classes adopted for the present study were the Volumetric Units and the Buildings. The
former ones are defined as built volumes featured by information on footprint surface
and elevation. The latter ones are continuously built volumes, each one featured by a
unique typology (e.g., detached house, terraced, and tower), use category, and status
of maintenance. Moreover, the Buildings can correspond to the sum of more adjacent
Volumetric Units. Among the mentioned attributes, those that have been used for this
study are listed in Table 2, where the use categories are not reported, because the TDb
considers only offices of the public sector and banks, while it mixes private offices with the
residential category.
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Figure 1. Flowchart of the pre-processing procedure.

Table 2. Adopted spatial datasets and used Attributes from the Topographic Database.

Attributes

Dataset .
Name Description

UuID ID code

Volumetric Units 0201 01 02 UN-VOL-AV height (m)

0201 01 03 UN-VOL-PORZ portion type

Buildings CR_EDF_UUID ID code

& 0201 02 04 CR_EDF_ST maintenance status

In order to fill this gap, the present study has relied on data collected by the National
Institution of Statistics (Istat) during the 15th General Census of Population and Houses
(GCPH) [40]. These data are publicly provided [41] through two sources: the Spatial Bases,
which allow georeferencing statistical units at different levels (e.g., building block, district,
municipality, and province); and the Statistical Variables, which are a selection of statistical
data clustered according to five categories (i.e., population, foreign population, families,
dwellings, and buildings) aggregated at each statistical unit level. The data adopted for the
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present study are listed in Table 3 and described in the following. Two Spatial Bases have
been adopted: the Census Units, i.e., the minimum statistical unit, often corresponding
to a building block; and the Census Area (ACE), i.e., the aggregation of some contiguous
and homogeneous Census Units reaching a total population of 13,000-18,000 inhabitants.
Along with these, Statistical Variables, aggregated for each Census Unit, selected from the
categories of dwellings and buildings, have been considered. Moreover, as already pointed
out in [9], the open data from the GCPH about the age and use of buildings (number of
residential buildings by the period of construction and number of nonresidential buildings)
do not enable the appreciation of their detailed consistency. Thus, more precise data have
been required from Istat to overcome this issue. In detail, concerning the ages of the
buildings, it has been possible to obtain the number of building units (either residential or
private offices and studios) within residential buildings per each one of the nine defined
periods of construction (i.e., <1919, 1919-45, 194560, 1961-70, 1971-80, 1981-90, 1991-2000,
2001-05, and >2005). Concerning the uses of the buildings, the open data on the residential
units and the number of office buildings (or building complexes) among the nonresidential
ones have been used.

Table 3. Adopted spatial datasets and used Attributes from the 15th General Census of Population and Houses.

Attributes
Dataset
Name Description
PRO_COM City ID code
Spatial Bases NSEZ Census Unit ID code
ACE Census Area ID code
A2 NP° of flats with >1 residing
A6 N° of empty flats
A7 NF° of flats without residing
Statistical Variables A44 Net floor surface of [A2]
El N° of buildings
E2 NP° of used buildings
E3 NF° of residential buildings
E4 N° of nonresidential (groups of) buildings

Statistical Variables (to be required)

NP° of building units per period of construction
- (<1919, 191945, 1946-60, 1961-70, 1971-80, 1981-90,
1991-2000, 2001-05, and >2005)
- NP° of office (complexes of) buildings

2.1.2. Selection of the Municipal Area to Be Assessed

As the whole spatial databases are often available at a larger level than the city level
(e.g., provincial and regional), it is necessary to select the specific urban area of interest.
Accordingly, as the GCPH Spatial Bases are also identified through a city identification
code (i.e., PRO_COM), they have been grouped to define a city boundary. Then, the objects
from the TDb data overlapping the city boundary have been selected.

Additionally, the corresponding Statistical Variables have been associated, obtaining
a unique dataset (hereafter named Census Units) with all useful spatial and statistical
information. Moreover, an auxiliary dataset, referred to as the Census Areas in which
Census Units are included, has been created for further calculations. Figure 2 shows the
used spatial data in the GIS.
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Figure 2. Used spatial data in GIS environment.

