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EXTENDED ABSTRACT (eng) 

 

Over time, the growing awareness of the responsibilities of the construction 

sector in the emission of greenhouse gases has prompted the international scientific 

community to investigate the relationship between climate change and the built envi-

ronment. The complexity of this relationship has been definitively clarified by the recent 

IPCC Sixth Assessment Report (AR6), which identified this sector among the most 

impactful anthropogenic activities, while recognizing its high vulnerability to the effects 

of climate change. In this light, research in the construction sector is called upon to 

play a crucial role, as policymakers' choices concerning mitigation and adaptation pol-

icies are significantly influenced by the research advancements of the scientific com-

munity. However, although the body of literature on the topic has been growing expo-

nentially in recent years, it still seems limited compared to the breadth of the problem, 

remaining associated to specific building types, such as residential and office buildings, 

but neglecting others. Undoubtedly, the focus on these buildings was comprehensible 

in the early years of the studies on the topic - since they constitute the most widespread 

building types - but today it is no longer accountable, so much so that it has been 

recognized to be an important research gap even by the IPCC. Indeed, many building 

types, mainly the non-residential ones - have peculiarities that do not allow them to be 

assimilated with others, thus requiring specific research. In detail, the increasingly am-

bitious development of climate policies requires adequate knowledge of the features of 

the whole existing building stock, in order for them to be properly applied. For instance, 

with the goal of reducing Greenhouse Gases emissions by 55% by 2030, a regulatory 

update is underway in the European Union that will include new energy measures in-

volving not only new buildings, but also existing buildings - residential and not - which 



will be required to meet minimum energy performance standards. Accordingly, further 

studies involving different building types are as necessary as ever. 

Among the building types that are potentially highly vulnerable to climate change are 

certainly educational buildings, for multiple reasons. First, they should ensure high lev-

els of energy performance and indoor comfort, as they significantly affect the perfor-

mance, productivity, attendance and health of both teachers and students, who spend 

the majority of their day in school spaces (excluding homes). Second, schools are 

particularly vulnerable to overheating risk, as they are characterised by high occupancy 

rates – which can reach up to four times the occupancy rate of offices - especially 

during the hottest hours of the day. Moreover, it is now recognised that schools lie in 

an inadequate state, hosted in outdated buildings with poor energy performance and 

comfort features, especially in the Italian context. Fortunately, good opportunities for 

renovation come from the ongoing climate policies, which encourage the energy reno-

vation of existing buildings to contain CO2 emissions. However, for them to be properly 

applied, two issues need to be considered. On the one hand, an adequate knowledge 

of the characteristics of the whole school building stock is required to identify its main 

features and thus select sample-buildings to be studied. On the other hand, there is a 

need to conduct specific investigations at the building level, assessing its performance 

under both current and future climate scenarios, to identify potential retrofit solutions 

that will improve its resilience to climate change. However, such studies concerning 

school buildings still appear to be sorely lacking in the literature. 

The present thesis fits within this research context, aiming to explore the energy 

resilience of school building stock located in the Mediterranean area, focusing on the 

Apulia region. Two main macro-objectives led the entire work. First, to provide an over-

view of the current condition of Apulian school building stock, especially from an energy 

perspective, based on the analysis of actual data. Second, to conduct a predictive as-

sessment of the impact of climate change on existing schools, based on energy simu-

lations of representative buildings - properly validated - exploring potential solutions. 

For this purpose, a literature review on the impact of climate change on buildings was 

preliminarily conducted to identify the adopted methodologies and results obtained. 



 

Then, based on information collected in the regional school database, a series of data 

were collected, processed, and analysed to provide an overview of the characteristics 

of this heritage, analysing its typological and technological features. Based on this data, 

a cluster analysis was conducted involving more than 1000 schools, which allowed to 

identify not only homogeneous groups of buildings, but also representative buildings. 

A large-scale survey of the energy performance of schools was then conducted, in-

volving a sample of nearly 50 buildings, showing the evolution of billed consumption 

over a five-year period. In addition, representative buildings were modelled on dynamic 

simulation software and, once validated, were used to assess the impact of climate 

change on schools energy performance. Finally, the effectiveness of different retrofit 

solutions - both in the current and future climate scenarios - was evaluated through a 

life cycle cost assessment. 

The results of the present work - which covered a variety of research topics and in-

volved multiple methodologies - could be a useful reference for public administrations, 

helping to increase awareness of the current state of this building stock of such im-

portance. In detail, the results related to the first macro-objective - which focuses on 

the current conditions of schools – could provide a useful reference in the assumption 

of carrying out intervention planning and identifying priorities. In addition, benchmarking 

energy consumption based on actual data can be a useful reference for assessing the 

conditions of a specific school against the overall data for the region. Instead, results 

related to the second macro-objective - which focuses on schools future performance 

- contribute to increasing public administration awareness of climate change by high-

lighting critical issues specific to schools, as well as providing insight into potential 

solutions. 
 

keywords 

climate change, schools, energy performance, cluster analysis, field study, building 

simulation, life cycle cost analysis, architectural engineering, built environment man-

agement. 

 



  



 

 

 

EXTENDED ABSTRACT (ita) 

 

Nel corso del tempo, la consapevolezza crescente delle responsabilità del set-

tore delle costruzioni nell’emissione di gas climalteranti ha spinto la comunità scienti-

fica internazionale ad approfondire la relazione tra il cambiamento climatico e l’am-

biente costruito. La complessità di tale relazione è stata definitivamente chiarita dal 

recente Sesto Rapporto di Valutazione (AR6) dell'IPCC, il quale ha identificato questo 

settore come una delle attività antropiche di maggiore impatto, riconoscendone al con-

tempo l'elevata vulnerabilità agli effetti del cambiamento climatico. In quest’ottica, la 

ricerca nel settore delle costruzioni è chiamata a svolgere un ruolo cruciale, in quanto 

le scelte dei decisori politici riguardanti le politiche di mitigazione e adattamento ven-

gono largamente influenzate dai progressi compiuti dalla comunità scientifica. Tuttavia, 

sebbene il corpo della letteratura sul tema sia cresciuto esponenzialmente negli ultimi 

anni, essa sembra ancora limitata rispetto all’ampiezza del problema, restando legata 

a specifiche tipologie edilizie, come quella residenziale e quella per uffici, ma trascu-

rando le altre. Indubbiamente, il focus su questi edifici era comprensibile agli albori 

degli studi sul tema - costituendo quelli maggiormente diffusi – ma oggi non è più 

giustificabile, tanto da essere stato riconosciuto essere un importante gap di ricerca 

anche da parte dell’IPCC. Infatti, molte tipologie edilizie – in particolare quelle non resi-

denziali - presentano peculiarità che non consentono di assimilarle alle altre, richie-

dendo pertanto ricerche specifiche. In particolare, lo sviluppo sempre più ambizioso 

delle politiche climatiche, richiede un'adeguata conoscenza delle caratteristiche dell’in-

tero patrimonio edilizio esistente, affinché esse siano applicate correttamente. Ad 

esempio, con l’obiettivo di ridurre le emissioni di gas climalteranti del 55% entro il 2030, 

nell’Unione Europea è in corso un aggiornamento normativo che prevederà nuove mi-
sure che coinvolgeranno non solo gli edifici di nuova costruzione, ma anche quelli esi-

stenti – residenziali e non -, ai quali sarà richiesto di rispettare degli standard minimi di 

prestazione energetica. Di conseguenza, ulteriori studi che coinvolgano diverse 



tipologie edilizie sono quanto mai necessari. Tra le tipologie edilizie potenzialmente vul-

nerabili al cambiamento climatico sono sicuramente da annoverare gli edifici scolastici, 

per molteplici motivi. In primo luogo, essi devono garantire elevati livelli di performance 

energetiche e comfort indoor, poiché influenzano in modo significativo il rendimento, la 

produttività, la frequenza e la salute sia degli insegnanti che degli studenti, che trascor-

rono la maggior parte della loro giornata negli spazi scolastici (escludendo le abita-

zioni). In secondo luogo, le scuole sono particolarmente soggette al rischio di surri-

