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Abstract – Energy retrofit strategies at the urban scale play a strategic role in 
promoting the regeneration of existing towns and revitalizing the local building 
real estate market. The paper presents an operative tool for the building 
stock analysis of the historical settlement of Calavino. The town is located 
in the alpine area of Italy (Province of Trento), characterized by high natural 
and heritage values. The urban grid is typical of a historical alpine historical 
center: it consists of 220 traditional buildings, mainly built with local stone 
and occasionally mixed with wood and masonry. The presence of similar 
dimensional, typological, morphological and constructive features, allowed the 
development of an integrated approach to understand the energy consumption 
and the heritage values, moving the attention from the single building to the 
urban level. The research method was structured in the following phases: (i) 
building stock analysis, departing from data collection, on-site investigations, 
infrared technology surveys; (ii) definition of the “reference building typologies” 
according to architectural features, construction periods, thermal properties and 
conservation levels, in order to estimate the energy-demand modelling and the 
baseline scenario; and (iii) integration of the collected data into a Geographic 
Information System (GIS) software to graphically visualize on the cartography 
also the potential for the energy renovation of the historical town. This method 
represents a structured and manageable approach for the data collection, 
which exploits the information from different sources. The implementation of the 
“enhanced with GIS” typology approach, in a second step, will support public 
authorities during the decision-making process to choose among priorities and to 
define policies and incentives for the historical buildings renovation, as well as to 
set precise energy targets within a specific time frame in the sustainable urban 
plan.

Keywords – historic center, building stock analysis; traditional buildings; 
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Information System (GIS)

1. INTRODUCTION

In recent years, the EU fostered several policies to reduce the final energy 
use (20 %) and greenhouse gas (CO2) emissions (20 % compared to 1990 
levels), and to increase the share of renewable energy (20 % of overall energy 
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consumption) until 2020 [1; 2; 3; 4]. The European Directives 31/2010/CE [5] and 
2012/27/EU [2] showed the big potential for achieving energy savings and CO2 
emissions reduction through the refurbishment of existing buildings, besides the 
construction of new low-energy buildings [2]. Italy has fully complied with these 
policies [6; 7], setting more ambitious targets. The “National Energy Strategy” 
(SEN) and the “Action Plan for the Energy Efficiency” (PAEE) [6] identified the 
building sector as a key element for reaching these objectives. The energy saving 
expected from the refurbishment of the existing building stock in 2020 is 48.9 
TWh/yr for the residential buildings and around 17.2 TWh/yr for non-residential 
buildings [6].

Several Italian studies deal with this topic, presenting different methodologies to 
analyse the energy potential of the building stock as the starting point to identify 
the most energy-consuming typologies, to define effective renovation strategies 
and to calculate the impact of the retrofit measures [8; 9; 10; 11]. Two main 
approaches were underlined: (i) “top-down” approach based on the determination 
of the energy performance of each building, looking for the relationship between 
statistical information and energy consumptions [8; 9]; and (ii) “bottom-up” 
approach that defines the overall performance of the stock, starting from the 
energy assessment of few “reference buildings” (a building assumed as repre-
sentative of each typology in terms of building features and thermal properties) 
[10; 11]. Normally, the “reference buildings” are defined departing from geometry 
[11; 12; 13; 14], age classes [11; 12; 13; 14; 15], U-values, climate data [16], indoor 
temperature or use of appliances [13]. The choice of these parameters varied with 
the scopes of the evaluation and the features of the building. The strengths of the 
“top-down” models are related to the availability of aggregate data, the simplicity, 
and the reliance on existing energy data for the residential sector. At the same 
time, the reliance of the “top-down” models on historical data is also a drawback, 
since they have less capability to model discontinuity in technology. Furthermore, 
the lack of detail regarding the final energy consumption reduces the capability 
of identifying key areas where improvements in energy consumption are needed 
[17]. The high level of detail is instead a strength of “bottom-up” models and gives 
them the ability to model also technological changes. The “bottom-up” models 
have the capability of determining the energy consumption of each end-use to 
identify areas for improvement. Compared with the “top-down” approach, they 
need detailed input data, complex calculation and simulation techniques. In this 
study, a “bottom-up” approach is used.

