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Abstract 

Energy efficiency in the built environment is gaining ground due to policies to mitigate climate change impact. This contribution 
focuses on investigating the role of Key Performance Indicators (KPIs) that can be useful for the energy retrofit of historic 
buildings. The KPIs were hinged upon PESTEL domains (Political, Economic, Social, Technological, Environmental, and 
Legislative) in order to define objective and measurable criteria that allow for a comprehensive evaluation of an energy retrofit 
performance. A literature review carried out through the PRISMA flow chart allowed to select 59 papers, subsequently analyzed 
to investigate the occurrences of the selected KPIs. The findings showed that the political domain is the less considered, 
differently from the legislative one, whose KPI highlighted the importance of being compliant with regulations. The domains 
representing economic, social, technological, and environmental KPIs are mostly present together in the scientific literature, 
underlining the importance of a holistic and multidisciplinary approach. Future research should be oriented towards delineation 
of best practices to meet sustainability and conservation needs, and to better integrate current policies and international 
requirements. 
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1. Introduction 

The building sector is responsible for approximately 40% of European Union (EU) energy consumption and 36% 
of carbon dioxide equivalent (CO2eq) emissions. About 50% of all the EU-28 buildings are estimated to be not 
energy efficient and the 95% of the building stock needs to be renovated and decarbonized for achieving the goal of 
EU Green Deal, i.e., the climate neutrality and reduction of CO2eq emissions by 2050 (International Renewable 
Energy Agency and European Commission (2018)). Therefore, the EU has promoted research focused on increasing 
energy sustainability while reducing the carbon footprint. In recent years, many governmental energy grants and 
new loan programs have been activated in the EU countries to support the retrofit of buildings, which include all 
interventions aimed at both improving the energy performance and the thermal comfort for occupants (Mazzarella 
(2015), and Posani et al. (2021)). Other aspects should be considered such as the building age, the climate zone, the 
thermal and physical properties of building materials (e.g., thermal transmittance, water vapor absorption), and the 
building use. In case of historic buildings, an energy retrofit is a challenging task since it has to combine the 
conservation requirements of the building, its aesthetics, and the surrounding cultural environment according to EN 
16883:2017. In this framework, any energy retrofit should be addressed through a systematic approach to facilitate 
the proper improvements. In the last decades, building energy simulation is used to evaluate in advance the 
effectiveness and suitability of interventions (Lo Faro et al. (2021)). More recently, this tool is used to assess the 
impact of interventions from both conservation perspective and thermal comfort of the users (Coelho et al. (2019); 
Frasca et al. (2019a, 2019b, 2021); Mancini et al. (2016)). As the environmental impact due to the emission of CO2 
is a core topic for the building sector, the Life Cycle Assessment (LCA), standardized in the framework of UNI EN 
ISO 14040:2021 and UNI EN ISO 14044:2021, is used to evaluate the retrofitting interventions in terms of 
environmental sustainability and circular economy. LCA can be used in parallel with the Life Cycle Cost (LCC) to 
simultaneously assess the economic impact during the life cycle.  

The present work aims to outline the state of the art related to case studies focused on energy retrofit of historic 
buildings, considering the impact of climate change, and the use of innovative methodologies such as LCA to make 
more efficient and sustainable the refurbishment process for those buildings. Then, quantitative, and measurable 
criteria (i.e., Key Performance Indicators, KPIs) underlying the choice of the suitable energy retrofit will be searched 
within the content of the selected papers, by structuring them in the framework of the PESTEL domains (Political, 
Economic, Social, Technological, Environmental, Legislative) (Rothaermel (2015)). 

2. Materials and Methods 

2.1. Selection of scientific papers 

Scientific papers dealing with energy retrofit in historic buildings were identified via Scopus and Web of Science 
(WoS) databases without setting a starting year and stopping the search at the end of 2022. The systematic literature 
review was performed through the three-steps process “PRISMA (Preferred Reporting Items for Systematic reviews 
and Meta‐Analyses) flow diagram” (Page et al. (2021)). The query strategies involved ten combinations of ten 
keywords, with the Boolean operators “AND” and “OR” in the field “titles, abstracts, and keywords”: “zero 
emission”, “refurbishment”, “retrofit”, “intervention”, “building”, “historic* building”, “neighborhoods”, 
“conservation”, “climat* change”, “LCA”. The asterisk has been used on some words to include the various forms 
in which they can be found in the literature (e.g., historic/al) thus avoiding many duplicates. In the first step, 1194 
papers were extracted from both databases. Then, after the merge, duplicates were removed. The 621 remaining 
papers were further screened to exclude the ones with no authors (7 papers), no English language (18 papers), no 
full text (25 papers), and out of scope (240 papers). In the end, 59 papers were critically reviewed, (Agliata et al. 
(2020) - Zazzini and Capone (2018)). 

2.2. Definition of Key Performance Indicators (KPIs) 

Key Performance Indicators (KPIs) are objective and measurable criteria commonly used in the 
corporate/business sector. This contribution aims at extending the use of KPIs to the field of historic building 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2024.02.015&domain=pdf
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retrofit. KPIs were retrieved through a critical reading of the case studies present in the reviewed papers and then 
clustered in the six domains of the PESTEL Analysis (Rothaermel (2015)), i.e., the Political (P), Economic (Ec), 
Social (S), Technological (T), Environmental (En), and Legislative (L) domains. The KPIs are listed in Fig. 1, 
reported by number in each PESTEL domain. 

 

 

Fig. 1. KPIs clustered in PESTEL domains (IEQ = Indoor Environmental Quality, EPC = Energy Performance Certificate, CC = Climate Change) 

Once all the criteria were outlined, the number of KPIs per paper were counted to define which KPI is actually the 
most considered in the reviewed scientific literature. Then, the KPIs’ occurrences were also transposed into 
“PESTEL units” through Equation 1. This proposed equation allows to determine the occurrences of PESTEL 
domains by normalizing them based on the number of categories per domain. 

%𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = n
Σn ∙ 100 (n = nKPI/ncat)                                   (1) 

Where nKPI are the occurrences of KPI in each domain and ncat is the number of categories of KPIs per each 
domain (e.g., political domain has two criteria, so ncat = 2, with 16 occurrences for P1 and 13 occurrences for P2). 

3. Results and discussion 

3.1. Historic buildings retrofit in scientific literature 

The Journal Citation Report categories via Web of Science has provided information about the most occurring 
subject areas associated with the selected papers, i.e., “Environmental Science", “Energy & Fuels”, “General 
Energy”, “Green & Sustainable Science & Technology”, “Environmental studies”, and “Construction & Building 
Technologies”. Journals dealing with heritage and conservation are two, with one publication each: “Journal of 
Cultural Heritage” and “Journal of Architectural Conservation”, highlighting as this topic is mostly linked to 
engineering and architecture disciplines, in particular to those involved in energy studies. The reviewed papers 
describe the retrofit in 62 case studies: 54 are located in Europe (33 in Italy), and eight in non-European countries, 
and this suggests that European culture is paying more attention to this type of issues. Most of the case studies are 
historic buildings built in 18th, 19th, and 20th centuries mainly located in urban contexts (57 sites), three in rural, and 
two in not defined sites. Specifically, 16 places are residential buildings, and 37 are non-residential, divided into the 
following categories: schools and universities (11), museums and galleries (8), workplaces (8), industrial complexes 
(4), worship places (3), and hotels (3); the remaining nine sites are not defined. The review papers showed that a 
major simulation contribution is perceived: 57 out of 59 papers use building simulation tools (with BIM and/or 
BEM software) sometimes combined with LCA. As for this latter, the most used impact assessment methods are 
Impact 2002+, ReCiPe, EDIP 2003, Ecoinvent V.3 database, ECO Indicator 99. Moreover, the case studies treating 
environmental impacts are not using the same approach concerning the LCA stages considered in the analysis of 
materials and processes. Actually, four case studies are approaching the “Cradle to Gate” stage (A1-A3 phases), i.e., 
they only assess the impact of the materials production, two of which are also measuring the “transport to site” stage 
(A4 phase); 17 case studies treat the LCA as “Cradle to Grave” stage (A1-C4 phases), which include the materials 
production (A1-A3), the construction process (A4-A5), the Use stage (B1-B7), and the End of Life stage (C1-C4); 
finally, only one case study treats the “Cradle to Cradle” stage, where the LCA is assessed beyond the system 
boundary (A1-D Phases, all LCA stages). Since the energy/environmental field is prevalent in this research, 
information was sought on how energy consumption and CO2eq emissions have changed from “pre-” to “post-” 
retrofit. Table 1 presents papers considering energy consumption and CO2eq emission savings simultaneously, both 

P
Ec
S
T

En
L

Key Performance Indicators
1. Government Influence; 2. Government Policy

1. Investment costs; 2. Operating and Maintenance costs; 3. Pay-back period; 4. Economic savings
1. Change in health & well-being; 2. Social awareness; 3. Change in intended use; 4. Heritage significance; 5. Visual impact

1. Retrofitting materials; 2. Energy consumption savings; 3. Historic materials risk; 4. Compatibility of materials
1. Change in IEQ; 2. Change in EPC; 3. CO2eq emission savings; 4. Impact on the outdoor environment; 5. CC impact

1. Compliance with current legislations
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expressed in percentage (%). Retrofit where both passive (e.g., application of thermal insulation) and active (e.g., 
replace of air conditioning systems) approaches are used lead to greater savings. 