scaldamento, poiché caratterizzate da elevati tassi di occupazione – che superano an-

che di quattro volte quelli degli uffici – che si concentrano nelle ore più calde della 

giornata. Inoltre, è ormai riconosciuto che le scuole versino in uno stato inadeguato, 

ospitate in edifici ormai datati, dalle povere performance energetiche e caratteristiche 

di comfort, soprattutto nel contesto italiano. Fortunatamente, delle buone opportunità 

di rinnovamento provengono dalle stesse politiche climatiche, che incentivano la riqua-

lificazione degli edifici esistenti, al fine di contenere le emissioni di CO2. Tuttavia, affin-

ché esse siano applicate correttamente, è necessario considerare due aspetti. Da un 

lato è necessaria una conoscenza adeguata delle caratteristiche dell’intero patrimonio 

edilizio scolastico, al fine di identificarne i caratteri peculiari e quindi selezionare degli 

edifici-campione da studiare. Dall’altro lato, è necessario lo svolgimento di indagini 

specifiche a livello di edificio, che ne valutino le performance tanto nello scenario cli-

matico attuale che in quello futuro, in modo da individuare delle potenziali soluzioni di 

retrofit che ne migliorino la resilienza al cambiamento climatico. Tuttavia, studi di que-

sto tipo appaiono ancora molto carenti in letteratura. La presente tesi si inserisce all’in-

terno di questo contesto di ricerca, con lo scopo di esplorare la resilienza energetica 

del patrimonio edilizio scolastico sito in area mediterranea, focalizzandosi sulla regione 

Puglia. Due obiettivi principali hanno guidato l’intero lavoro. In primo luogo, fornire una 

panoramica delle attuali condizioni del patrimonio edilizio scolastico pugliese, soprat-

tutto dal punto di vista energetico, basata sull’analisi di dati reali. In secondo luogo, 

condurre una valutazione predittiva dell'impatto dei cambiamenti climatici sulle scuole 

esistenti, sulla base di simulazioni energetiche di edifici rappresentativi - opportuna-

mente validati - ipotizzando potenziali soluzioni. A tal fine, è stata condotta 



 

preliminarmente un’indagine di letteratura sull’impatto dei cambiamenti climatici sugli 

edifici, allo scopo di identificare le metodologie di indagine e i risultati ottenuti. Succes-

sivamente, sulla base dei dati raccolti nel portale dell’Edilizia Scolastica della Regione, 

sono stati raccolti, elaborati ed analizzati una serie di dati che hanno consentito di for-

nire una panoramica delle caratteristiche di tale patrimonio, analizzandone i caratteri 

tipologici e tecnologici. Sulla base di questi, è stata realizzata una analisi dei cluster 

coinvolgendo oltre mille edifici scolastici, che ha consentito di identificare non solo dei 

gruppi omogenei di edifici, ma anche degli edifici rappresentativi. È stata poi realizzata 

una indagine a larga scala delle performance energetiche delle scuole, coinvolgendo un 

campione di quasi 50 edifici, mostrando l’evoluzione dei consumi misurati per un pe-

riodo di cinque anni. Inoltre, gli edifici rappresentativi sono stati modellati su un soft-

ware di simulazione dinamica e, una volta validati, sono stati utilizzati per valutare l’im-

patto dei cambiamenti climatici sulle performance energetiche. Infine, l’efficacia di di-
verse soluzioni di retrofit – sia nel clima attuale che in quello futuro – è stata valutata 

attraverso un life cycle cost assessment. I risultati del presente lavoro – che ha toccato 

diversi temi di ricerca e coinvolto molteplici metodologie – possono rappresentare un 

utile riferimento per le pubbliche amministrazioni, contribuendo ad incrementare la con-

sapevolezza dello stato attuale di questo patrimonio edilizio di così grande importanza. 

In particolare, i risultati legati al primo macro-obiettivo - che si focalizza sulle condizioni 

attuali delle scuole - contribuiscono a fornire un utile riferimento nell’ipotesi di effettuare 

una programmazione degli interventi, individuandone delle priorità. Inoltre, la definizione 

di benchmark dei consumi energetici basata su dati reali, può costituire un utile riferi-

mento per valutare le condizioni di una determinata scuola rispetto ai dati globali della 

regione. Al contrario, i risultati legati al secondo macro-obiettivo - che si focalizza sulle 

performance future - contribuiscono ad incrementare la consapevolezza delle pubbliche 

amministrazioni sul tema del cambiamento climatico, evidenziandone le criticità speci-

fiche delle scuole, nonché fornendo un’idea delle potenziali soluzioni. 

Keywords  

cambiamento climatico, scuole, prestazioni energetiche, analisi dei cluster, indagine 
sul campo, simulazioni dell'edificio, analisi dei costi del ciclo di vita, architettura tec-
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CHAPTER 1 

1. INTRODUCTION 

1.1. Background and rationale of the research 

Increase in temperatures, rise in frequency and intensity of precipitation, in-

crease in magnitude of heat waves, melting of glaciers, rise in sea level: the adverse 

effects of climate change are now undeniable and noticeable for all to see. In fact, such 

impacts are becoming increasingly pervasive, affecting every area of our planet, and 

making vulnerable not only natural systems, but also the built environment and human 

lives. Although identified since the First Assessment Report (FAR) of the Intergovern-

mental Panel of Climate Change (IPCC) published in 1990 [1], the latest IPCC Sixth 

Assessment Report (AR6) released in 2022 sheds light on the extent and magnitude of 

these impacts, which are beyond any expectation, making them increasingly difficult to 

handle [2].  

Indeed, the Earth's Climate System is suffering a rapid and unusual variation 

that is without precedent in thousands of years. Natural drivers that have always caused 

natural variations in the Climate System are not sufficient to explain such rapid and 

extensive changes: the source is unequivocally to be blamed on human activities. Sci-

entific evidence has proven that human activities can result in a change in the compo-

sition of the atmosphere, due to an increase in the concentration of greenhouse gases 

(GHGs), which can alter the natural greenhouse effect. For instance, in 2019, the con-

centration of CO2 - which represents one of the most impactful GHGs - reached 410 

ppm, which is a frightening finding when we consider that, during the past 800 thou-

sand years, such concentration has never exceeded 300 ppm. Theoretically, the green-

house effect is a beneficial phenomenon that allows a temperature compatible with life 

to be maintained. However, a growth in the concentration of GHGs in the atmosphere 

can increase this effect, trapping infrared radiation near the earth surface and thus lead-

ing to warming temperatures, along with many other effects. Without any doubt, the 



Ludovica Maria Campagna | XXXVI cycle 

2 
 

most evident consequence of climate change on the planet is the increase in tempera-

tures, not only atmospheric, but also oceanic and land temperatures. For instance, an 

average surface temperature 1.1°C higher than pre-industrial levels (1850-1900) has 

been recorded for the period 2011-2020, with larger increases over land (1.59°C) than 

over the ocean (0.88°C) [2]. Currently, the best estimation predicts that 1.5°C will be 

reached in the short-term, intensifying multiple and concomitant risks as well as the 

interaction between climate and non-climate risks, which will create compound and 

cascading risks that are more complex and difficult to manage. In fact, along with in-

creasing temperature, climate change results in many other consequences which affect 

all the ecosystems: increased global precipitation on land, changes in near-surface 

ocean salinity, global retreat of glaciers, ocean warming and acidification, increased 

global mean sea level, and changes in the terrestrial biosphere. In addition, climate 

change exacerbates extreme weather events, such as heat waves, heavy precipitation, 

droughts, and tropical cyclones. Even the human system is not excepted from the ad-

verse effects of climate change, which could involve water scarcity and food produc-

tion; human health, and well-being; cities, settlements, and infrastructure.  

However, scholars agree that both the effects on natural and human ecosys-

tems do not occur across the planet evenly, differing not only between regions, but also 

within regions. The difference in climate risk depends on various climatic hazards, dif-

ferent exposure of systems, as well as their different vulnerability. Consequently, the 

adoption of adaptation measures - which allows for reducing both exposure and vul-

nerability - becomes vital. Evidently, to prevent the disastrous effects of climate change, 

the increase of the adaptive capacity of human and natural systems is not sufficient, 

but mitigation strategies that act directly on the causes of climate variations are needed. 