2. AIMS OF THE WORK

The work presents an operative tool for the building stock analysis applied to the 
historical settlement of Calavino, a little town located in the alpine area of Italy 
(Province of Trento). The study is preliminary to adopt the “typology approach” 
defined within the International Energy Europe (IEE) projects Tabula (Typology 
approach for building stock energy assessment) [12] and Episcope (Energy 
performance indicator tracking schemes for the continuous optimization of 
re furbishment processes in European housing stocks) [13], in order to estimate 
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the overall energy demand of the constructions at the urban level. The implemen-
tation of this approach in a historical town requires however a general overview 
of the main energy-consuming typologies, by at the same time also identifying 
protection levels, building functions, age classes, traditional features, conser-
vation states and utilisation levels of the building stock. Traditionally, this metho-
dology [12; 13] focused only on residential buildings, which are characterized by 
homogeneous features in terms of thermal zones, indoor air temperature, internal 
loads and occupancy time. Consequently, the variables considered were only: 
(i) “building age classes” that reflects the changes of the construction methods 
and energy savings policies over time and affects the construction features of the 
envelope and HVAC systems; and (ii) “building size class” that determines the 
geometry of the buildings to determine heat losses through the thermal envelope 
and the surface-to-volume ratio (S/V) (relation between surface of the thermal 
envelope and heated volume) that is strongly connected to the specific-energy 
demand. Only one age class for historical constructions was identified, which 
considers building built before 1945 without any difference (e.g. pre-industrial or 
industrial buildings). In case of the historical settlement of Calavino, the traditional 
approach has been adapted to the cultural and heritage values of an historical 
city centre, identifying the most prevailing “building typologies”. That means 
building categories with similar characteristics related to energy and heritage 
aspects. Moreover, the scale of this work is smaller than [12; 13], which allows 
a deeper analysis of the building stock. In addition, the municipality highlighted 
that people in the past moved out from the centre to live in single-family houses 
with gardens, which led to a progressive abandonment of the historical town. 
Therefore, this building stock analysis is a tool for improving the knowledge 
and for understanding the potentials of the historical town. The results of this 
study constitute an effective support for policy- and decision-makers to define 
tailored urban plans and development policies. In fact, quantifying and locating 
the thermal energy demand of the buildings is essential to foster sustainable 
management and planning initiatives across the historical settlement and for the 
whole town. In addition, the urban renewal and the energy retrofit of buildings can 
be a “stimulus” also for the “social revitalization” of the historical centre.

3. MATERIALS AND METHODS

3.1 RESEARCH METHOD

The work is structured in the following phases: (i) data collection on the building 
stock, and their classification in specific datasheets; (ii) spatial-based analysis 
of the data; and (iii) identification of the “building typologies” using a mathematic 
approach.

3.2 DATA COLLECTION ON THE HISTORICAL BUILDING STOCK

A preliminary data collection is crucial for the “typology approach” which includes 
the four principal steps: (i) the determination of the “building typologies”, in order 
to define the “reference buildings”, (ii) the energy-demand modelling and baseline 
scenario, (iii) the development of renovation packages for the identified reference 



485

Energy Efficiency in Historic Buildings 2018

buildings and (iiii) the determination energy saving potential. The data collection 
is based on the following steps: (i) historical analysis; (ii) on-site surveys; (iii) 
photographic campaigns; (iv) infrared thermography (IRT) surveys; (v) collection 
and analysis of geometric data on historic buildings; (vi) collection and analysis of 
the Energy Performance Contracting (EPC) documents.

Particularly, the historic analysis has been conducted on historical maps for tradi-
tional buildings (i.e. maps from the Catasto Fondiario Austriaco), records of the 
Cultural Heritage Authority, and books for listed buildings. The study permitted 
to detect the historic values, the construction periods, and the heritage-related 
legislation at building and urban level. In parallel, the on-site visits allowed to 
document the use of buildings, the architectonical and constructive characte-
ristics of the buildings (façades, roofs, ceilings, windows, doors, balconies), the 
conservation state, the level of utilization and the presence of gardens or other 
areas. In addition, a vast majority of buildings was photographed to give a general 
overview of the building stock and to collect and store specific information on 
the construction method and conservation state. Thanks to a Global Positioning 
System (GPS), the images were georeferenced and integrated into the map 
through a Geographical Information System (GIS) software, to catalogue and 
analyse the buildings according to their dimensions and architectonical features.