Table 1. List of case studies, i.e., the reference (1st column) with building type (2nd column) and construction year (3rd 
column), containing both energy consumption and CO2eq emissions savings (last two columns) both measured in percentage, 
after the retrofit intervention (4th column). 

Reference Building type Year Retrofit intervention Energy Consumption Savings CO2eq Emissions Savings 

Bennadji et al. (2022) Building stock Pre 1945 
Replacement of windows 

Installation of mechanical 
ventilation with heat recovery 

87 % 76 % 

Ascione et al. (2022) University 1224 

Insulation of external vertical 
wall and roof (PUR) 

Replacement of windows 

New heat pump 

Installation of PhotoVoltaic 

55.8 % 46 % 

Ascione et al. (2017) University 1513 
Replacement of windows 

Replacement of the boiler 
59% 57% 

Dalla Mora et al. (2015) Residence 1894 

Insulation of internal and 
external (inner part) walls 
(EPS + MW) and roof (WF) 

New insulated windows 

New mechanical ventilation 

Installation of PhotoVoltaic 

New heat pumps and chiller 

92.5 % 81 % 

Knox (2015) Residence 1933 

Replacement of HVAC 

Setting of solar hot water 

Installation of PhotoVoltaic 

65 % 32 % 

3.2. Analysis through the Key Performance Indicators 

Figure 2a shows the number of papers considering a specific KPI. It was found that the most used KPIs in the 
literature review are: 
• T2, “Energy Consumption Savings”, cited by 53 papers, confirming that the design of the retrofit mainly aims at 

improving the energy consumption of the building. 
• S4, “Heritage significance”, considered by 49 papers, meaning that declarations of interest as well as protection 

and conservation of historical buildings by law play a key role in designing the retrofit project. 
• En3, “CO2eq emission savings”, considered by 38 papers. This KPI considers both the emissions of CO2eq and 

other harmful substances in the environment. This aspect is usually considered in LCA. 
• L1, “Compliance with current legislations”, 44 papers referred to the legislations in use, highlighting the 

importance of strictly follow the regulations. 
The other KPIs have been considered by several papers ranging from six to 28 (Figure 2a). The social domain is 

the least explored: S2 (Social Awareness, six papers), and S3 (Change in intended use, seven papers). En2 (Change 
in Energy Performance Certificate) reach at least 10 papers and it starts appearing from 2015, testifying as the 
energy issue has been more recently studied in the scientific literature about the retrofit in historical buildings.  

Figures 2b and 2c were plotted taking as reference values the “%PESTEL units” (from the proposed Eq. 1). This 
analysis confirms that the legislative domain is mandatory to be compliant with the regulations during a retrofit 
intervention. Comparing the two different periods (Figure 2c), the economic domain seems to have had a slight 
decrease in interest in papers (from 19% to 12%), while the technological and environmental domains had a slight 
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historic buildings built in 18th, 19th, and 20th centuries mainly located in urban contexts (57 sites), three in rural, and 
two in not defined sites. Specifically, 16 places are residential buildings, and 37 are non-residential, divided into the 
following categories: schools and universities (11), museums and galleries (8), workplaces (8), industrial complexes 
(4), worship places (3), and hotels (3); the remaining nine sites are not defined. The review papers showed that a 
major simulation contribution is perceived: 57 out of 59 papers use building simulation tools (with BIM and/or 
BEM software) sometimes combined with LCA. As for this latter, the most used impact assessment methods are 
Impact 2002+, ReCiPe, EDIP 2003, Ecoinvent V.3 database, ECO Indicator 99. Moreover, the case studies treating 
environmental impacts are not using the same approach concerning the LCA stages considered in the analysis of 
materials and processes. Actually, four case studies are approaching the “Cradle to Gate” stage (A1-A3 phases), i.e., 
they only assess the impact of the materials production, two of which are also measuring the “transport to site” stage 
(A4 phase); 17 case studies treat the LCA as “Cradle to Grave” stage (A1-C4 phases), which include the materials 
production (A1-A3), the construction process (A4-A5), the Use stage (B1-B7), and the End of Life stage (C1-C4); 
finally, only one case study treats the “Cradle to Cradle” stage, where the LCA is assessed beyond the system 
boundary (A1-D Phases, all LCA stages). Since the energy/environmental field is prevalent in this research, 
information was sought on how energy consumption and CO2eq emissions have changed from “pre-” to “post-” 
retrofit. Table 1 presents papers considering energy consumption and CO2eq emission savings simultaneously, both 
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1. Government Influence; 2. Government Policy

1. Investment costs; 2. Operating and Maintenance costs; 3. Pay-back period; 4. Economic savings
1. Change in health & well-being; 2. Social awareness; 3. Change in intended use; 4. Heritage significance; 5. Visual impact

1. Retrofitting materials; 2. Energy consumption savings; 3. Historic materials risk; 4. Compatibility of materials
1. Change in IEQ; 2. Change in EPC; 3. CO2eq emission savings; 4. Impact on the outdoor environment; 5. CC impact

1. Compliance with current legislations
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expressed in percentage (%). Retrofit where both passive (e.g., application of thermal insulation) and active (e.g., 
replace of air conditioning systems) approaches are used lead to greater savings. 

Table 1. List of case studies, i.e., the reference (1st column) with building type (2nd column) and construction year (3rd 
column), containing both energy consumption and CO2eq emissions savings (last two columns) both measured in percentage, 
after the retrofit intervention (4th column). 

Reference Building type Year Retrofit intervention Energy Consumption Savings CO2eq Emissions Savings 

Bennadji et al. (2022) Building stock Pre 1945 
Replacement of windows 

Installation of mechanical 
ventilation with heat recovery 

87 % 76 % 

Ascione et al. (2022) University 1224 

Insulation of external vertical 
wall and roof (PUR) 

Replacement of windows 

New heat pump 

Installation of PhotoVoltaic 

55.8 % 46 % 

Ascione et al. (2017) University 1513 
Replacement of windows 

Replacement of the boiler 
59% 57% 

Dalla Mora et al. (2015) Residence 1894 

Insulation of internal and 
external (inner part) walls 
(EPS + MW) and roof (WF) 

New insulated windows 

New mechanical ventilation 

Installation of PhotoVoltaic 

New heat pumps and chiller 

92.5 % 81 % 

Knox (2015) Residence 1933 

Replacement of HVAC 

Setting of solar hot water 

Installation of PhotoVoltaic 

65 % 32 % 

3.2. Analysis through the Key Performance Indicators 

Figure 2a shows the number of papers considering a specific KPI. It was found that the most used KPIs in the 
literature review are: 
• T2, “Energy Consumption Savings”, cited by 53 papers, confirming that the design of the retrofit mainly aims at 

improving the energy consumption of the building. 
• S4, “Heritage significance”, considered by 49 papers, meaning that declarations of interest as well as protection 

and conservation of historical buildings by law play a key role in designing the retrofit project. 
• En3, “CO2eq emission savings”, considered by 38 papers. This KPI considers both the emissions of CO2eq and 

other harmful substances in the environment. This aspect is usually considered in LCA. 
• L1, “Compliance with current legislations”, 44 papers referred to the legislations in use, highlighting the 

importance of strictly follow the regulations. 
The other KPIs have been considered by several papers ranging from six to 28 (Figure 2a). The social domain is 

the least explored: S2 (Social Awareness, six papers), and S3 (Change in intended use, seven papers). En2 (Change 
in Energy Performance Certificate) reach at least 10 papers and it starts appearing from 2015, testifying as the 
energy issue has been more recently studied in the scientific literature about the retrofit in historical buildings.  