Therefore, the sectors that most contribute to the emission of GHGs must be identified 

to become the focus of mitigation actions. Five main economic sectors have been rec-

ognised to be responsible for anthropogenic GHG emissions (both direct and indirect): 

industry (34%), Agriculture, Forestry and Other Land Uses (22%), transport (15%), 

buildings (16%), and the energy sector not including electricity and heat generation 

(12%) [2]. The latest AR6 has definitively clarified the complex involvement of the built 
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environment among the anthropogenic drivers of climate change, along with its signif-

icant vulnerability to the inevitable effects of future climate fluctuations. In light of this, 

the research in the construction field is called upon to play a critical role, as the mitiga-

tion and adaptation policies pursued are closely linked to the progress achieved by the 

research community. 

Regarding the role of buildings in climate change, it is worth noting that they 

accounted for 21% of the global GHG emissions recorded in 2019 [3]. The majority of 

these emissions are related to CO2 - while the other GHGs are negligible – which has 

reached 33% of all global CO2 emissions in 2022 [4,5]. These emissions result from 

three main components: indirect emissions (18%), direct emissions (8%) and embod-

ied emissions (7%). Overall, building operations – which affect both direct and indirect 

emissions – account for 30% of final global energy consumption [4]. Consequently, 

mitigation measures become essential, which mainly involve the construction of new 

high-performance buildings, as well as the renovation of existing buildings. Likewise, 

during their life cycle, buildings suffer from climate change, because it leads to signifi-

cant variations in external conditions in which the buildings operate. These impacts 

may concern building structures, building material properties, as well as building indoor 

conditions or building energy use; the latter represent the most widely studied in the 

literature [3]. In fact, the changing climate results in worsening of both energy perfor-

mance [6] and thermal comfort [7], affecting also high-performance buildings [8]. 

Therefore, proper adaptation measures become a crucial factor in addressing climate 

change [9], as the impacts of the climate crisis will continue for centuries, regardless 

of the efforts to reduce anthropogenic GHG emissions [3]. However, the existing liter-

ature on building adaptation strategies to climate change is still limited compared to the 

breadth of the topic [10]. Certainly, evaluating the behaviour of buildings in a changing 

climate is not an easy task, because it adds to the typical difficulties of building behav-

iour simulations those related to the use of future climate projections, which are typi-

cally the domain of climate science and not of research in the built environment. Con-

sequently, although research in the field of climate modelling has achieved remarkable 

results in recent years, the transfer of knowledge to the field of building engineering is 
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found to be slow and, hence, the application to buildings remains limited [11]. Further-

more, the literature still seems to refer to limited building types, such as residential 

[12,13] and office [14,15], while neglecting others. 

Nevertheless, each building type has specific features that do not allow it to be 

compared with others, so it needs to be specifically investigated [16], especially con-

sidering the increasingly more ambitious development of climate policies, whose 

proper application requires adequate knowledge of the characteristics of the existing 

building stock. For instance, the European Union (EU) is discussing a proposal to revise 

the current Energy Performance of Buildings Directive (EPBD) [17], involved in the new 

“fit for 55” package, which aims to achieve a reduction of minimum 55% GHG emis-

sions by 2030. Specifically, all new buildings will be required to be zero-emission by 

2028 (public buildings) or 2030 (all others) [18]. In addition, ambitious prospects affect 

existing buildings, both residential and non-residential. On the one hand, for non-resi-

dential buildings, member states will have to set minimum energy performance stand-

ards, that is, the maximum amount of energy that buildings can use per m2/year, es-

tablishing thresholds by 2030 and 2034. On the other hand, residential buildings will 

have to meet specific energy performance levels, achieving zero emissions by 2050. 

Therefore, properly knowing the behaviour of different building types than residential 

ones becomes more crucial than ever, for proper application of the climate regulations, 

so much that the lack of studies involving non-residential buildings has been clearly 

identified as a knowledge gap in the latest IPCC AR6. In fact, the IPCC Working Group 

III (WGIII) underlines that the analysis of energy demand trends in non-residential build-

ings is limited due to the number of building types included in this category, but mainly 

to the lack of data referred to these building types [3].  

 

The present thesis fits within this research context, focusing on a building type 

that is potentially highly vulnerable to climate change: educational buildings. Indeed, 

schools cannot be assimilated with other types of non-residential buildings due to their 

peculiarities and, hence, they require specific evaluations that have yet to be explored 

in the literature. Firstly, school buildings show discontinuous occupancy, both 
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throughout the day and throughout the year, which can affect their overall behaviour. In 

addition, they are characterised by users’ activities, clothing, and ages significantly 

different from other building types [19], as well as an occupancy level that can reach 

up to four times the occupancy rate of offices [20]. These aspects, together with the 

fact that classrooms operate at full capacity during the hottest hours of the day [19], 

lead to an increased risk of overheating [21]. In addition, school buildings need to en-

sure high levels of indoor comfort for their occupants due to several reasons. In fact, 

indoor environmental conditions play a crucial role in the terms of performance, 

productivity, attendance and health of both students and teachers [22]. Compared to 

adults, children are more vulnerable to poor thermal comfort conditions due to their 

age, bodies, and differences in metabolism [23].  

Despite the recognised importance of such heritage in the human society, as 

children spend most of their time in school spaces (except for home) [24], scholars 

agree that it is often an outdated and inadequate heritage, especially in the Italian con-

text [25]. In fact, school buildings are characterized by poor energy performance and 

inadequate indoor comfort levels. Taking action to improve them is as urgent as ever, 

especially since these troubles will be exacerbated by climate change. Large opportu-

nities for renovating the school building stock arise precisely from emerging climate 

policies, since - as mentioned - one of the main ongoing policies concerns the renova-

tion of the existing building stock, with the aim of reducing its high levels of energy 

consumption [26]. Despite good proposals, the annual renovation rate of buildings is 

still inadequate [27], therefore a new EU directive has been enacted in 2020 with the 

aim of doubling the annual energy renovation rate over the next 10 years, considering 

the possibility to extend both renovation and energy audit requirements to all public 

buildings, including schools [28]. Similarly, an investment program focusing on the 

renovation of school buildings has been planned in Italy to improve energy classes with 

a consequent reduction in energy consumption [29].  

To adequately capture these renovation opportunities, a twofold awareness is 

required: a comprehensive knowledge of the building stock to understand its current 

state and thus establish priorities for actions, as well as detailed knowledge at the 
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building level to identify how energy is actually being used and to identify opportunities 

for energy savings. In addition, since the climate is unavoidably expected to change, 

savings opportunities should be evaluated not only in the current climate but also con-

sidering the expected future climate conditions. The whole process is as tricky as ever 

because it faces problems at different levels. 

Firstly, an in-depth knowledge of the entire building stock is not feasible [30], 

so it is necessary to identify appropriate typical buildings (i.e., reference buildings [31]) 

as representative of homogeneous classes of buildings [32]. Within this framework, 

the identification of appropriate characteristics to classify buildings represents the main 

challenge [30], which is often further complicated by the unavailability of such data. In 

fact, collecting field data from a large sample of schools seems complex and time-

consuming, as it requires the involvement of several stakeholders who are required to 

make data available [33,34]. Consequently, research often identifies representative 

buildings based on samples consisting of a small number of schools, the only ones for 

which exhaustive data are available. 

Secondly, to explore the renovation potential of the building sample, a large-

scale analysis of actual consumption needs to be performed both to understand its 

status and identify energy benchmarks which allows for assessing energy performance 

and retrofit effectiveness [35]. In this framework, a significant gap in the literature has 

been found to be the lack of energy benchmarks that denote actual energy consumption 

[36], because the commonly methodological approach to assess the energy perfor-

mance of a sample of buildings is based on software simulations [37,38], while studies 

that rely on analysis of field data still seem limited [39]. Once again, the lack of empir-

ical studies can be attributed to the unavailability of actual data [33]. In fact, in contrast 

to other countries [40], Italy lacks a national electronic database that systematically 

collects and reports information concerning efficiency and energy consumption of 

school buildings. Consequently, the state of public schools is only surveyed by spo-

radic reports published by national research centres [41] or private associations [25].  