Energy aspects were defined using different kinds of analyses and surveys. First, 
an IRT survey was done to identify the presence of energy or conservation issues 
on the building envelope. It was realized using a thermal imaging camera Flir 
T630sc and according to ISO 6781 [18] and EN 13187 [19] standards. It investi-
gated the structure of the construction, the material used and the presence of 
thermal bridges, decay, moisture, and water percolation. Secondly, the features 
and the thermal properties of the building envelope (i.e. wall construction type, 
baseplate/basement ceiling, roof/top floor ceiling and windows) were deduced 
from catalogues of typical national or regional construction materials [12; 20], 
national standards [21], historical building regulations [22] as well as on-site visit 
and IRT surveys.

Furthermore, the EPC documents were gathered from the Energy Agency of the 
Province of Trento. Building characteristics from EPC include heated surface and 
volume, S/V ratio, construction year, number of number of floors, attachment to 
other buildings (detached, semi-detached or attached), thermal performance of 
the building envelope, type and fuel of the heating, ventilation and air-conditioning 
(HVAC) systems. Finally, measured energy consumption values were given 
by the municipality about non-domestic electricity use, SH and DHW in public 
buildings. Starting from these investigations, the following data were analyzed 
for each building: (i) building location; (ii) construction period; (iii) heritage-related 
legislation; (iv) typological aspects (e.g. building use and type, presence of tradi-
tional features, constructive elements for walls, roofs, basements, windows, etc.); 
(v) conservation state (e.g. damage and level of utilization); (vi) energy aspects 
(e.g. geometry, covered or built-up area, features and thermal properties of the 
building envelope, main characteristics of energy generation, distribution and 
regulation systems, both for heating and cooling systems; presence and type of 
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renewable energy sources). Particularly, we noted that the assigned values of the 
technical building systems (e. g. boiler efficiency) varied considering the year of 
construction and the building typology. Each building is described by a specific 
datasheet, for a total of 220 datasheets (Figure 1).

3.3 SPATIAL ANALYSIS OF THE DATA

All the described and collected information about the studied buildings were 
linked to each individual building using a GIS software. The spatial analysis of 
the data helped the estimation and the extraction of the geometric data of the 
buildings, since this information was unavailable for each single construction. 
To obtain the morphological features two digital models are used, both derived 
from airborne Light Detection and Ranging (LiDAR) data, which were gathered 
from the GeoBrowser of the Province of Trento. The two models are the Digital 
Surface Model (DSM), which represents the highest feature elevations, and the 
Digital Terrain Model (DTM), which represents the ground surface of the study 
area. Subtracting the DTM from the DSM, heights of the above-ground features 

Figure 1. An example of the datasheet conducted for each historic building. Source: S. Sera-
fini, M-S. Marini.
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are obtained [24] and a map with the morphological features of the buildings 
(e.g. covered surface, minimum, maximum and mean height) is performed. It 
is worth underlining that all the data processing was done using open-source 
software (i.e. Rstudio, GRASS GIS and QGIS). From the information inserted in 
the datasheets (Figure 1), a table was generated (1 building/1 row) by developing 
a macro in Excel and it was merged with the shapefile inside the GIS software. 
The resulting database was subjected to a process of statistical analysis. Thus, 
several maps can be created with different data and combinations of them. In 
section 4 the most relevant maps are presented.