Figures 2b and 2c were plotted taking as reference values the “%PESTEL units” (from the proposed Eq. 1). This 
analysis confirms that the legislative domain is mandatory to be compliant with the regulations during a retrofit 
intervention. Comparing the two different periods (Figure 2c), the economic domain seems to have had a slight 
decrease in interest in papers (from 19% to 12%), while the technological and environmental domains had a slight 
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increase of 3% and 4%, respectively, as if to demonstrate a greater tendency to activate interest in issues related to 
environmental protection and climate change.  

 

 

Fig. 2. a) Column plot showing the most impactful Key Performance Indicators. b-c) Radar plots showing the “%PESTEL units” considering the 
whole number of analyzed papers (b) and the number of papers split over two periods: 2007-2015 (green line) and 2016-2022 (orange line) (c). 

Figure 3 shows how a combination of KPIs occurs in the reviewed papers. The social and technological domains 
are presented coupled in about 90% of the cases (15 groups out of 17) emphasizing great attention to users and 
conservation aspects (social field) together with material and structural aspects (technological field). Moreover, a 
great correlation between Social, Technological, Environmental and Legislative domains is perceived, and the 
number of papers increases when these domains are considered in conjunction with the economic field. These 
articles deal with the topic of energy retrofitting in a holistic way, in some cases even making it explicit in the title, 
although the main focus is related to the technological and environmental domains (i.e., energy consumption and 
related environmental impacts). These "EcStEnL" articles are all very recent, (from 2017 onwards), and this 
demonstrates the importance of new policies and legislation, such as the EBPD 2018/844 on the energy performance 
of buildings that amended already existing European directives (Ogut, O. et al (2023)), or such as the Paris 
Agreement, which promotes economic growth and sustainable development. 

 

 

Fig. 3. Combination of PESTEL domains per number of papers. 

4. Conclusions 

A retrofit intervention on the historical building sector means focusing attention on recent legislation aimed at a 
"green transition" by 2050 (i.e., Green Deal). This paper aimed at determining the criteria (Key Performance 
Indicators, KPIs) underlying the choice of the retrofit for historical buildings. First, we explored 59 papers and a 
total of 62 case studies on the retrofit of historical buildings. Then, the reviewed case studies were critically 
analyzed considering KPIs categorized in the six domains of the PESTEL Analysis. It emerges that the political 
domain is the less considered in scientific literature, probably due to the near lack of real retrofit scenarios with 
respect to the simulated ones. The interest towards the economic domain has tended to decrease in the most recent 
papers, but it’s still taken into account as it allows to estimate the cost feasibility of the energy retrofit. The social 
domain is related to two main categories, concerning the impact of the retrofit on: 1) the society, paying attention to 
KPIs related to users’ well-being (i.e., quantifying thermal comfort with indices), and 2) the heritage building, with 
great attention paid to the cultural value significance (i.e., citing the historical value to be maintained on a visual 
level). The technological domain seems to be closely related to the field of application to which the papers of this 
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review mostly belong, i.e., energy and environmental science/engineering studies. The environmental domain is 
mainly explored through the LCA and global warming calculation. Although a high quantity of papers is linked to 
these aspects, no unique calculation methodologies or impact assessment methods are used. Finally, the legislative is 
the most considered domain, pointing out it is mandatory to strictly follow the regulations when retrofitting 
historical buildings, both during a simulation scenario and a real retrofit case study. 

The PESTEL Analysis can be a useful tool in retrofitting historical building to outline a holistic approach 
methodology that considers both the heritage significance and the environmental related impacts within the 
mitigation and CO2eq emission reduction perspective. For this reason, KPIs were hinged upon PESTEL domains to 
define objective and measurable criteria that allow for a comprehensive evaluation of an energy retrofit 
performance. Further research is still needed to better integrate all these domains, especially the political one, thus 
directing future research in the perspective of implementation on real case studies. 

Acknowledgements 

Francesca Frasca acknowledges fellowship funding from MUR (Ministero dell’Università e della Ricerca) under 
PON “Ricerca e Innovazione” 2014-2020 (ex D.M. 1062/2021). Inês Flores-Colen acknowledges the Portuguese 
Foundation for Science and Technology (FCT) and research unit CERIS (UIDB/04625/2020). 

References 

Coelho, G.B.A., Silva, H.E., Henriques, F.M.A., 2019. Impact of climate change on cultural heritage: A simulation study to assess the risks for 
conservation and thermal comfort. International Journal of Global Warming 19, 382–406. https://doi.org/10.1504/IJGW.2019.104268 

EN 16883:2017. Conservation of cultural heritage - Guidelines for improving the energy performance of historic buildings, 2017. 
Frasca, F., Cornaro, C., Siani, A.M., 2019a. A method based on environmental monitoring and building dynamic simulation to assess indoor 

climate control strategies in the preventive conservation within historical buildings. Sci Technol Built Eviro 25, 1253–1268. 
https://doi.org/10.1080/23744731.2019.1642093 

Frasca, F., Verticchio, E., Cornaro, C., Siani, A.M., 2021. Performance assessment of hygrothermal modelling for diagnostics and conservation in 
an Italian historical church. Build Eviro 193. https://doi.org/10.1016/j.buildenv.2021.107672 

Frasca, F., Verticchio, E., Cornaro, C., Siani, A.M., 2019b. Optimising conservation of artworks, energy performance and thermal comfort 
combining hygrothermal dynamic simulation and on-site measurements in historic buildings, in: Building Simulation Conference Proceedings. 
International Building Performance Simulation Association, pp. 2856–2863. https://doi.org/10.26868/25222708.2019.210423 

International Renewable Energy Agency., European Commission., 2018. Renewable Energy Prospects for the European Union. International 
Renewable Energy Agency (IRENA). 

Lo Faro, A., Nocera, F., Taranto, V., 2021. The dynamic thermal energy simulation of historic buildings in Mediterranean climate: Knowledge 
and simplification, in: IOP Conference Series: Earth and Environmental Science. IOP Publishing Ltd. https://doi.org/10.1088/1755-
1315/863/1/012011 

Mancini, F., Cecconi, M., De Sanctis, F., Beltotto, A., 2016. Energy Retrofit of a Historic Building Using Simplified Dynamic Energy Modeling, 
in: Energy Procedia. Elsevier Ltd, pp. 1119–1126. https://doi.org/10.1016/j.egypro.2016.11.152 

Mazzarella, L., 2015. Energy retrofit of historic and existing buildings. The legislative and regulatory point of view. Energy Build 95, 23–31. 
https://doi.org/10.1016/j.enbuild.2014.10.073 

Ogut, O., Bartolucci, B. Parracha, J.L., Bertolin, C., Tzortzi, J.N., Frasca, F., Siani, A.M., Mendes, M.P., and Flores-Colen, I., 2023 IOP Conf. 
Ser.: Earth Environ. Sci. 1176 012023. https://doi.org/10.1088/1755-1315/1176/1/012023 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Bouton, I., Hoffmann, T.C., Mulrow, C.D., Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., 
Chou, R., Glanville, J., Grimshaw, J.M., Hróbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E., McDonald, S., McGuinness, 
L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A., Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: An updated 
guideline for reporting systematic reviews. J Clin Epidemiol 134, 178–189. https://doi.org/10.1016/j.jclinepi.2021.03.001 

Posani, M., Veiga, M.D.R., de Freitas, V.P., 2021. Towards Resilience and Sustainability for Historic Buildings: A Review of Envelope Retrofit 
Possibilities and a Discussion on Hygric Compatibility of Thermal Insulations. International Journal of Architectural Heritage 15, 807–823. 
https://doi.org/10.1080/15583058.2019.1650133 

Rothaermel, F.T., 2015. Strategic Management, Second Edition. Mc-Graw Hill Education. 
UNI EN ISO 14040:2021. Gestione ambientale - Valutazione del ciclo di vita - Principi e quadro di riferimento, 2021. 
UNI EN ISO 14044:2021 Gestione ambientale - Valutazione del ciclo di vita - Requisiti e linee guida, 2021. 
 