Third, once representative buildings have been selected, it is required to identify 

the appropriate methodology to reliable evaluate their performance not only under 
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current climate scenarios but also under future climate scenarios. In this regard, cor-

rectly analysing the behaviours of buildings becomes the fundamental basis for as-

sessing performance variations due to changing climatic conditions. For this purpose, 

the literature currently adopts the so-called white-box models, which are physics-based 

models that require detailed knowledge of the characteristics of the physical system, 

since they analyse energy behaviour by solving heat and mass balance equations [42]. 

However, although software like Energy Plus or TRNSYS potentially yields detailed out-

comes, there are often discrepancies between simulated and actual behaviour because 

software requires many input parameters that can be biased by both epistemic and 

aleatory uncertainties [43]. In detail, the gap between actual and simulated building 

energy performance is known as the "performance gap" problem, addressed in CIBSE 

TM54 [44], and requires a calibration process to be solved [45], although still not al-

ways performed in the literature. Clearly, to assess the impacts of climate change on 

buildings, appropriate methodology to generate future climate files should be adopted 

[6,46], which represent the boundary conditions needed to carry out simulations. In 

this regard, the literature still seems to lack studies using the new Shared Socioeco-

nomic Pathways (SSPs) scenarios [16]. 

Fourth, approaches based on evaluating not only energy performance but also 

costs should be adopted to assess the effectiveness of retrofit measures, to encourage 

stakeholders to implement the interventions. Nevertheless, examples of life cycle cost 

analysis in the literature are based on the evaluation of a few intervention measures, 

often manually combined a priori, lacking a consistent method for identifying optimal 

solutions [47]. In detail, examples applied to school buildings are very limited and lack 

any consideration of effects due to changing environmental conditions. 

1.2. Literature gaps 

The previous section has provided an overview of the research background in 

which the present dissertation falls. As evident, multiple research topics are ap-

proached, starting with future climate modelling in the context of built environment re-

search, moving from the characterization of an existing building stock and the field 

investigation of its performance, and ending with predictive simulation at the building 
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scale of representative schools in current and future weather conditions. Clearly, each 

of these topics suffers from literature gaps, which represent the basis on which the 

present study is built.  

With reference to the climate change macro area: 

• The literature on the impacts of climate change still appears to be related to 

specific building types, mainly residential and office buildings, lacking other 

building typologies. However, since the inevitable effects of climate change will 

require the adoption of adaptation measures, understanding the behaviour of 

different building types is as essential as ever, as clarified by the IPCC. 

• Literature lacks studies based on the latest IPCC SSPs scenarios, which repre-

sents an issue because impact assessments are strongly influenced by the 

emission scenario selected to generate future weather files. 

Referring purely to the research area concerning school buildings: 

• The samples selected to identify school buildings as representative for in-depth 

analyses consist of a small number of buildings, the only ones for which ex-

haustive data are available. Moreover, literature is completely lacking in such 

studies involving schools in southern Italy, for which representative buildings 

to study are missing. 

• Empirical evidence on energy performance of school samples appears limited 

due to the difficulty in retrieving data, although field data analysis is crucial in 

the built environment management. The only Italian studies found in the litera-

ture concern schools located in northern Italy and are now outdated. 

• Studies looking at the impact of climate change on school buildings are very 

limited and based on outdated climate scenarios. 

• Literature lacks studies regarding schools that analyse different retrofit options 

by evaluating their cost-benefit effectiveness while considering the effects of 

changing environmental conditions due to climate change. 

1.3. Thesis aim and research questions 

The main purpose of this thesis is to explore the energy resilience to climate 

change of the school building stock in the Mediterranean area. In detail, since the 
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doctoral program of the writer was funded by a grant from the Apulia Region, the re-

search adopts the Apulia Region as a case study, focusing on the municipally owned 

schools (pre-schools, primary and lower secondary schools). Two macro-objectives 

have driven the work: 

• Providing a comprehensive overview of the current condition of Apulian school 

building stock, performing a large-scale field assessment of the energy status 

of existing schools, which could provide a useful reference for policy makers 

in planning intervention programs, identifying priorities.  

• Conducting a predictive assessment of the impact of climate change on existing 

schools at the building scale, based on representative validated buildings, to 

increase stakeholder awareness of the issue, highlighting critical challenges 

specific to schools, and providing guidance on potential solutions. 

The above macro-objectives have been developed into the following research ques-

tions, based on the literature gaps previously explained. 

• RQ1. What are the main implications of climate change on building energy con-

sumptions according to the existing literature? 

This research question is related to the following sub-questions: 

RQ1.1. To what extent do these implications differ between the studies? 

RQ1.2. Since several research methodologies can be pointed out, are there any 

correlations between methodological inputs and research outcomes? 

• RQ2. What are the main features of Apulian school buildings and how can they 

be split into homogeneous clusters to identify representative buildings for en-

ergy analyses? 

• RQ3. What is the current energy performance status of Apulian school buildings 

and what have been the trends in billed consumption in recent years? 

• RQ4. What will be the impact of climate change on the energy performance of 

school buildings? 

• RQ5. If we were obliged to renovate our schools by meeting the normative val-

ues, would it be sufficient to achieve them or would it be appropriate to exceed 

them, also considering how the climate context will evolve? 
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1.4. Structure of the thesis 

Given the multitude of research topics addressed and the variety of methodol-

ogies employed, the present dissertation is divided into eight Chapters, each one seek-

ing to answer a research question (Figure 1). For each chapter, a brief introduction that 

contextualises the research question is provided, outlining its related research objec-

tives; then the methodology adopted, and the results obtained are reported. 

This chapter has provided the background of the research, highlighting gaps in the lit-

erature, and clarifying the research questions which underly the work.  

Since the research involves two main topics - climate change and school buildings - 

Chapter 2 provides a brief review of the state of knowledge related to these issues. 

Firstly, subsection 2.1 explores the topic of climate change, presenting the theoretical 

background behind climate change theory, discussing the complex relationship be-

tween climate change and built environment, and deepening existing methodologies for 

considering climate change in building research. Then, subsection 2.2 provides an 

overview of research concerning the school building stock from different perspectives, 

covering all topics addressed in the thesis. First, the Italian school building stock - the 

subject of the study - is briefly presented. Then, methods for characterizing the school 

building stock are discussed and existing studies on field schools energy assessments 

are reviewed. Finally, a review of existing literature concerning school buildings in a 

changing climate is presented. 

Given the state of the art, Chapter 3 delves deeper into the topic of climate change 

related to building energy performance, attempting to answer RQ1 through a meta-

analysis. The objective is to highlight the main implications of climate change on build-

ing consumption through an extensive literature review, conducted both from a qualita-

tive and a quantitative perspective, to identify potential relationships between energy 

variation and a series of variables that depend on the methodology adopted. 

Chapter 4 moves into the field of school buildings, aiming to answer RQ2, first showing 

an overview of the main features of the Apulian school building stock, and then detailing 

how the stock is split in homogeneous clusters to identify representative buildings for 

further energy analyses. Indeed, starting from an overview of the typological and 
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technological features of the school building stock, the goal is to find suitable predictors 

to divide the large number of schools into homogeneous clusters, to identify repre-

sentative buildings for each cluster. 

Provided the comprehensive overview of Apulian schools, Chapter 5 deals with RQ3, 

presenting an insight into the actual energy performance of school buildings, through a 

large-scale field study, based on gas and electricity consumption data billed over a five-

year period (2017–2021) in almost 50 schools. The main objective is to explore energy 

use in schools, assessing the trend in consumption in recent years, as well as identi-

fying energy benchmarks. 