2.1.3. Datasets Cleaning

The used datasets provide several kinds of information on buildings, some of which are
not suitable for the buildings’ energy assessment; hence, some filtering actions are necessary.
From TDb, the following Volumetric Units have been removed:

- those whose portion type was different from “on the ground level,” thus referring to
not inhabited areas (e.g., balconies, loggias, and underground volumes);

- those having a height below 3 m, set as the minimum one referred to a single-story
building (this threshold has been assumed considering that, in Italy, the minimum net
floor height is 2.7 m, which generally corresponds to a gross floor height of 3 m, but
could be updated based on local peculiarities);

- those not included in any Building.

From TDb, the Buildings whose maintenance status was “ruined” or “under con-
struction” have been removed because, in both cases, they would not be responsible for
energy uses.

From GCPH, the following Census Units have been removed:

- those for which Statistical Variables were missing;

- those for which Statistical Variables reported a null number of buildings;

- those having an ID code above 8888880, which refers to fictitious Census Units for
locating data of homeless people.

2.1.4. Correlation of Spatial Datasets

The shapes of the Buildings have been associated with the enclosing Census Units
shape for further elaborations. However, some Buildings shapes may overlap more than
one Census Unit shape. In this case, the Building’s shape centroid has been determined
and the related Building is entirely associated with the Census Unit in which its centroid
is laid.

Figure 3 shows the centroids determined for each Building, a Building in red, overlay-
ing two Census Units, and a Census Unit in orange, to which it has been associated.

2.2. Building Stock Characterization

After the data pre-processing, the procedure foresees the characterization of the
building stock based on age, conditioned volume, and use category, as described in the
following subsections and reported in the flowchart of Figure 4.
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Figure 3. Census Unit association based on Buildings’ centroids.
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2.2.1. Assessment of the Prevailing Period of Construction

As the construction period refers to the building units and it was not possible to define
the age of each single building, the most recurrent period of construction among the former
ones has been assumed as the prevailing age of the Census Unit. Additionally, in the case of
missing data (i.e., Census Units without residential buildings), the Census Units prevailing
period of construction, mostly recurrent within each Census Area, was determined and
adopted. Hence, thanks to the previous spatial correlations among datasets, the determined
prevailing period of construction has been assigned, with an acceptable approximation for
urban scale evaluation, to all the Buildings included in each Census Unit. In Figure 5, an
example of the representation of these calculations results is visualized.

Legend

v | B

1919-45
1946-60
1961-70
1971-80
1981-90
1991-2000
2001-05
>2005

No residential buildings

Figure 5. Determination of the prevailing period of construction of each Census Unit having resi-
dential building units (a) and of the prevailing period of construction of each Census Area (b) for
assigning it to each nonresidential Census Unit (c).

2.2.2. Assessment of the Built Conditioned Volumes

To exclude the unconditioned volumes within Buildings (e.g., stairwells and technical
volumes) from the overall assessment, a reference roof height for each Building has been
determined. This reference roof height is that associated with the enclosed Volumetric Unit
having the largest surface. All small Volumetric Units, having a height greater than the
reference one, have been excluded by the process toward final calculations (Figure 6).
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D Excluded Volumetric Units (unconditioned volumes)

I:l Census Units
&

Figure 6. Exclusion of unconditioned volumes.

b

Finally, based on the maintained Volumetric Units geometries, the built volume per
Census Unit has been determined.

2.2.3. Assessment of the Built Volume by Use Category

In order to determine the built volume distribution by use category, the following
calculations have been performed at the Census Unit level.

First, the residential net floor area has been calculated as the sum of the floor areas
of the residential buildings” units with residing people (data surveyed by Istat) and the
floor areas of those occupied by domiciled people and unoccupied (i.e., measurements not
surveyed by Istat, therefore estimated by assuming the average flat surface of the former
type of buildings’ units).

Based on this, the residential net volume has been calculated by accounting for a net
average height of 3 m for the building units. To calculate the gross volume, the ratio of
net-to-gross volume was assumed as equal to 0.6 and 0.7 in the case of buildings built
before or after 1960, respectively [42].

Then, by subtracting the calculated residential gross volume from the total built one,
the gross volume of nonresidential use buildings (including office ones) has been derived.
Finally, assuming the same proportion between the number of building shares and built
volume shares, the ratio of the number of office buildings over the overall number of the
nonresidential ones has been multiplied by the nonresidential volume, obtaining the built
volume of offices.

An example of the representation of residential and office built volume is reported in
Figure 7 in terms of volume percentages.