Literature Review papers 
Agliata, R., Marino, A., Mollo, L., Pariso, P., 2020. Historic building energy audit and retrofit simulation with hemp-lime plaster-A case study. 

Sustainability (Switzerland) 12. https://doi.org/10.3390/su12114620 



 Beatrice Bartolucci  et al. / Procedia Structural Integrity 55 (2024) 110–118 115
 Bartolucci, B. et al./ Structural Integrity Procedia 00 (2019) 000–000  5 

increase of 3% and 4%, respectively, as if to demonstrate a greater tendency to activate interest in issues related to 
environmental protection and climate change.  

 

 

Fig. 2. a) Column plot showing the most impactful Key Performance Indicators. b-c) Radar plots showing the “%PESTEL units” considering the 
whole number of analyzed papers (b) and the number of papers split over two periods: 2007-2015 (green line) and 2016-2022 (orange line) (c). 

Figure 3 shows how a combination of KPIs occurs in the reviewed papers. The social and technological domains 
are presented coupled in about 90% of the cases (15 groups out of 17) emphasizing great attention to users and 
conservation aspects (social field) together with material and structural aspects (technological field). Moreover, a 
great correlation between Social, Technological, Environmental and Legislative domains is perceived, and the 
number of papers increases when these domains are considered in conjunction with the economic field. These 
articles deal with the topic of energy retrofitting in a holistic way, in some cases even making it explicit in the title, 
although the main focus is related to the technological and environmental domains (i.e., energy consumption and 
related environmental impacts). These "EcStEnL" articles are all very recent, (from 2017 onwards), and this 
demonstrates the importance of new policies and legislation, such as the EBPD 2018/844 on the energy performance 
of buildings that amended already existing European directives (Ogut, O. et al (2023)), or such as the Paris 
Agreement, which promotes economic growth and sustainable development. 

 

 

Fig. 3. Combination of PESTEL domains per number of papers. 

4. Conclusions 

A retrofit intervention on the historical building sector means focusing attention on recent legislation aimed at a 
"green transition" by 2050 (i.e., Green Deal). This paper aimed at determining the criteria (Key Performance 
Indicators, KPIs) underlying the choice of the retrofit for historical buildings. First, we explored 59 papers and a 
total of 62 case studies on the retrofit of historical buildings. Then, the reviewed case studies were critically 
analyzed considering KPIs categorized in the six domains of the PESTEL Analysis. It emerges that the political 
domain is the less considered in scientific literature, probably due to the near lack of real retrofit scenarios with 
respect to the simulated ones. The interest towards the economic domain has tended to decrease in the most recent 
papers, but it’s still taken into account as it allows to estimate the cost feasibility of the energy retrofit. The social 
domain is related to two main categories, concerning the impact of the retrofit on: 1) the society, paying attention to 
KPIs related to users’ well-being (i.e., quantifying thermal comfort with indices), and 2) the heritage building, with 
great attention paid to the cultural value significance (i.e., citing the historical value to be maintained on a visual 
level). The technological domain seems to be closely related to the field of application to which the papers of this 

6 Bartolucci, B. et al./ Structural Integrity Procedia  00 (2019) 000–000 

review mostly belong, i.e., energy and environmental science/engineering studies. The environmental domain is 
mainly explored through the LCA and global warming calculation. Although a high quantity of papers is linked to 
these aspects, no unique calculation methodologies or impact assessment methods are used. Finally, the legislative is 
the most considered domain, pointing out it is mandatory to strictly follow the regulations when retrofitting 
historical buildings, both during a simulation scenario and a real retrofit case study. 

The PESTEL Analysis can be a useful tool in retrofitting historical building to outline a holistic approach 
methodology that considers both the heritage significance and the environmental related impacts within the 
mitigation and CO2eq emission reduction perspective. For this reason, KPIs were hinged upon PESTEL domains to 
define objective and measurable criteria that allow for a comprehensive evaluation of an energy retrofit 
performance. Further research is still needed to better integrate all these domains, especially the political one, thus 
directing future research in the perspective of implementation on real case studies. 

Acknowledgements 

Francesca Frasca acknowledges fellowship funding from MUR (Ministero dell’Università e della Ricerca) under 
PON “Ricerca e Innovazione” 2014-2020 (ex D.M. 1062/2021). Inês Flores-Colen acknowledges the Portuguese 
Foundation for Science and Technology (FCT) and research unit CERIS (UIDB/04625/2020). 

References 

Coelho, G.B.A., Silva, H.E., Henriques, F.M.A., 2019. Impact of climate change on cultural heritage: A simulation study to assess the risks for 
conservation and thermal comfort. International Journal of Global Warming 19, 382–406. https://doi.org/10.1504/IJGW.2019.104268 

EN 16883:2017. Conservation of cultural heritage - Guidelines for improving the energy performance of historic buildings, 2017. 
Frasca, F., Cornaro, C., Siani, A.M., 2019a. A method based on environmental monitoring and building dynamic simulation to assess indoor 

climate control strategies in the preventive conservation within historical buildings. Sci Technol Built Eviro 25, 1253–1268. 
https://doi.org/10.1080/23744731.2019.1642093 

Frasca, F., Verticchio, E., Cornaro, C., Siani, A.M., 2021. Performance assessment of hygrothermal modelling for diagnostics and conservation in 
an Italian historical church. Build Eviro 193. https://doi.org/10.1016/j.buildenv.2021.107672 

Frasca, F., Verticchio, E., Cornaro, C., Siani, A.M., 2019b. Optimising conservation of artworks, energy performance and thermal comfort 
combining hygrothermal dynamic simulation and on-site measurements in historic buildings, in: Building Simulation Conference Proceedings. 
International Building Performance Simulation Association, pp. 2856–2863. https://doi.org/10.26868/25222708.2019.210423 

International Renewable Energy Agency., European Commission., 2018. Renewable Energy Prospects for the European Union. International 
Renewable Energy Agency (IRENA). 

Lo Faro, A., Nocera, F., Taranto, V., 2021. The dynamic thermal energy simulation of historic buildings in Mediterranean climate: Knowledge 
and simplification, in: IOP Conference Series: Earth and Environmental Science. IOP Publishing Ltd. https://doi.org/10.1088/1755-
1315/863/1/012011 

Mancini, F., Cecconi, M., De Sanctis, F., Beltotto, A., 2016. Energy Retrofit of a Historic Building Using Simplified Dynamic Energy Modeling, 
in: Energy Procedia. Elsevier Ltd, pp. 1119–1126. https://doi.org/10.1016/j.egypro.2016.11.152 

Mazzarella, L., 2015. Energy retrofit of historic and existing buildings. The legislative and regulatory point of view. Energy Build 95, 23–31. 
https://doi.org/10.1016/j.enbuild.2014.10.073 

Ogut, O., Bartolucci, B. Parracha, J.L., Bertolin, C., Tzortzi, J.N., Frasca, F., Siani, A.M., Mendes, M.P., and Flores-Colen, I., 2023 IOP Conf. 
Ser.: Earth Environ. Sci. 1176 012023. https://doi.org/10.1088/1755-1315/1176/1/012023 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Bouton, I., Hoffmann, T.C., Mulrow, C.D., Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., 
Chou, R., Glanville, J., Grimshaw, J.M., Hróbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E., McDonald, S., McGuinness, 
L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A., Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: An updated 
guideline for reporting systematic reviews. J Clin Epidemiol 134, 178–189. https://doi.org/10.1016/j.jclinepi.2021.03.001 

Posani, M., Veiga, M.D.R., de Freitas, V.P., 2021. Towards Resilience and Sustainability for Historic Buildings: A Review of Envelope Retrofit 
Possibilities and a Discussion on Hygric Compatibility of Thermal Insulations. International Journal of Architectural Heritage 15, 807–823. 
https://doi.org/10.1080/15583058.2019.1650133 

Rothaermel, F.T., 2015. Strategic Management, Second Edition. Mc-Graw Hill Education. 
UNI EN ISO 14040:2021. Gestione ambientale - Valutazione del ciclo di vita - Principi e quadro di riferimento, 2021. 
UNI EN ISO 14044:2021 Gestione ambientale - Valutazione del ciclo di vita - Requisiti e linee guida, 2021. 
 