Completed the investigation at the regional level, Chapter 6 moves down to the building 

scale, aiming to answer RQ4, exploring the impact of climate change on the energy 

performance of school buildings. For this purpose, based on the cluster analysis carried 

out in Chapter 4, four representative schools are identified to be used for energy anal-

ysis. These buildings are modelled in a dynamic simulation software and calibrated 

against measured data adopting an automatic optimisation-based calibration approach, 

thus providing a reliable reference for these and future analyses. In addition, to evaluate 

the impact of climate change, future climate files are generated, based on the latest 

SSPs Socioeconomic Pathways scenarios. 

After analysing the impact of climate change on energy needs, Chapter 7 discusses 

potential solutions, dealing with RQ5. The objective is to compare retrofit intervention 

in compliance with the reference building required by the Italian regulation with im-

proved retrofitted options, performing a life cycle cost analysis with an optimisation 

approach. 

Chapter 8 provides the overall conclusions and suggestions for future works.  
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Figure 1. Structure of the thesis, outlining the research questions addressed in each chapter and the 
methodologies involved. 
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CHAPTER 2 

2. STATE OF THE ART 

The present chapter aims to set the research context, presenting a brief over-

view of the state of the art concerning the two main themes that provide the background 

for the research. In detail, the issues related to climate change are discussed in section 

2.1, while an overview of research concerning the school building stock is provided in 

section 2.2. Both subsections are drawn starting from some of the previous works of 

the writer: the main references are [16] for the subsection related to climate change 

and [48] for the subsection related to school buildings. 

2.1. The climate emergency 

The struggle against climate change is undoubtedly the major challenge of our 

century, involving the whole international community on several fronts. Indeed, the 

complexity of the issue unavoidably requires a joint effort by the entire community, 

involving political forces, research communities and the citizens themselves.  In detail, 

advances in the construction research field have an important responsibility in this pro-

cess, as buildings significantly contribute to CO2 emissions while suffering the negative 

impacts of climate change. 

The present section aims to provide a brief overview of the topic of climate change, 

starting with the theoretical background supporting the subject, then outlining the close 

relationship with the built environment, and finally providing an overview of the methods 

for taking climate change into account in building research activities. 

2.1.1. Theoretical background 

The topic of climate change is not something new, as discussed since as early 

as the 1990s, with the publication of the First IPCC Assessment Report (FAR) [1]. Alt-

hough it has often been underestimated throughout the recent years, the increasingly 

evident effects of climate change no longer allow us to overlook it, as it now represents 

a worldwide emergency. The two main references in defining climate change are given 
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by the United Nations Framework Convention on Climate Change (UNFCCC) and the 

IPCC, which, however, differ in one main factor. In fact, the UNFCCC defines climate 

change as “a change of climate which is attributed directly or indirectly to human ac-

tivity that alters the composition of the global atmosphere and which is in addition to 

natural climate variability observed over comparable time periods” [49]. Otherwise, the 

IPCC defines climate change as “a change in the state of the climate that can be iden-

tified (e.g., by using statistical tests) by changes in the mean and/or the variability of 

its properties and that persists for an extended period, typically decades or longer” 

[50]. Accordingly, the UNFCCC associates the term climate change specifically with 

anthropogenic causes, while the IPCC adopts the term more broadly, regardless of 

whether it depends on natural or human causes. Indeed, for a long time the causes of 

climate change have been debated, often denying the responsibility of human actions 

in this regard, as climate variations have always existed. However, natural drivers are 

not enough to justify the rapidity and magnitude of changes in the Climate System, 

making clear the responsibility of human activities in such processes. The Global Cli-

mate System is undoubtedly a complex system, regulated by a multitude of relation-

ships, which are studied by climate science. However, understanding how it works is 

critical to understanding the phenomenon of climate change, the factors that drive it 

and the implications it entails. The Global Climate System is made up of five major 

interacting components: the atmosphere, the hydrosphere, the cryosphere, the litho-

sphere, and the biosphere. In particular, the atmosphere is made up of nitrogen 

(78.1%), oxygen (20.9%), and argon (0.93%), as well as the so-called Greenhouse 

Gases (GHGs), which include water vapour (H2O), carbon dioxide (CO2), methane 

(CH4), nitrous oxide (N2O) and ozone (O3). Although they occur in limited amounts – 

accounting for only 0.1% - the GHGs play a crucial role in climate change. Indeed, the 

GHGs are responsible for the greenhouse effect, a natural process that allows the Earth 

to maintain an average temperature suitable for life. Briefly, the main energy source 

driving the Climate System is the solar radiation, which reaches our planet in the form 

of electromagnetic radiation [51]. About one-third of the incoming solar radiation is 

immediately reflected back into the space, one-fifth is absorbed by the atmosphere, 
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while a further one-half is absorbed by the Earth's surface (oceans and lands), which 

warms up. Part of such heat is returned from the Earth's surface in the form of infrared 

radiation, being partly released into the space and mostly absorbed by GHGs in the 

atmosphere (70%). The GHGs allow infrared radiation to be absorbed and re-emitted in 

all directions, including towards the Earth's surface, leading to an increase of tempera-

ture near the Earth's surface, and thus ensuring temperature values compatible with 

life. Overall, a balance between the incoming solar radiation and the outgoing solar 

radiation is required. Otherwise, if the energy balance is perturbed, variations in the 

Climate System may occur. For instance, due to the reasons previous explained, the 

concentration of GHGs in the atmosphere can significantly alter the Climate System. 

Actually, the Climate System has always been characterized by its own varia-

bility, due to changes in the internal dynamics of the System (internal variability) or due 

to changes in the external forcings of the System (forced variability), including both 

natural and anthropogenic causes. Natural forcings involve solar variations, volcanic 

eruptions, as well as orbital forcings and plate tectonics, whereas anthropogenic forc-

ings mainly involve changes in atmospheric composition and in land use (Figure 2). 

 

Figure 2. Climate system variability: external forcings and internal responses. 

 

Undoubtedly, the most noticeable periods of changes in the Climate System 

were the eight glacial-interglacial cycles over the past 800 thousand years. During these 
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cycles, atmospheric CO2 concentrations, global mean surface temperature and global 

mean sea level – considered as the key indicators of climate change – experienced 

natural variations recurring in dominant cycles of about 100 thousand years. In that 

case, the main cause was natural and relied upon the oscillations in the Earth’s orbit 

and consequent feedbacks on multi-millennial time scales [50]. The existence of peri-

ods such as glacial areas, has led many people to consider the climate change we are 

experiencing also as natural. Instead, scientific evidence shows that there is a great 

difference. In fact, over the past 800 thousand years, atmospheric CO2 concentrations 

always ranged between 174 ppm and 300 ppm, which can be considered as a “natural” 

global-scale range of variation. However, starting from 1750, the growth in CO2 con-

centrations has far exceeded such natural variations, reaching 410 ppm in 2019. Like-

wise, other GHGs like CH4 and N2O follow the same pattern of increase, dramatically 

affecting our Climate System. In fact, as already explained, the GHGs concentration in 

the atmosphere can alter the natural greenhouse effect, trap infrared radiation near the 

surface and thus leading to temperatures increase, as well as many other effects. Such 

rapid and extensive change cannot be explained by natural drivers, but must be une-

quivocally attributed to human activity, resulting in an increase in GHGs emissions. 

Such evidence led to the definitive awareness that “human influence has warmed the 

atmosphere, the ocean and the land”, leading to atmosphere, ocean, cryosphere, and 
biosphere changes (Figure 3). 