3.4 IDENTIFICATION OF THE “BUILDING TYPOLOGIES”

The aim of this first step is to divide the entire building stock into the most 
prevailing “building typologies” and thus to assort buildings with similar characte-
ristics related to energy and heritage aspects to the respective building typology. 
The result of this first phase, is the definition of the “reference buildings”, repre-
sentative of each typology in terms of building features and thermal properties, in 
order to model the baseline scenario of the energy-demand of the building stock 
as well as to develop renovation packages tailored to the identified reference 
buildings. As mentioned before, in case of Calavino we applied the “typology 
approach” [11; 12; 13] to the historic centre, which is characterized by buildings 
with different uses, heritage values and architectonical peculiarities. In this case, 
referring to historic constructions, the four variables adopted to the matrix, of 
which the building typologies are generated, were (see also scheme in Figure 2):

I Building function/use a. mainly residential use; b. “special 
use” such as school, theatre, church; 
c. auxiliary buildings such as garage, 
garden shed; d. “other” buildings such 
as buildings with agricultural use

… affects thermal zone, indoor air 
temperatures, internal loads and 
occupancy time

II Building owner a. public; b. private; c. body governed 
by public law

... affects energy retrofit funding, 
communication strategies

III Building age class a. < 1860; b. 1860-1939; c. > 1939 … represents a construction period, 
reflecting geometric, constructive 
and technical features

IV Building shape a. detached; b. agglomerate;  
c. linear

… describes the geometry of the 
buildings, (S/V)

Table 1. The four base parameters for the generation of building typologies

According to these parameters and extracting the relevant data from the datas-
heets, every building was assigned to one of the resulting 20 “building typologies”. 
Every building typology was additionally subdivided into the four different classes 
of heritage value (a. listed; b. protected as historic ensembles; c. not subject to 
conservation-related regulation; d. not listed with an historical element).

As there is only a little part of buildings with “special use” (see also section 4), we 
did not apply the fourth parameter to this typology. The few “auxiliary” and “other” 
buildings will be excluded from the energy analysis as they are not heated.
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4. RESULTS

The building stock of the historic centre is composed of 220 buildings, which 
corresponds to a total covered area of around 22,840 m2. The buildings were 
constructed in three “building age classes” [12]: (i) < 1860; (ii) between 1860 
and 1939 and (iii) > 1939. A large majority was built in the first age class, and 
only a few in the other classes. Another topic regards the heritage values. The 
majority of the buildings are not subject to any conservation-related regulation or 
not listed but have a historical element. Only few buildings are listed or protected 
as historic ensembles. In the past, each building belonged mainly to one owner. 
On the one hand, this situation caused a lack of investment in the renovation of 
buildings (especially in the internal parts) but, on the other hand, it favored the 
excellent conservation of green areas and kitchen gardens. The building stock 
is composed mainly by private buildings, but there are also public and private 
buildings with a public use. The composition of the building stock is synthetized in 
Table 2.

Building age classes (%)

Ante 1860 1860-1939 Post 1939 -

84.2 3.8 12.0 -

Heritage values of buildings (%)

Listed Protected as  
historic ensembles

Not subject to conser-
vation-related regulation

Not listed with an  
historical element

5.7 1.9 75.1 17.2
Building owner (%)

Private Public Private with a public use -
90.9 4.8 4.3 -

Building shapes (%)
Detached Agglomerate Linear -

15.8 42.1 41.6 -

Figure 2. Tree diagram from typology matrix for Calavino (© EURAC).

Table 2. Composition of the building stock
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A large part of the entire building stock is used for residential purposes (79.4 %), 
while 8.6 % of the buildings have a “special” use (like e.g. a school, a theater, a 
music house, a social center or a parish complex), 11.5 % are negligible auxiliary 
(e.g. garages, green houses, but also an aqueduct) and 0.5 % rural buildings. 
Public buildings have a special use (90.0 %) or are negligible auxiliary buildings 
(10.0 %). Private buildings with a public use are special (77.8 %), auxiliary  
(11.1 %) and residential (11.1 %) buildings. Private buildings have mainly a 
residential function (86.8 %). Finally, residential buildings are classified in three 
different “building shapes” [11] as follows: “detached”, “agglomerate” and “linear”. 
Other private buildings have auxiliary (11.6 %; e.g. garages or greenhouses), 
special (1.1 %; e.g. a private chapel), and rural (0.5 %; e.g. a rural house) 
functions.

The following map, gives an overview of the utilization level of the buildings 
(Figure 3).

Figure 3. Utilisation level of the historical building stock of Calavino. Source of data: 
Municipality of Madruzzo and Google Streets; own elaboration.