- ‘ H Legend

D 0-20% Residential

& '- ‘
.'J%‘- -l [ ] 21-40% Residenial

/ e -‘ gl
‘J ' Il 'Il . 61-80% Residential
. 81-100% Residential

D 41-60% Residential
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D 0-20% Office

D 21-40% Office

I:‘ 41-60% Office

. 61-80% Office
. 81-100% Office

I

Figure 7. Characterization of each Census Unit by percentages of (a) residential and (b) office volume.

(b) ¥
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3. Results

The city of Milan was the first case study context in which the procedure has been
applied, because it can be considered as representative of different urban contexts due to a
mixed consistency of buildings and a variable density of buildings (the ratio of built volume-
to-land surface per Census Unit ranges from 0.02 to 163 m®/m?). Specifically, data from
the Regional Topographic Database [43] have been used for the built conditioned volume
assessment. The results of the procedure applied to the case study, its validation, and an
anticipation of the outcomes achievable with implementing the overall method for estimating
the energy demand of urban buildings are described in the following subsections.

3.1. Procedure Application on the Case Study of Milan

The map of the city of Milan characterized by the prevailing period of construction of
each Census Unit is reported in Figure 8. Having a general overview on larger Census Units,
or groups of adjacent small Census Units having the same characteristics, it can be noted
as follows. The old buildings (from earlier than 1919 until 1945), which are typically made
of massive uninsulated structures, are mainly concentrated in the city center and other
peripherical areas likely belonging to the old villages later included in the municipality.
The buildings from the housing boom (from 1946 to 1980), which are typically made of
uninsulated light envelopes, are mainly widespread throughout the urban expansion areas
of the period. The buildings that have been built in the following period (from 1981 to 2005),
when building envelope insulation became mandatory, are densely located in wide areas
that are likely originally industrial / freight transport logistics ones that were abandoned
and have been later regenerated. Finally, the buildings built in the most recent period (later
than 2005), after the Energy Performance Building Directive (EPBD) implementations, and
therefore better performing, are few and scattered throughout the city.

Legend

<1919

1919-45
1946-60
1961-70
1971-80
1981-90

1991-2000

HET HEER

2001-05

>2005

éNo data / buildings

Figure 8. Map of Milan Census Units based on prevailing period of construction.

In Figure 9, the prevailing building uses within the Census Units, based on the volume
percentages of residential and office building stock with respect to the overall one (i.e.,
including other categories such as industrial and commercial), which is out of the scope
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of this study, is mapped. Following the same approach adopted for the previous general
overview, it can be noted that the city is largely dominated by the residential use category,
while the office buildings are mostly concentrated in the downtown, except for large areas
throughout the city likely referred to as directional districts.

Legend of share of built volume by use category

B (Almost) entirely residential (76-100%)
Bl »vostly residential (51-75%)

. (Almost) entirely office (76-100%)
Bl Mostly office (51-75%)

. (Almost) not residential not office (0-25%)

- Scarcely residential and office (25-50%)

Figure 9. Map of Milan Census Units based on buildings prevailing use category.

3.2. Procedure Validation

The difficulty of validating building stock models is a well-known issue in the litera-
ture [8]. In Italy, the current lacking status of buildings data is also a particular challenge.
Hence, to validate the developed procedure, the obtained results of the shared built volume
have been compared with available data aggregated at the urban level.

Concerning the period of construction of the buildings, data from the Register of
Buildings Energy Performance Certificates (CENED) [44], which concerns more than two-
thirds of the existing residential building stock and includes the certified buildings age,
has been used. The distribution percentage of the residential built volume by age from
the CENED has been compared with those resulting from the procedure, as shown in
Figure 10. To that end, the periods of construction considered in the defined procedure
have been adjusted to be comparable with the different periods from CENED (<1930,
193045, 1946-60, 1961-76, 1977-92, 1993-2006, and >2006).

According to both CENED and the GIS procedure, almost one-third of the building
stock is old, and half of the building stock dates back to the housing boom period. In
detail, negligible underestimations for the periods <1945, 1946-60, and >2005/06 and
negligible overestimations for the periods 1961-76/1980, 1977 /81-90/92, and 1991 /93—
2005/06 resulted from the GIS procedure, therefore confirming a good overall compliance.