As clarified, such significant variations are undoubtedly caused by anthropo-

genic activities, which however assumed great potential in terms of climate change 

mitigation actions. Among the most impactful activities, burning of fossil fuels and 

changes in land use appear to be the major drivers. For instance, the increase in CO2 

concentrations is related to the burning of coal, oil and gas, but also to transportation, 

building heating and cooling and the manufacture of products (mainly cement), as well 

as deforestation. The growth of N2O concerns the burning of fossil fuels, but also the 

agricultural activities, due to the widespread use of fertilizers. The rise of CH4 is mainly 

related to the livestock farming, since animals like cows and sheep produce a signifi-

cant amount of methane when they digest food.  
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Figure 3. Changes in global surface temperature relative to 1850-1900. From ref. [52] 

 

Even though the negative consequences of climate change have been clear 

since the FAR [1], their extent and magnitude have appeared beyond expectations in 

the latest report, making it clear how they are increasingly difficult to manage [2]. Cli-

mate change affects both ecosystem and human systems, but its impacts do not ho-

mogeneously affect the regions of our planet. Indeed, significant differences can be 

observed, related to climate hazards, exposure, and vulnerability of the systems, which 

constitute the so-called climate risks. To reduce such risks, adaptation strategies are a 

crucial point since they limit both exposure and vulnerability of the systems. Clearly, all 

the systems (natural or human) have a certain adaptive capability, but climate hazards 

often exceed their ability to adapt, causing damage or losses. Different strategies are 

available to increase the systems adaptability, whose implementation depends on the 

government policies but is crucial to support a climate resilient development. Neverthe-

less, to limit the adverse effects of climate change, increasing in adaptation capacity of 

human and natural system is not enough, but the adoption of mitigation strategies is 

also required. Overall, mitigation strategies involve both strategies to reduce GHGs 

emissions from energy production/use and land use, as well as strategies to remove 
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emissions already emitted in the atmosphere through land use or other mechanisms, 

included artificial ones. Of course, such strategies can be applied to all sectors respon-

sible for GHGs emissions, with different potential and costs [3].  

2.1.1. The role of the built environment 

The built environment consists of three main components: buildings, infrastruc-

ture, and human-made landscape. Complex and interrelated relationships occur among 

these components, affected by social, environmental, and economical aspects. Nowa-

days, the built environment is facing problems like overpopulation, poverty, excessive 

energy consumption, and pollution, exacerbated by the growing issue of global and 

local climate changes. Indeed, the built environment shows a high vulnerability to cli-

mate risk, that directly produces adverse impacts or worsens impacts that would occur 

anyway because of the problems mentioned above [53]. Moreover, given the complex 

relationships that govern the built environment, impacts usually extend beyond the area 

directly affected by climate risk [3]. Three main hazards have been identified to affect 

the built environment, briefly described below [2]. 

• Temperature extreme, since climate change leads not only to an increase in 

global average temperatures, but also in an increase in frequency and magnitude 

of regional heat wave events, which strongly impact urban systems. In particular, 

large cities suffer from higher temperatures than suburbs and rural areas due to 

the urban heat island phenomenon, which can be exacerbated by the increasing 

heat waves. The adverse effects of urban overheating are manifold and well-doc-

umented, involving energy demand and supply, environmental quality, heat-re-

lated mortality, and survivability [54].   

• Urban flooding and sea level rise, mainly relevant to cities located on low eleva-

tion coastal zone [55]. Overall, the reduction of the permeable surface area of the 

soil due to urban expansion as well as the changes in the frequency and intensity 

of rainfall concur to increase the flooding risk [56]. 

• Urban water scarcity, due to the growing gap between water demand and supply, 

related to land use changes, migration to cities, together with rising temperatures 

and drought [57]. 
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Evidently, urgent adaptation measures are required to increase the built environment 

resilience to the irreversible impacts of climate change, even because cities are often 

exposed to multiple climate hazards [58]. At the same time, urban settlements strongly 

influence climate change as they are recognized to be large emitters of CO2, accounting 

for 70% of global CO2-eq emissions [3]. 

The IPCC Working Group III definitively sheds light on the responsibilities of the 

construction sector in GHGs emissions. In fact, among the five main economic sectors 

responsible for anthropogenic GHGs emissions, there are industry (34%), buildings 

(16%), Agriculture, Forestry and Other Land Uses (22%), transportation (15%) and 

other energy uses [2]. In 2019 the construction sector has been responsible of 21% of 

global GHGs emissions [3], resulting from: direct emissions related to building opera-

tions (i.e., heating, cooling, ventilation, or air conditioning); indirect emissions, associ-

ated with fuel combustion for the off-site generation of electricity and heat, then con-

sumed in the buildings as energy end-use; embodied emissions associated with the 

production of building materials. Such emissions are mainly related to CO2, for which 

buildings reaches the 31% of global emissions [3]. Referring to more recent data, in 

2022, the construction sector accounted for about one-third of total energy system 

emissions: the 26% was related to building operations (8% representing direct emis-

sions and 18% indirect emissions), while the 7% was related to building materials. 

Given the significance of the construction sector in increasing CO2 concentra-

tions, it also shows high potential in terms of mitigation strategies. In particular, the 

main measures involve the construction of new high-performance buildings as well as 

the renovation of the existing building stock, which thus represent the main building 

policies promoted by the international community. The construction of new high-per-

formance buildings requires an appropriate building shape and orientation, an efficient 

envelope to reduce thermal losses between indoor and outdoor environment, as well 

as advanced HVAC technologies to meet the thermal needs. Such buildings are now 

compulsory in many countries due to the existence of specific regulations and allow 

for reductions in emissions related to the building operation phase. However, their cost-

effectiveness is often debated, as well as their effectiveness in terms of embodied 
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emissions, which could grow compared to a traditional building. Otherwise, the reno-

vation of existing buildings requires an improvement of both efficiency and utilisation. 

To improve the building efficiency, energy retrofits can be carried out, which could 

involve envelope retrofit and/or systems replacement. Also, the replacement of lights, 

appliances, and equipment is considered as an efficient solution. In addition, for both 

existing and new buildings the integration of renewable energy technologies is required 

to further reduce the building direct emissions, which is now mandatory in many coun-

tries. In this context, the technological advances achieved by the scientific community 

in the construction research field are crucial to the identification of effective and envi-

ronmentally low-impact technologies. In addition, it is worth noting that the effective-

ness of both new high-performance buildings and retrofitted buildings should be eval-

uated not only considering the actual climate scenarios, but also the future weather 

scenarios. In fact, besides contributing to climate change, the construction sector suf-

fers its adverse consequences as it alters the typical environmental conditions in which 

buildings operate, and this will happen regardless of efforts to tackle the climate crisis. 

Four main categories summarise the potential impacts of climate change on buildings: 

impacts on building structures, impacts on building construction, impacts on building 

material properties, impacts on building indoor conditions or building energy use [59]. 

Among them, impacts on building energy use and indoor conditions undoubtedly rep-

resent the most investigated category in the literature, since the focus is on the rising 

temperatures [10]. Scientific evidence shows that global warming affects thermal 

needs, leading to a decrease in heating needs and an increase in cooling needs, which 

result in an overall growth in total energy consumption. Clearly, the impacts of climate 

change are not homogeneous across the planet, but the magnitude of these variations 

depends on the location investigated [16]. It is worth noting that the increase in cooling 

needs not only influences energy consumption (and thus direct emission of GHGs), but 

also affects the peaks in energy demand. For instance, the rise in both frequency and 

magnitude of extreme phenomena such as heatwaves during summer increases the 

risk of grid failures and supply interruptions [60]. Furthermore, indoor comfort condi-

tions suffer from global warming, which leads to a growth in the risk of overheating 
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[61], also in high-performance buildings [8]. Clearly, buildings located in large cities 

particularly experience this risk due to urban overheating [54]. Accordingly, adaptation 

measures are vital to address the unavoidable consequences of the climate crisis. Strat-

egies for adapting buildings to climate change are manifold and extensively discussed 

by the IPCC Working Group II in the AR6, in which a whole section is dedicated to 

buildings [2]. Unavoidably, adaptation strategies are intertwined with mitigation strate-

gies, making often difficult to distinguish between them, since some mitigation strate-

gies lead to beneficial effects on adaptation and vice versa [62]. For instance, due to 

global warming, keeping comfortable temperatures inside buildings will be much 

harder, increasing the risk of discomfort. To meet the thermal needs (mainly cooling) 

and ensure adequate indoor comfort conditions, greater energy demand will be re-

quired, leading to a growth of energy consumption and thus CO2 emissions [63]. Con-

sequently, implementing adaptation strategies that improve indoor comfort under new 

climate scenarios also leads to a reduction in energy consumption as well as CO2 emis-

sions, even acting as a mitigation strategy. Overall, adaptation is achieved by increasing 

the adaptive capacity of buildings to climate variations, ensuring user comfort, also 

during climate extremes. The main strategies include reducing both heating and cooling 

demand, but also improving appliance efficiency and using renewable energy systems 