It is significant, that relatively many buildings are abandoned (9.1 %) or almost 
abandoned (2.4 %). Only about half of the buildings are used entirely (51.7 %), 
while in 26.3 % the attic floor is not used and in 9.1 % one or more floors are  
not used. Figure 3 shows the reference building typologies (according to  
Figure 2).
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5. DISCUSSION AND CONCLUSIONS

In the past, the building stock analysis concentrated on the built context on a 
larger scale, not differentiating between historic and existing buildings. When 
it comes to energy saving potential, there are many differences between these 
two types of building typologies: (i) in case of historic buildings or in heritage 
buildings, it is necessary to adopt tailored energy retrofit solutions (not standard 
solutions as in existing buildings), starting from detailed knowledge of historical 
constraints, heritage values and building materials; and (ii) the knowledge of 
the conservation state and the level of utilisation of the buildings also allows 
the identification of the best opportunities for the energy retrofit. In this case, 
the definition of “building typologies is an intermediate step for the building 
stock analysis of historical towns, allowing the identification of protection levels, 
building functions, age classes, traditional features, conservation states and 
utilisation levels of the building stock. As a matter of fact, the adopted metho-
dology permitted a detailed definition of the “building typologies” according to 
energy aspects, in order to analyse in a second step the energy consumption of 
the building stock and to propose more ad hoc retrofit measures tailored to every 
building typology. Particularly, the measures to retrofit and make livable the high 
presence of abandoned or partially abandoned buildings, will allow to use and 
revitalize the already existing structures instead of needing new constructions.

Figure 4. Reference building typologies (according to energy aspects). Source of data:  
Municipality of Madruzzo and Google Streets; own elaboration.
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Detailed knowledge of the historical building stock is very important because it is 
possible to define for each building typology (i) a more accurate energy-demand 
modelling and determination of baseline scenario; (ii) tailored energy retrofit 
solutions considering the heritage values, the conservation state and the level of 
utilisation of the buildings; (iii) specific energy policies that consider the heritage 
values, both at the building level and in relation to the other urban areas; and (iv) 
targeted funding that meet the real needs of users and building heritage. Since 
the new urban plan is going to be developed by the municipality, this study can 
also represent the basis for a participatory planning process and for a socio-
logical analysis on the historical town that will go with the drafting of the urban 
plan. At this stage, a social survey will help us to define better these measures, 
supporting also the definition of strategies for the reduction of the energy demand 
(for instance through the analysis of consumer behaviour). Moreover, a broader 
approach towards the local energy transition can start from these results to 
integrate the energy renovation of the existing buildings in the urban and regional 
planning process.

6. ACKNOWLEDGMENTS

A special thanks to the Mayor of the Municipality of Madruzzo, Michele Bortoli, 
and the architects Susanna Serafini e Maria Stella Marini for the on-site analysis 
and the realization of the datasheets of Calavino, a historical town in the 
Municipality of Madruzzo.

7. REFERENCES

[1] European Commission, COM 772 final, Communication from the Commis-
sion, Energy efficiency: delivering the 20 % target (2008), European Com-
mission, Bruxelles, 2008.

[2] European Parliament, Directive 2012/27/EU of The European Parliament 
and of the Council of 25 October 2012 on energy efficiency, amending Di-
rectives 2009/125/EC and 2010/30/EU and repealing Directives 2004/8/
EC and 2006/32/EC, Official Journal of the European Union, 14 November, 
2012.

[3] European Commission, COM, 885 final, Energy Roadmap 2050 (2011).
[4] European Union, Decision No. 406/2009/EC of the European Parliament 

and of the Council of 23 April 2009 on the effort of Member States to reduce 
their greenhouse gas emissions to meet the Community’s greenhouse gas 
emission reduction commitments up to 2020, Official Journal of the Euro-
pean Union.

[5] European Parliament, Directive 2010/31/EU of The European Parliament 
and of the Council of 19 May 2010 on the energy performance of buildings 
(recast), Official Journal of the European Union.

[6] Ministero dello Sviluppo Economico (MISE), Strategia Energetica Nazio-
nale: per un’energia più competitiva e sostenibile, MISE, Roma, 2013.