As an addition, the data provided by Istat regarding the number of buildings by
age at the municipal level has been compared with the volume by age estimated with
the procedure. Hence, a proportional share of volume per building among the different
construction periods has been assumed in the first analysis.
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Figure 10. Comparison of distribution of residential built volume by period of construction according to the CENED
municipal data and the Geo-database elaborations.

According to Figure 11, a similar distribution can be seen, although an underestima-
tion for the three oldest periods (<1919, 1919-45, and 1945-60) and, vice versa, a slight
overestimation for the others (1961-70, 1971-80, 1981-90, 1991-2000, 2001-05, and >2005)
resulted from the GIS procedure. These discrepancies strengthen the effectiveness of the
elaborations as the GIS procedure bases the buildings’ volume age on the number of build-
ing units. Considering that reinforced concrete-based buildings are generally wider with
respect to the older ones (load-bearing masonry based), a low number of building units is
actually allocated in a high number of old buildings.

15% | 12.36%6 16;5%

qd
L% lﬂéo %

% % 2.94:0 -
“l gy
" %/ // 7R o
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-
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EZAGeodatabase - Percentage of residential built volume =@-GCPH - Percentage of residential buildings

Figure 11. Comparison of distribution of residential stock by period of construction according to the Istat municipal data
and the Geo-database elaborations.
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Concerning the validation of the estimated building stock by use category, three
sources of data have been considered.

The first one refers to the national Building Register [34]. Related data are annually
published for each Italian city due to income evaluations; hence, buildings are categorized
based on use and income. In particular, the data of the residential units and, for the office
use, those referring to private offices, studios, and public offices have been used. Data
are directly provided as the volume in the public offices’ cases and as floor areas in the
residential, private offices/studios. Hence, an average height of 3 m has been assumed
for calculating the volume of the latter cases. Therefore, a residential built volume of
208.04 Mm3 and an office built volume of 26.06 Mm? have been derived. As the Building
Register does not include the data of the surface of buildings hosting bank and insurance
companies, it has been considered a second source, i.e., the survey on the offices’ real-estate
trade in Milan elaborated by CRESME research center [45]. CRESME, which provides
information on the construction market to the private sector and public institutions, allows
the accounting for commercial buildings’ floor surface, distinguishing the office ones
hosting banks and insurance companies. Hence, by assigning an average height of 3 m to
the latter, their volume has been estimated and added to the previous one of 26.06 Mm?,
obtaining an overall office built volume of 43.24 Mm?.

The third source is Istat, from which, elaborating data aggregated at the municipal
level, a residential built volume of 211.12 Mm? has been derived.

Based on the procedure described in the previous sections and on the implemented
Geo-database, an overall residential built volume of 216.97 Mm? has been calculated, thus
returning acceptable gaps (i.e., 4.3% and 2.8% greater than those of Building Register
and Istat, respectively). Regarding the offices, through the GIS procedure, the office
buildings volume has been determined as 26.29 Mm?®. Then, by multiplying the number of
nonresidential building units within residential buildings by the average surface of flats
with residing people (the only surface available data, as reported in Table 3), an average
height of 3 m, and the ratio of net-to-gross volume, the volume of private offices/studios has
been determined. This has been summed to the office buildings” volume, finally obtaining
an overall office built volume of 46.42 Mm?, which has an acceptable gap compared to the
estimation based on the Building Register integrated with CRESME (+7.3%).

Hence, considering the well-known discrepancies and lack of data of current buildings,
the robustness and reliability of the developed procedure have been demonstrated.

3.3. Insights on the Overall Method

As mentioned in the introduction, the present article focuses on the detailed descrip-
tion of the first part of a wider research, which aimed to develop a method for quantifying
and mapping the buildings’ energy demand of the urban areas within Italy, as briefly
outlined in a recent academic contribution [46].