Literature Review papers 
Agliata, R., Marino, A., Mollo, L., Pariso, P., 2020. Historic building energy audit and retrofit simulation with hemp-lime plaster-A case study. 

Sustainability (Switzerland) 12. https://doi.org/10.3390/su12114620 



116 Beatrice Bartolucci  et al. / Procedia Structural Integrity 55 (2024) 110–118
 Bartolucci, B. et al./ Structural Integrity Procedia 00 (2019) 000–000  7 

Ascione, F., Bianco, N., De Stasio, C., Mauro, G.M., Vanoli, G.P., 2017a. CASA, cost-optimal analysis by multi-objective optimisation and 
artificial neural networks: A new framework for the robust assessment of cost-optimal energy retrofit, feasible for any building. Energy Build 
146, 200–219. https://doi.org/10.1016/j.enbuild.2017.04.069 

Ascione, F., Bianco, N., De Stasio, C., Mauro, G.M., Vanolu, G.P., 2015. Building Envelope, HVAC Systems and RESs for the Energy Retrofit 
of a Conference Hall on Naples Promenade, in: Energy Procedia. pp. 1261–1268. 

Ascione, F., Bianco, N., Iovane, T., Mastellone, M., Mauro, G.M., Tariello, F., 2022. Energy refurbishment of a University Mediterranean 
building: evaluation of the incentive share to achieve a cost-effective nZEB standard, in: 2022 7th International Conference on Smart and 
Sustainable Technologies, SpliTech 2022. Institute of Electrical and Electronics Engineers Inc. 
https://doi.org/10.23919/SpliTech55088.2022.9854347 

Ascione, F., De Masi, R.F., De Rossi, F., Ruggiero, S., Vanoli, G.P., 2017b. NZEB target for existing buildings: Case study of historical 
educational building in Mediterranean climate, in: Energy Procedia. Elsevier Ltd, pp. 194–206. https://doi.org/10.1016/j.egypro.2017.11.135 

Asdrubali, F., Ballarini, I., Corrado, V., Evangelisti, L., Grazieschi, G., Guattari, C., 2019. Energy and environmental payback times for an NZEB 
retrofit. Build Environ 147, 461–472. https://doi.org/10.1016/j.buildenv.2018.10.047 

Asdrubali, F., Grazieschi, G., 2020. Life cycle assessment of energy efficient buildings. Energy Reports 6, 270–285. 
https://doi.org/10.1016/j.egyr.2020.11.144 

Assimakopoulos, M.N., Papadaki, D., Tariello, F., Vanoli, G.P., 2020. A holistic approach for energy renovation of the town hall building in a 
typical small city of southern Italy. Sustainability (Switzerland) 12. https://doi.org/10.3390/su12187699 

Aste, N., Adhikari, R.S., Buzzetti, M., 2012. Energy retrofit of historical buildings: an Italian case study. Journal of Green Building 7, 144–165. 
Balocco, C., Grazzini, G., 2007. Plant refurbishment in historical buildings turned into museum. Energy Build 39, 693–701. 

https://doi.org/10.1016/j.enbuild.2006.06.012 
Becchio, C., Corgnati, S.P., Spigliantini, G., 2017. Evaluation of refurbishment alternatives for an Italian vernacular building considering 

architectural heritage, energy efficiency and costs, in: Energy Procedia. Elsevier Ltd, pp. 401–411. 
https://doi.org/10.1016/j.egypro.2017.09.370 

Bennadji, A., Seddiki, M., Alabid, J., Laing, R., Gray, D., 2022. Predicting Energy Savings of the UK Housing Stock under a Step-by-Step 
Energy Retrofit Scenario towards Net-Zero. Energies (Basel) 15. https://doi.org/10.3390/en15093082 

Berg, F., Fuglseth, M., 2018. Life cycle assessment and historic buildings: Energy-efficiency refurbishment versus new construction in Norway. 
Journal of Architectural Conservation 24, 152–167. https://doi.org/10.1080/13556207.2018.1493664 

Bertolin, C., Loli, A., 2018. Sustainable interventions in historic buildings: A developing decision making tool. J Cult Herit 34, 291–302. 
https://doi.org/10.1016/j.culher.2018.08.010 

Besana, D., Tirelli, D., 2022. Reuse and Retrofitting Strategies for a Net Zero Carbon Building in Milan: An Analytic Evaluation. Sustainability 
(Switzerland) 14. https://doi.org/10.3390/su142316115 

Borowski, M., 2022. Hotel Adapted to the Requirements of an nZEB Building—Thermal Energy Performance and Assessment of Energy 
Retrofit Plan. Energies (Basel) 15. https://doi.org/10.3390/en15176332 

Bottino-Leone, D., Larcher, M., Herrera-Avellanosa, D., Haas, F., Troi, A., 2019. Evaluation of natural-based internal insulation systems in 
historic buildings through a holistic approach. Energy 521–531. 

Brown, A.I., Hammond, G.P., Jones, C.I., Rogers, F.J., 2009. Greening the UK building stock: historic Trends and Low Carbon Futures 1970-
2050, Transactions of the Canadian Society for Mechanical Engineering. 

Cho, H.M., Yang, S., Wi, S., Chang, S.J., Kim, S., 2020. Hygrothermal and energy retrofit planning of masonry façade historic building used as 
museum and office: A cultural properties case study. Energy 201, 1–15. https://doi.org/10.1016/j.energy.2020.117607 

Congedo, P.M., Baglivo, C., Zacà, I., D’Agostino, D., Quarta, F., Cannoletta, A., Marti, A., Ostuni, V., 2017. Energy retrofit and environmental 
sustainability improvement of a historical farmhouse in Southern Italy, in: Energy Procedia. Elsevier Ltd, pp. 367–381. 
https://doi.org/10.1016/j.egypro.2017.09.364 

Cornaro, C., Puggioni, V.A., Strollo, R.M., 2016. Dynamic simulation and on-site measurements for energy retrofit of complex historic buildings: 
Villa Mondragone case study. Journal of Building Engineering 6, 17–28. https://doi.org/10.1016/j.jobe.2016.02.001 

D’Agostino, D., de’ Rossi, F., Marino, C., Minichiello, F., Russo, F., 2021. Double plus-zero energy historic building and improvement of 
hygrothermal conditions for the Palaeontology Museum of Naples. J Build Phys 45, 148–179. https://doi.org/10.1177/1744259120923016 

D’Agostino, D., De’ Rossi, F., Marino, C., Minichiello, F., Russo, F., 2017. Energy retrofit of historic buildings in the Mediterranean area: The 
case of the Palaeontology Museum of Naples, in: Energy Procedia. Elsevier Ltd, pp. 336–348. https://doi.org/10.1016/j.egypro.2017.09.359 

Dalla Mora, T., Cappelletti, F., Peron, F., Romagnoni, P., Bauman, F., 2015. Retrofit of an historical building toward NZEB, in: Energy Procedia. 
Elsevier Ltd, pp. 1359–1364. https://doi.org/10.1016/j.egypro.2015.11.154 

Dalla Mora, T., Pinamonti, M., Teso, L., Boscato, G., Peron, F., Romagnoni, P., 2018. Renovation of a school building: Energy retrofit and 
seismic upgrade in a school building in Motta Di Livenza. Sustainability (Switzerland) 10. https://doi.org/10.3390/su10040969 

De Santoli, L., Mancini, F., Clemente, C., Lucci, S., 2017. Energy and technological refurbishment of the School of Architecture Valle Giulia, 
Rome, in: Energy Procedia. Elsevier Ltd, pp. 382–391. https://doi.org/10.1016/j.egypro.2017.09.366 

Endo, Y., Takamura, H., 2021. Evaluation of life-cycle assessment analysis: Application to restoration projects and new construction in alpine 
climate, Japan. Sustainability (Switzerland) 13, 1–19. https://doi.org/10.3390/su13073608 

Galiano-Garrigós, A., González-Avilés, Á., Rizo-Maestre, C., Andújar-Montoya, M.D., 2019. Energy efficiency and economic viability as 
decision factors in the rehabilitation of historic buildings. Sustainability (Switzerland) 11. https://doi.org/10.3390/su11184946 

Gravagnuolo, A., Angrisano, M., Nativo, M., 2020. Evaluation of Environmental Impacts of Historic Buildings Conservation through Life Cycle 
Assessment in a Circular Economy Perspective. Aestimum 2020, 241–272. https://doi.org/10.13128/aestim-10004 

8 Bartolucci, B. et al./ Structural Integrity Procedia  00 (2019) 000–000 

Hu, M., 2022. An evaluation of the retrofit net zero building performances: life cycle energy, emissions and cost. Building Research and 
Information. https://doi.org/10.1080/09613218.2022.2142497 

Hu, M., 2017. Balance between energy consumption and environmental impact: Life-cycle energy analysis and life-cycle environmental impact 
analysis. Energy Build 131–139. 