[64]. Clearly, the strategies selection depends on several factors, like the building type 

and the building location as well [16]. Among adaptation strategies, passive measures 

that improve the building envelope seem to be the most frequently implemented, en-

hancing its thermal performance. They involve the implementation of green roofs or 

green facades [65], changes in the thermal mass of opaque envelope [66], as well as 

the increase of insulation levels [67,68]. Thanks to the latter, the heat exchange be-

tween outdoor and indoor environment can be limited, contributing to reduce both heat-

ing and cooling needs and ensuring adequate indoor comfort conditions. However, to 

be effective, adaptation measures must be carefully selected considering the environ-

mental context in which they will be installed. For instance, especially in warmer cli-

mates, the increase of insulation level could lead to negative impacts by increasing 

cooling needs [69], if not combined with further strategies [70]. As an example, adding 
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solar shadings (i.e., overhangs, louvres) can significantly contribute to reduce cooling 

heat loads by shielding the building from solar radiation thus reducing internal heat 

loads [71]. Likewise, the reduction of internal loads can be achieved by increasing 

natural ventilation, especially in the night-time [72]. Nevertheless, the effectiveness of 

natural ventilation can be limited in the long term due to the average increase in outdoor 

temperatures [73]. Although these constitute the adaptation strategies proven to be 

most effective, many other options are available. The aforementioned strategies are 

called hard adaptation measured, because they alter the buildings structure. In addition, 

there are the so-called soft adaptation strategies, which require a change in users’ be-

haviour (for instance new strategies for windows opening). Also new patterns in build-

ing use can be considered among the soft adaptation measures, which include new 

working hours, different schools hours, different setpoint temperatures for heating and 

cooling systems. However, such strategies present some limitations, firstly related to 

the difficulty of assessing their robustness in terms of likelihood of implementation, 

thus - while potentially effective - they cannot replace hard measures [74,75]. 

2.1.3. Climate change modelling in building research 

The complex relationship between climate change, buildings and GHGs emis-

sions has been explored since the publication of the FAR in 1990 [76,77]. Nevertheless, 

a significant growth in the body of literature on this topic has occurred after the release 

of the IPCC Third Assessment Report (TAR) in 2001. Overall, research studies involving 

climate change and buildings pursue five main targets [78], briefly described below.  

• Assessment of climate change impacts on building energy consumption.  

• Evaluation of building adaptation and mitigation measures against adverse ef-

fects of climate change.  

• Assessment of building retrofit strategies to cope with climate change.  

• New tools and methods for future climate projection. 

• Uncertainty of climate projection models and their impact on building simulation 

results. 

Regardless of the end goal, the methodologies adopted in assessing the impact 

of climate change on buildings include three main steps [16], summarised in Table 1. 
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They cover the identification of the study context (geographical context and building 

typology), the prediction of future weather data (based on the selection of emission 

scenarios, General Circulation Models, downscaling technique, weather file types, 

study period), and the evaluation of building performance (mainly with dynamical sim-

ulation models). Each phase is characterized by a range of uncertainties, making the 

assessment of the relationship between the built environment and the outdoor climate 

even more complex. 

Table 1. Methodological phases to evaluate climate change impacts on building performance, adapted 
from the writer's work [16]. 

Methodolog-

ical phase 

Ref. Input variable Variation 

1. Study  
context 

[79] Geographical context Difference climate resulting 
in different Heating Degree 
Days (HDDs) and Cooling 
Degree Days (CDDs) 

[80] Building type Residential, Office, Com-
mercial etc. 

[81] Reference period Different baseline period de-
pending on the recorded 
data availability (TMY2, 
TMY3, IWEC) 

2. Future 
weather files 
prediction 

[52,82,83] Storyline/Representa-
tive Concentration 
Pathways 

Emissions Scenarios 
(SRES), Representative 
Concentration Pathways 
(RCPs), Shared Socioeco-
nomic Pathways (SSPs)  

[15] Global Circulation 
Model (GCMs) 

Single or combined GCMs 

[84] Downscaling  
technique 

Statistical (imposed offset 
method - i.e., morphing - or 
stochastic weather method) 
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Dynamical (using Regional 
Climate Models, RCMs).  
Hybrid 

[85] Weather file type Typical Meteorological Year 
(TMY), Extreme Cold Year 
(ECY), Extreme Warm Year 
(EWY) 

 [86] Study period Near term, middle term, long 
term 

3. Building 
performance 
assessment 

[87] Building models Dynamical energy simula-
tion model, regression 
model (degree-days 
method) 

 

The first step deals with the definition of the context of study, which requires the selec-

tion of the location and the building typology to be investigated. The second step deals 

with the prediction of future weather files, which represents a crucial point in the relia-

bility of building performance forecasts in a changing climate. The third step concerns 

the prediction of energy consumption, which can be conducted by two main ap-

proaches: the degree-day method and building performance simulations (BPS), briefly 

reviewed in [87]. 

Referring to the second step, the science involved in predicting future climate is climate 

science, which has achieved to simulate the Earth's climate system through climate 

modelling. In detail, General Circulation Models (also known as Global Climate Models, 

both abbreviated as GCMs) allow for simulating the Earth’s climate through mathemat-

ical equations, which represent fundamental physical and chemical processes [88]. 

Such processes refer to the major climate system components: atmospheric, oceanic, 

land surface, and the sea ice component. Typically, IPCC assessments are not based 

on the output of a single GCM but adopts an ensemble of GCMs involved in the so-

called Coupled Model Intercomparison Project (CMIP), currently in its Sixth Update 
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(CMIP6). In the GCMs, the planet is divided into a three-dimensional cells grid, repre-

senting the Earth's surface, based on geographic locations and elevations (Figure 4).  

 

 

Figure 4. Structure of a GCM, from ref. [89] 

 

For each cell, mathematical equations - concerning the fundamental laws of physics, 

fluid motion and chemistry - are solved for a given number of time steps, to then eval-

uate the interactions with neighbouring cells. The horizontal size of cells (measured in 

degrees of latitude/longitude or in km/miles) defines the spatial resolution of the model, 

while the time-steps used in models defines the temporal resolution [90]. As a result, 

both different spatial and temporal resolutions can characterise the GCMs, thus affect-

ing the computational demand. Thanks to the progress of computational technologies, 

the complexity of models has significantly grown, not only in terms of spatial resolution 

but also in terms of physical phenomena involved in the simulations. On the one hand, 

the complexity in modelling the individual process has increased over time, along with 

the number of processes. On the other hand, the spatial resolution has also been im-

proved, both in horizontal resolution and vertical levels. The reliability of a GMC is eval-

uated by simulating it in the past and comparing the outputs with observed historical 



Ludovica Maria Campagna | XXXVI cycle 

26 
 

climate data [91]. Undoubtedly, the reliability of GCMs has improved over time, but 

they are still characterized by significantly uncertainties. Consequently, to generate fu-

ture projections, multi-model ensembles of General Circulation Models (GCMs) are 

adopted, which allow to define both the uncertainty in projections and uncertainties in 

variations of initial conditions or parameterizations [92]. Once being validated against 

past weather observations, the GCMs can be forced by future emissions scenarios - 

associated with different potential world developments - to generate climate projec-

tions. Overall, three main sources of uncertainty affected climate projections, including 

emission scenarios uncertainty, models uncertainty, and internal climate variability. 

Over the years, the emission scenarios adopted by the IPCC have been modified, mov-

ing from the AS90 to the current SSPs scenarios (Figure 5).  

 

 

Figure 5. Timeline of the development of the IPCC emission scenarios, as well as the year of publication 
of the six IPCC reports in which the scenarios are adopted. 