As shown in Figure 12, the second part of the overall method foresees the dynamic
simulation of a set of building energy models featured by different technological solutions
and main uses. The resulting thermal and electric energy demand densities are then
associated to the considered built volume, characterized by construction periods and uses.
Therefore, the method allows the mapping of the energy demands of the building stock as
a starting point for planning energy retrofit strategies and focusing on the assessment of
the energy demand toward Smart Energy Districts scenarios.
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MAPPING THE BUILDINGS DYNAMIC SIMULATIONS
ENERGY-RELATED FEATURES OF A SET OF
AT URBAN LEVEL BUILDING ENERGY MODELS
BUILT CONDITIONED VOLUME BY: ENERGY DEMAND DENSITIES BY:
¢« PREVAILING PERIOD OF CONSTRUCTION + PERIOD OF CONSTRUCTION
« USE CATEGORY + USE CATEGORY
l )

I

CONSIDERED BUILDING STOCK ENERGY DEMAND
TOWARDS ENERGY RETROFIT STRATEGIES
AND SMART ENERGY DISTRICTS SCENARIOS

Legend [ ]|Overall method first part (procedure described in the present article)
|:| Overall method second part (described in a further article)

Figure 12. Diagram of the defined method for estimating urban building stocks’ energy demand.

As an example of the results obtained by applying the overall method to the Milan case
study, the spatial distribution of energy demands for space heating in residential buildings
and energy demands for space cooling in office buildings are visualized in Figure 13.

Legend

. >1500 MWh

. 1000-1500 MWh

Legend

. =100 MWh
. 10-100 MWh
D 1-100 MWh

I__ ‘ <500 MWh | ] <1 MWh

D 500-1000 MWh

(@) (b)

Figure 13. Map of Milan Census Units based on annual energy demands for space heating of residential buildings (a) and
for space cooling of office buildings (b).

4. Discussion

For decades, authorities and researchers have been considering the building stock as a
key sector for contrasting climate change. In this framework, the accurate estimation of
the energy demands of buildings starting from the assessment of energy-related building
features is a crucial issue, strongly affected by data availability, quality, and interoperability.
Within this study, the details of a procedure to implement a Geo-database for character-
izing an existing urban building stock based on data sources that are largely available
throughout the Italian territory have been defined. The developed procedure can be useful
for researchers and energy planners who have to define the building stock consistency and
its spatial distribution toward energy demand assessment and the definition of improving
scenarios. As a matter of fact, this article reports the first part of a wider research aimed at



Buildings 2021, 11, 322

17 of 19

developing a method for quantifying and mapping the energy demand of buildings of the
urban areas within Italy and whose additional details and results are going to be described
in a further article.

The procedure presented here enables the built volume characterization based on two
main aspects affecting the energy performance of the buildings. Specifically, by correlating
the geometric information with the data from the national census, it is possible to quantify
the built volume by periods of construction, featuring different technological solutions,
as well as by residential and office uses, the most diffuse categories in the urban context
revealing different usage patterns. Hence, it is possible to assign the simulated or metered
energy demands of representative buildings having the same age and use category to each
built volume in the studied urban area.

The procedure has been applied to the urban context of Milan, one of the Italian
cities that has already implemented the Topographic Database according to the national
specifications implementing the INSPIRE European Directive, by characterizing the geo-
referenced building stock and carrying out related maps. The comparisons between the
obtained results and the available data aggregated at the municipal level from the Register
of Buildings Energy Performance Certificates, the General Census of Population and
Houses, the Building Register, and the CRESME research center revealed similar patterns.

The described procedure refers to the features of the Italian data availability, but a
similar approach can be adopted in other contexts by adapting the details to the specific
available data. Nevertheless, it is possible to point out that the used data from the national
census are among those mandatorily required by Eurostat (the European Statistical Office)
aggregated on the municipal scale, which likely means that related surveys are conducted
by starting from a higher level of detail. As a matter of fact, it requires Member States
to create spatial data on buildings and the collection of georeferenced data regarding the
statistical units. The innovation of the described procedure, therefore, is related to the
identification of the energy-related features, and their actual evaluation by an accurate,
not time-consuming, and replicable bottom-up method in accordance with the indications
by the INSPIRE Directive and their geographical representation by GIS maps. Given that,
further developments could be aimed at exploring the applications of the method and
related adjustments in other European territories.
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Abbreviations

ACE Census Area

BCen Buildings Census
CadB Cadastre of buildings
Cart Cartography

CENED  Register of Buildings Energy Performance Certificates of Lombardy Region
DEM digital elevation model

EC European Community

EPBD Energy Performance Building Directive

EPCR Energy Performance Certificates Register

EU European Union

GCPH General Census of Population and Houses

GHG Greenhouse gas
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GIS Geographic Information Systems

INSPIRE  Spatial Information in the European Community
Istat National Institution of Statistics

OSM Open Street Map

TDb Topographic Database
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