[7] Ministero dello Sviluppo Economico (MISE), Piano d’azione italiano per 
l’efficienza energetica, MISE, Roma, 2014.

[8] Bentzen J. & Engsted T., A revival of the autoregressive distributed lag mo-
del in estimating energy demand relationships, Energy 26 (2001) pp. 45–55.



Energy Efficiency in Historic Buildings 2018

492

[9] Mangold M., Österbring M., Wallbaum H., Handling data uncertainties when 
using Swedish energy performance certificate data to describe energy  
usage in the building stock. Energy and Buildings 102 (2015) pp. 328–336.

[10] Filogamo L., Peri G., Rizzo G. & Giaccone A., On the classification of large 
residential buildings stocks by sample typologies for energy planning pur-
poses, Applied Energy 135 (2014) pp. 825–835.

[11] Exner D., DAlonzo V., Paoletti G., Pascual R., Pernetti R., Building Stock 
Analysis for the Definition of an Energy Renovation Scenario on the Urban 
Scale, in: Smart and Sustainable Planning for Cities and Regions. Results 
of SSPCR 2015, Springer, 2017, pp. 33–54.

[12] Ballarini I., Corgnati S. P., Corrado V, Use of reference buildings to assess 
the energy saving potentials of the residential building stock: The expe-
rience of TABULA project, Energy Policy 68 (2014) pp. 273–284.

[13] IEE Project Episcope, http://episcope.eu (accessed 16 January 2018).
[14] IEE Project RePublic_ZEB, http://www.republiczeb.org (accessed 16 Janu-

ary 2018).
[15] Aelenei, L. et al. New Challenge of the Public Buildings: nZEB Findings from 

IEE RePublic_ZEB Project, Energy Procedia 78 (2015) 2016–2021.
[16] Šijanec Zavrl M., Stegnar G., Rakušček A., Gjerkeš H., A Bottom-Up Buil-

ding Stock Model for Tracking Regional Energy Targets. A Case Study of 
Kočevje, Sustainability 8(10) (2016), 1063.

[17] Swan L.G., Ugursal V.I., Modeling of end-use energy consumption in the 
residential sector: A review of modelling techniques, Renewable and Sustai-
nable Energy Reviews 13 (2009) pp. 1819–1835.

[18] ISO (International Organization for Standardization), Thermal insulation. 
Qualitative detection of thermal irregularities in building envelopes. Infrared 
method, Standard ISO 6781, ISO, Genève, 1983 (rev. 2012).

[19] UNI (Ente Italiano di Normazione), Thermal performance of buildings.  
Qualitative detection of thermal irregularities in building envelopes. Infrared 
method, Standard UNI EN 13187, UNI, Milano, 1998.

[20] Benedetti C., Erlacher P., Girasoli M. T., Paradisi I., Pasetti Monizza G.,  
Ratajczak J. et al., AlpHouse. Quaderno per il recupero energetico. Rac-
colta di casi studio per interventi sul patrimonio edilizio tradizionale, Regione 
Autonoma Valle d’Aosta, Aosta, 2013.

[21] UNI (Ente Italiano di Normazione), Prestazioni energetiche degli edifici, 
Parte 1: Determinazione del fabbisogno di energia termica dell’edificio per la 
climatizzazione estiva ed invernale, Standard UNI/TS 11300-1 (2014), UNI, 
Milano, 2014.

[22] Dellanna S., Lona D., Calavino P.R.G. Insediamenti storici, Comune di Cala-
vino, Calavino, 2005.

[23] UNI (Ente Italiano di Normazione), Prestazioni energetiche degli edifici, Par-
te 2: Determinazione del fabbisogno di energia primaria e dei rendimenti per 
la climatizzazione invernale, per la produzione di acqua calda sanitaria, per 
la ventilazione e per l’illuminazione in edifici non residenziali, Standard UNI/
TS 11300–2 (2014), UNI, Milano, 2014.

[24] Tooke T.R., Laan M.V.D., Coops N.C., Mapping demand for residential buil-
ding thermal energy services using airborne LiDAR, Applied Energy 127 
(2014) pp. 125–134.