Ismaeel, W.S.E., Ali, A.A.M.M., 2020. Assessment of eco-rehabilitation plans: Case study ‘Richordi Berchet’ palace. J Clean Prod 259. 
https://doi.org/10.1016/j.jclepro.2020.120857 

Karoglou, M., Kyvelou, S.S., Boukouvalas, C., Theofani, C., Bakolas, A., Krokida, M., Moropoulou, A., 2019. Towards a preservation-
sustainability nexus: Applying LCA to reduce the environmental footprint of modern built heritage. Sustainability (Switzerland) 11. 
https://doi.org/10.3390/su11216147 

Knox, A., 2015. Getting to Net Zero on a Budget. Energy Engineering: Journal of the Association of Energy Engineering 112, 33–49. 
https://doi.org/10.1080/01998595.2015.11449891 

Lisitano, I., Fantucci, S., Serra, V., Manuel Blanco-Lorenzo, E., Mattea, I., Lorenzo, B., Manuel, E., Díaz, S., 2018. Energy in cultural heritage: 
The case study of Monasterio de Santa Maria de Monfero in Galicia, in: Construction Pathology, Rehabilitation Technology and Heritage 
Management. 

Loli, A., Bertolin, C., 2021. Application of the Zero Emission Refurbishment method at a district scale. International Journal of Disaster Risk 
Reduction 62. https://doi.org/10.1016/j.ijdrr.2021.102393 

Loli, A., Bertolin, C., Kleiven, T., 2019. Refurbishment of historic buildings at a district scale: Enhancement of cultural value and emissions 
reduction potential, in: IOP Conference Series: Earth and Environmental Science. Institute of Physics Publishing. 
https://doi.org/10.1088/1755-1315/352/1/012023 

Magrini, A., Gobbi, L., D’Ambrosio, F.R., 2016. Energy Audit of Public Buildings: The Energy Consumption of a University with Modern and 
Historical Buildings. Some Results, in: Energy Procedia. Elsevier Ltd, pp. 169–175. https://doi.org/10.1016/j.egypro.2016.11.022 

Mancini, F., Clemente, C., Carbonara, E., Fraioli, S., 2017. Energy and environmental retrofitting of the university building of Orthopaedic and 
Traumatological Clinic within Sapienza Città Universitaria, in: Energy Procedia. Elsevier Ltd, pp. 195–202. 
https://doi.org/10.1016/j.egypro.2017.08.140 

Milone, D., Peri, G., Pitruzzella, S., Rizzo, G., 2015. Are the Best Available Technologies the only viable for energy interventions in historical 
buildings? Energy Build 95, 39–46. https://doi.org/10.1016/j.enbuild.2014.11.004 

Mohaddes Khorassani, S., Ferrari, A.M., Pini, M., Settembre Blundo, D., García Muiña, F.E., García, J.F., 2019. Environmental and social 
impact assessment of cultural heritage restoration and its application to the Uncastillo Fortress. International Journal of Life Cycle 
Assessment 24, 1297–1318. https://doi.org/10.1007/s11367-018-1493-1 

Nagy, Z., Rossi, D., Hersberger, C., Irigoyen, S.D., Miller, C., Schlueter, A., 2014. Balancing envelope and heating system parameters for zero 
emissions retrofit using building sensor data. Appl Energy 131, 56–66. https://doi.org/10.1016/j.apenergy.2014.06.024 

Nastasi, B., Di Matteo, U., 2017. Innovative Use of Hydrogen in Energy Retrofitting of Listed Buildings, in: Energy Procedia. Elsevier Ltd, pp. 
435–441. https://doi.org/10.1016/j.egypro.2017.03.205 

Piderit, M.B., Agurto, S., Marín-Restrepo, L., 2019. Reconciling energy and heritage: Retrofit of heritage buildings in contexts of energy 
vulnerability. Sustainability (Switzerland) 11. https://doi.org/10.3390/su11030823 

Pini, F., Romano, G., Aureli, C., 2019. Energy Refurbishment of the General Physiology Institute at Sapienza University Campus, in: Journal of 
Physics: Conference Series. Institute of Physics Publishing. https://doi.org/10.1088/1742-6596/1351/1/012080 

Pisello, A.L., Petrozzi, A., Castaldo, V.L., Cotana, F., 2014. On an innovative integrated technique for energy refurbishment of historical 
buildings: Thermal-energy, economic and environmental analysis of a case study. Appl Energy 162, 1313–1322. 
https://doi.org/10.1016/j.apenergy.2015.05.061 

Pittau, F., Giacomel, D., Iannaccone, G., Malighetti, L., 2020. Environmental consequences of refurbishment versus demolition and 
reconstruction: a comparative life cycle assessment of an Italian case study 15, 155–172. 

Ramos, J.S., Domínguez, S. Álvarez, Moreno, Mc.P., Delgado, Mc.G., Rodríguez, L.R., Ríos, J.A.T., 2019. Design of the refurbishment of 
historic buildings with a cost-optimal methodology: A case study. Applied Sciences (Switzerland) 9. https://doi.org/10.3390/app9153104 

Rodrigues, C., Freire, F., 2017. Building retrofit addressing occupancy: an integrated cost and environmental life-cycle analysis. Energy Build 
388–398. 

Romano, G., Pennacchia, E., Agostinelli, S., 2020. Historical analysis and refurbishment proposal of the “red schools” in Viterbo, in: E3S Web of 
Conferences. EDP Sciences, pp. 1–7. https://doi.org/10.1051/e3sconf/202019702003 

Ruggieri, G., Dotelli, G., Melià, P., Sabbadini, S., 2013. Life cycle assessment of refurbishment strategies for historic buildings. 
Salem, R., Bahadori-Jahromi, A., Mylona, A., Godfrey, P., Cook, D., 2019. Investigating the potential impact of energy-efficient measures for 

retrofitting existing UK hotels to reach the nearly zero energy building (nZEB) standard. Energy Effic 12, 1577–1594. 
https://doi.org/10.1007/s12053-019-09801-2 

Schibuola, L., Tambani, C., 2012. Renewable energy sources for historic buildings: The crucifers convent in Venice. WIT Transactions on 
Ecology and the Environment 165, 335–346. https://doi.org/10.2495/ARC120301 

Selicati, V., Cardinale, N., Dassisti, M., 2020. Evaluation of the sustainability of energy retrofit interventions on the historical heritage: A case 
study in the city of Matera, Italy. International Journal of Heat and Technology 38, 17–27. https://doi.org/10.18280/ijht.380103 

Serrano, T., Kampmann, T., Ryberg, M.W., 2022. Comparative Life-Cycle Assessment of restoration and renovation of a traditional Danish 
farmer house. Build Environ 219. https://doi.org/10.1016/j.buildenv.2022.109174 

Üçer Erduran, D., Elias-Ozkan, S.T., Ulybin, A., 2020. Assessing potential environmental impact and construction cost of reclaimed masonry 
walls. International Journal of Life Cycle Assessment 25, 1–16. https://doi.org/10.1007/s11367-019-01662-2 



 Beatrice Bartolucci  et al. / Procedia Structural Integrity 55 (2024) 110–118 117
 Bartolucci, B. et al./ Structural Integrity Procedia 00 (2019) 000–000  7 

Ascione, F., Bianco, N., De Stasio, C., Mauro, G.M., Vanoli, G.P., 2017a. CASA, cost-optimal analysis by multi-objective optimisation and 
artificial neural networks: A new framework for the robust assessment of cost-optimal energy retrofit, feasible for any building. Energy Build 
146, 200–219. https://doi.org/10.1016/j.enbuild.2017.04.069 

Ascione, F., Bianco, N., De Stasio, C., Mauro, G.M., Vanolu, G.P., 2015. Building Envelope, HVAC Systems and RESs for the Energy Retrofit 
of a Conference Hall on Naples Promenade, in: Energy Procedia. pp. 1261–1268. 

Ascione, F., Bianco, N., Iovane, T., Mastellone, M., Mauro, G.M., Tariello, F., 2022. Energy refurbishment of a University Mediterranean 
building: evaluation of the incentive share to achieve a cost-effective nZEB standard, in: 2022 7th International Conference on Smart and 
Sustainable Technologies, SpliTech 2022. Institute of Electrical and Electronics Engineers Inc. 
https://doi.org/10.23919/SpliTech55088.2022.9854347 

Ascione, F., De Masi, R.F., De Rossi, F., Ruggiero, S., Vanoli, G.P., 2017b. NZEB target for existing buildings: Case study of historical 
educational building in Mediterranean climate, in: Energy Procedia. Elsevier Ltd, pp. 194–206. https://doi.org/10.1016/j.egypro.2017.11.135 

Asdrubali, F., Ballarini, I., Corrado, V., Evangelisti, L., Grazieschi, G., Guattari, C., 2019. Energy and environmental payback times for an NZEB 
retrofit. Build Environ 147, 461–472. https://doi.org/10.1016/j.buildenv.2018.10.047 

Asdrubali, F., Grazieschi, G., 2020. Life cycle assessment of energy efficient buildings. Energy Reports 6, 270–285. 
https://doi.org/10.1016/j.egyr.2020.11.144 

Assimakopoulos, M.N., Papadaki, D., Tariello, F., Vanoli, G.P., 2020. A holistic approach for energy renovation of the town hall building in a 
typical small city of southern Italy. Sustainability (Switzerland) 12. https://doi.org/10.3390/su12187699 

Aste, N., Adhikari, R.S., Buzzetti, M., 2012. Energy retrofit of historical buildings: an Italian case study. Journal of Green Building 7, 144–165. 
Balocco, C., Grazzini, G., 2007. Plant refurbishment in historical buildings turned into museum. Energy Build 39, 693–701. 

https://doi.org/10.1016/j.enbuild.2006.06.012 
Becchio, C., Corgnati, S.P., Spigliantini, G., 2017. Evaluation of refurbishment alternatives for an Italian vernacular building considering 

architectural heritage, energy efficiency and costs, in: Energy Procedia. Elsevier Ltd, pp. 401–411. 
https://doi.org/10.1016/j.egypro.2017.09.370 

Bennadji, A., Seddiki, M., Alabid, J., Laing, R., Gray, D., 2022. Predicting Energy Savings of the UK Housing Stock under a Step-by-Step 
Energy Retrofit Scenario towards Net-Zero. Energies (Basel) 15. https://doi.org/10.3390/en15093082 

Berg, F., Fuglseth, M., 2018. Life cycle assessment and historic buildings: Energy-efficiency refurbishment versus new construction in Norway. 
Journal of Architectural Conservation 24, 152–167. https://doi.org/10.1080/13556207.2018.1493664 

Bertolin, C., Loli, A., 2018. Sustainable interventions in historic buildings: A developing decision making tool. J Cult Herit 34, 291–302. 
https://doi.org/10.1016/j.culher.2018.08.010 

Besana, D., Tirelli, D., 2022. Reuse and Retrofitting Strategies for a Net Zero Carbon Building in Milan: An Analytic Evaluation. Sustainability 
(Switzerland) 14. https://doi.org/10.3390/su142316115 

Borowski, M., 2022. Hotel Adapted to the Requirements of an nZEB Building—Thermal Energy Performance and Assessment of Energy 
Retrofit Plan. Energies (Basel) 15. https://doi.org/10.3390/en15176332 

Bottino-Leone, D., Larcher, M., Herrera-Avellanosa, D., Haas, F., Troi, A., 2019. Evaluation of natural-based internal insulation systems in 
historic buildings through a holistic approach. Energy 521–531. 

Brown, A.I., Hammond, G.P., Jones, C.I., Rogers, F.J., 2009. Greening the UK building stock: historic Trends and Low Carbon Futures 1970-
2050, Transactions of the Canadian Society for Mechanical Engineering. 

Cho, H.M., Yang, S., Wi, S., Chang, S.J., Kim, S., 2020. Hygrothermal and energy retrofit planning of masonry façade historic building used as 
museum and office: A cultural properties case study. Energy 201, 1–15. https://doi.org/10.1016/j.energy.2020.117607 

Congedo, P.M., Baglivo, C., Zacà, I., D’Agostino, D., Quarta, F., Cannoletta, A., Marti, A., Ostuni, V., 2017. Energy retrofit and environmental 
sustainability improvement of a historical farmhouse in Southern Italy, in: Energy Procedia. Elsevier Ltd, pp. 367–381. 
https://doi.org/10.1016/j.egypro.2017.09.364 

Cornaro, C., Puggioni, V.A., Strollo, R.M., 2016. Dynamic simulation and on-site measurements for energy retrofit of complex historic buildings: 
Villa Mondragone case study. Journal of Building Engineering 6, 17–28. https://doi.org/10.1016/j.jobe.2016.02.001 

D’Agostino, D., de’ Rossi, F., Marino, C., Minichiello, F., Russo, F., 2021. Double plus-zero energy historic building and improvement of 
hygrothermal conditions for the Palaeontology Museum of Naples. J Build Phys 45, 148–179. https://doi.org/10.1177/1744259120923016 

D’Agostino, D., De’ Rossi, F., Marino, C., Minichiello, F., Russo, F., 2017. Energy retrofit of historic buildings in the Mediterranean area: The 
case of the Palaeontology Museum of Naples, in: Energy Procedia. Elsevier Ltd, pp. 336–348. https://doi.org/10.1016/j.egypro.2017.09.359 

Dalla Mora, T., Cappelletti, F., Peron, F., Romagnoni, P., Bauman, F., 2015. Retrofit of an historical building toward NZEB, in: Energy Procedia. 
Elsevier Ltd, pp. 1359–1364. https://doi.org/10.1016/j.egypro.2015.11.154 

Dalla Mora, T., Pinamonti, M., Teso, L., Boscato, G., Peron, F., Romagnoni, P., 2018. Renovation of a school building: Energy retrofit and 
seismic upgrade in a school building in Motta Di Livenza. Sustainability (Switzerland) 10. https://doi.org/10.3390/su10040969 

De Santoli, L., Mancini, F., Clemente, C., Lucci, S., 2017. Energy and technological refurbishment of the School of Architecture Valle Giulia, 
Rome, in: Energy Procedia. Elsevier Ltd, pp. 382–391. https://doi.org/10.1016/j.egypro.2017.09.366 

Endo, Y., Takamura, H., 2021. Evaluation of life-cycle assessment analysis: Application to restoration projects and new construction in alpine 
climate, Japan. Sustainability (Switzerland) 13, 1–19. https://doi.org/10.3390/su13073608 

Galiano-Garrigós, A., González-Avilés, Á., Rizo-Maestre, C., Andújar-Montoya, M.D., 2019. Energy efficiency and economic viability as 
decision factors in the rehabilitation of historic buildings. Sustainability (Switzerland) 11. https://doi.org/10.3390/su11184946 

Gravagnuolo, A., Angrisano, M., Nativo, M., 2020. Evaluation of Environmental Impacts of Historic Buildings Conservation through Life Cycle 
Assessment in a Circular Economy Perspective. Aestimum 2020, 241–272. https://doi.org/10.13128/aestim-10004 

8 Bartolucci, B. et al./ Structural Integrity Procedia  00 (2019) 000–000 

Hu, M., 2022. An evaluation of the retrofit net zero building performances: life cycle energy, emissions and cost. Building Research and 
Information. https://doi.org/10.1080/09613218.2022.2142497 

Hu, M., 2017. Balance between energy consumption and environmental impact: Life-cycle energy analysis and life-cycle environmental impact 
analysis. Energy Build 131–139. 

Ismaeel, W.S.E., Ali, A.A.M.M., 2020. Assessment of eco-rehabilitation plans: Case study ‘Richordi Berchet’ palace. J Clean Prod 259. 
https://doi.org/10.1016/j.jclepro.2020.120857 

Karoglou, M., Kyvelou, S.S., Boukouvalas, C., Theofani, C., Bakolas, A., Krokida, M., Moropoulou, A., 2019. Towards a preservation-
sustainability nexus: Applying LCA to reduce the environmental footprint of modern built heritage. Sustainability (Switzerland) 11. 
https://doi.org/10.3390/su11216147 

Knox, A., 2015. Getting to Net Zero on a Budget. Energy Engineering: Journal of the Association of Energy Engineering 112, 33–49. 
https://doi.org/10.1080/01998595.2015.11449891 

Lisitano, I., Fantucci, S., Serra, V., Manuel Blanco-Lorenzo, E., Mattea, I., Lorenzo, B., Manuel, E., Díaz, S., 2018. Energy in cultural heritage: 
The case study of Monasterio de Santa Maria de Monfero in Galicia, in: Construction Pathology, Rehabilitation Technology and Heritage 
Management. 

Loli, A., Bertolin, C., 2021. Application of the Zero Emission Refurbishment method at a district scale. International Journal of Disaster Risk 
Reduction 62. https://doi.org/10.1016/j.ijdrr.2021.102393 

Loli, A., Bertolin, C., Kleiven, T., 2019. Refurbishment of historic buildings at a district scale: Enhancement of cultural value and emissions 
reduction potential, in: IOP Conference Series: Earth and Environmental Science. Institute of Physics Publishing. 
https://doi.org/10.1088/1755-1315/352/1/012023 

Magrini, A., Gobbi, L., D’Ambrosio, F.R., 2016. Energy Audit of Public Buildings: The Energy Consumption of a University with Modern and 
Historical Buildings. Some Results, in: Energy Procedia. Elsevier Ltd, pp. 169–175. https://doi.org/10.1016/j.egypro.2016.11.022 

Mancini, F., Clemente, C., Carbonara, E., Fraioli, S., 2017. Energy and environmental retrofitting of the university building of Orthopaedic and 
Traumatological Clinic within Sapienza Città Universitaria, in: Energy Procedia. Elsevier Ltd, pp. 195–202. 
https://doi.org/10.1016/j.egypro.2017.08.140 

Milone, D., Peri, G., Pitruzzella, S., Rizzo, G., 2015. Are the Best Available Technologies the only viable for energy interventions in historical 
buildings? Energy Build 95, 39–46. https://doi.org/10.1016/j.enbuild.2014.11.004 

Mohaddes Khorassani, S., Ferrari, A.M., Pini, M., Settembre Blundo, D., García Muiña, F.E., García, J.F., 2019. Environmental and social 
impact assessment of cultural heritage restoration and its application to the Uncastillo Fortress. International Journal of Life Cycle 
Assessment 24, 1297–1318. https://doi.org/10.1007/s11367-018-1493-1 

Nagy, Z., Rossi, D., Hersberger, C., Irigoyen, S.D., Miller, C., Schlueter, A., 2014. Balancing envelope and heating system parameters for zero 
emissions retrofit using building sensor data. Appl Energy 131, 56–66. https://doi.org/10.1016/j.apenergy.2014.06.024 

Nastasi, B., Di Matteo, U., 2017. Innovative Use of Hydrogen in Energy Retrofitting of Listed Buildings, in: Energy Procedia. Elsevier Ltd, pp. 
435–441. https://doi.org/10.1016/j.egypro.2017.03.205 

Piderit, M.B., Agurto, S., Marín-Restrepo, L., 2019. Reconciling energy and heritage: Retrofit of heritage buildings in contexts of energy 
vulnerability. Sustainability (Switzerland) 11. https://doi.org/10.3390/su11030823 

Pini, F., Romano, G., Aureli, C., 2019. Energy Refurbishment of the General Physiology Institute at Sapienza University Campus, in: Journal of 
Physics: Conference Series. Institute of Physics Publishing. https://doi.org/10.1088/1742-6596/1351/1/012080 

Pisello, A.L., Petrozzi, A., Castaldo, V.L., Cotana, F., 2014. On an innovative integrated technique for energy refurbishment of historical 
buildings: Thermal-energy, economic and environmental analysis of a case study. Appl Energy 162, 1313–1322. 
https://doi.org/10.1016/j.apenergy.2015.05.061 

Pittau, F., Giacomel, D., Iannaccone, G., Malighetti, L., 2020. Environmental consequences of refurbishment versus demolition and 
reconstruction: a comparative life cycle assessment of an Italian case study 15, 155–172. 

Ramos, J.S., Domínguez, S. Álvarez, Moreno, Mc.P., Delgado, Mc.G., Rodríguez, L.R., Ríos, J.A.T., 2019. Design of the refurbishment of 
historic buildings with a cost-optimal methodology: A case study. Applied Sciences (Switzerland) 9. https://doi.org/10.3390/app9153104 

Rodrigues, C., Freire, F., 2017. Building retrofit addressing occupancy: an integrated cost and environmental life-cycle analysis. Energy Build 
388–398. 

Romano, G., Pennacchia, E., Agostinelli, S., 2020. Historical analysis and refurbishment proposal of the “red schools” in Viterbo, in: E3S Web of 
Conferences. EDP Sciences, pp. 1–7. https://doi.org/10.1051/e3sconf/202019702003 

Ruggieri, G., Dotelli, G., Melià, P., Sabbadini, S., 2013. Life cycle assessment of refurbishment strategies for historic buildings. 
Salem, R., Bahadori-Jahromi, A., Mylona, A., Godfrey, P., Cook, D., 2019. Investigating the potential impact of energy-efficient measures for 

retrofitting existing UK hotels to reach the nearly zero energy building (nZEB) standard. Energy Effic 12, 1577–1594. 
https://doi.org/10.1007/s12053-019-09801-2 

Schibuola, L., Tambani, C., 2012. Renewable energy sources for historic buildings: The crucifers convent in Venice. WIT Transactions on 
Ecology and the Environment 165, 335–346. https://doi.org/10.2495/ARC120301 

Selicati, V., Cardinale, N., Dassisti, M., 2020. Evaluation of the sustainability of energy retrofit interventions on the historical heritage: A case 
study in the city of Matera, Italy. International Journal of Heat and Technology 38, 17–27. https://doi.org/10.18280/ijht.380103 

Serrano, T., Kampmann, T., Ryberg, M.W., 2022. Comparative Life-Cycle Assessment of restoration and renovation of a traditional Danish 
farmer house. Build Environ 219. https://doi.org/10.1016/j.buildenv.2022.109174 

Üçer Erduran, D., Elias-Ozkan, S.T., Ulybin, A., 2020. Assessing potential environmental impact and construction cost of reclaimed masonry 
walls. International Journal of Life Cycle Assessment 25, 1–16. https://doi.org/10.1007/s11367-019-01662-2 



118 Beatrice Bartolucci  et al. / Procedia Structural Integrity 55 (2024) 110–118
 Bartolucci, B. et al./ Structural Integrity Procedia 00 (2019) 000–000  9 

Vavanou, A., Schwartz, Y., Mumovic, D., 2022. The life cycle impact of refurbishment packages on residential buildings with different initial 
thermal conditions. Journal of Housing and the Built Environment 37, 951–1000. https://doi.org/10.1007/s10901-021-09871-8 

Whitman, C.J., 2019. Evaluating incidental thermal performance improvements of a historic timber-framed building in central Hereford, in: IOP 
Conference Series: Earth and Environmental Science. Institute of Physics Publishing. https://doi.org/10.1088/1755-1315/329/1/012030 

Zazzini, P., Capone, M., 2018. Energy efficiency improvements in historic buildings: Analysis of a case study in central Italy. Modelling, 
Measurement and Control B 87, 135–142. https://doi.org/10.18280/mmc_b.870304 