 

The first set of long-term emissions scenario was released in 1990 (SA90 scenario), 

and thus replaced in 1992 with the scenarios IS92. They involved an extensively range 

of assumptions on GHGs trends in the absence of climate policies, resulting in an order 

of magnitude range of potential GHG values [93]. The IS92 were replaced in 2000, 

when the IPCC Working Group III released the Special Report of Emission Scenarios 

[82], adopted in the Third Assessment Report (TAR) in 2001. Such scenarios – known 
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as SRES scenarios - were further refined in the IPCC Fourth Assessment Report (AR4) 

published in 2007. To generate the scenarios, four qualitative storylines were consid-

ered based on the relationship between the emission driving forces and their evolution 

over the 21st century, not considering any climate policy-induced mitigation plan. Con-

sequently, four set of scenarios called “scenario family” were generated (A1, A2, B1, 

B2), which share the same demographic, politico-societal, economic, and technologi-

cal storyline. From the four families, six group of scenarios were derived: three group 

belong to the A1 family (A1F1, A1T, A1B), while the others belong to one family each 

(A2, B1, B2). The above scenarios have been replaced in 2014 by the Representative 

Concentration Pathways (RCPs), adopted in the IPCC Fifth Assessment Report (AR5) 

[86]. These scenarios conceptually differ from the previous ones: while the SRES 

started from the socioeconomic context to project emission trends, the RCPs set the 

emission trends and the resulting radiative forcing a priori. As a result, each emission 

trend may result from different socioeconomic scenarios, thus the RCP provides only 

one of the possible assumptions that lead to a specific radiative forcing (hence the 

name “representative”). These scenarios involve four concentrations pathways, based 

on four radiative forcing values up to 2100 [94], defined as “the change in the net, 

downward minus upward, radiative flux at the tropopause or top of atmosphere due to 

a change in an external driver of climate change, such as, for example, a change in the 

concentration of carbon dioxide (CO2) or the output of the Sun” [86]. Four radiative 

forcings are considered, resulting in four emission scenarios, namely RCP2.6, RCP4.5, 

RCP6.0, RCP8.5. Finally, the latest set of scenarios – knows as Shared Socio-Eco-

nomic Pathways (SSPs) – were released in 2022 and thus adopted in the last IPCC 

Sixth Assessment Report of the IPCC (AR6) [50]. The SSPs are based on five narratives 

referred to socioeconomic assumptions (from SSP1 to SSP5 [95]), including socioec-

onomic challenges for both mitigation and adaptation [96]. The scenarios do not con-

sider new climate policies further than those in place today, therefore they need to be 

combined with emission mitigation targets. Consequently, SSPs are coupled with the 

RCP projections, resulting in a SSPx-y scenario, where x refers to the SSP and y refers 

to the RCP (for instance SSP2-4.5). Therefore, each SSP scenario evaluates how the 
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radiative forcings at 2100 set by the RCPs can be achieved based on their socioeco-

nomic assumptions. Overall, climate projections adopted in the IPCC AR6 are generated 

based on five scenarios: SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. 

Thanks to these scenarios, the Global Climate Models - validated based on past 

climate observations - can be forced to obtain future climate projections [91]. Never-

theless, the direct application of the outputs of GCMs in the building research field is 

not feasible, as they show both spatial and temporal inadequate resolution, along with 

bias in the data. In fact, the Building Performance Simulation (BPS) software require as 

boundary conditions hourly weather files (namely epw files), thus not consistent with 

the outputs of GCMs, which are characterized by a spatial resolution of about 100 - 

300 km2 and a monthly temporal resolution. Consequently, both spatial and temporal 

downscaling is needed to make the projections suitable for direct application in BPS 

tools. It is worth noting that scaling the results of a GCM to a finer spatial and temporal 

resolution presumes the assumption that the local climate is a combination of large-

scale climate features and local conditions (topography, water bodies, land surface 

properties), which are beyond the modelling capabilities of GCMs [97]. Over time, sev-

eral methodologies have been developed to downscaled GCMs, which can be classified 

into three major approaches [84]: statistical downscaling (imposed offset method and 

stochastic weather approach), dynamical downscaling, and hybrid downscaling (Fig-

ure 6). Clearly, the downscaling process involves different steps each one based on 

approximations and assumptions, resulting in an increase of the level of uncertainty in 

climate projections [97]. For instance, the imposed offset method imposes the pre-

dicted future climate information from the more complex climate models on the rec-

orded current reference year weather data and it is most notable in the form of morphing 

[98], whilst the stochastic weather model, developed by Luo [99] and Adelard et al. 

[100], is based on an artificial meteorological database. On the contrary, the dynamical 

approach derives local or regional climate information using a Regional Climate Models 

(RCMs). A further methodology is hybrid downscaling, in which the outputs of RCMs 

are scaled using statistical approaches.  
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Figure 6. Flowchart for generating future climate projections with spatial and temporal resolution 
suitable for use in BPS. 

 

With the aim of generating future weather files readable to be used in Building 

Performance Simulation (BPS) software, researchers could self-apply downscaling 

techniques to scalarize the future weather prediction provided by GCMs (or RCMs). 

However, such activity appears to be challenging and time-consuming, being more re-

lated to climatic science than to construction research field. Consequently, several tools 

have been developed over time to allow researchers to easily generate future weather 

files, which can be directly used in BPS tools. Although these tools certainly lead to a 

benefit by facilitating studies concerning the built environment in a changing climate, 

their adoption also brings disadvantages. Indeed, their use implies that the methodolo-

gies adopted in the studies - in terms of climate scenarios, time horizons of analysis, 

and downscaling techniques - are strongly correlated with the tools’ capabilities. Inter-

estingly, the available tools are all based on statistical downscaling techniques. In de-

tail, four tools are based on the use of the morphing method, which is the easiest 
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downscaling technique to be implemented. They are the CCWorldWeatherGen [101], 

the WeatherShift [102], and the Future Weather Generator [103]. Furthermore, one tool 

– Meteonorm [104] - is based on the stochastic weather method. 

2.2. The school building stock 

Although often neglected in our society, educational buildings constitute the 

focus of an interesting and extensive field of research. In this section, an overview of 

research activities concerning the school building stock from different perspectives is 

provided, addressing the different topics covered in this thesis. Firstly, the Italian school 

building stock - the subject of the study - is briefly presented. Then, methods for char-

acterizing the school building stock are discussed and existing studies on field schools 

energy assessments are reviewed. Finally, a review of existing literature concerning 

school buildings in a changing climate is presented. 

2.2.1. The Italian school building stock 

Italy shows more than one million public buildings, among which schools rank 

fifth in terms of units (with 48101 surveyed schools), but first in terms of total occupied 

area occupied (98 million m2) [105]. According to the Italian educational system [106], 

they are divided in:  

• Early Childhood Education and Care (ECEC), divided in childcare centres (0-3 

years old) and pre-schools (3-6 years old). 

• Primary schools (6-10 years old). 

• Lower secondary schools (11-13 years old). 

• Upper secondary schools. 

• Tertiary education. 

Primary and lower secondary schools represent the “first cycle of education”, and 

along with ECECs are city-owned buildings, while upper secondary schools constitute 

the “second cycle of education”, owned by provinces [34]. 

Given the multitude of building ownerships, for a long time, information about 

schools remained disaggregated and uncertain. An attempt to collect them into a com-

prehensive reference was made in 1996, with the introduction of the “National Register 
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of School Buildings” (Anagrafe Nazionale dell’Edilizia Scolastica, SNAES), an official 

public database which aimed to assess the consistency, status and functionality of the 

school buildings stock [107]. Unfortunately, the development of the database was not 

started until 2017, after the publication of the “Buona Scuola” reform [108]. Currently, 

the database consists of two parts: a national one (SNAES) and a series of regional 

nodes (ARES), which ensure monitoring at the regional level. The regional nodes em-

ploy an online information system, in which each school building is associated with an 

information form, filled out partly by the owner (who is required to enter a set of data 

characterizing the building) and partly by the school principal [109]. Accordingly, the 

reliability of the collected data is strongly related to the users who fill the database. So 

far, regional databases are still under construction, lacking a large number of data, 

which results in one of the main barriers in conducting extensive studies in regional 

territories. 

Overall, the national SNAES database includes 58236 educational buildings, 

apart from the self-governing provinces of Trento e Bolzano [110]. ECEC schools rep-

resent the largest part of the sample (38%), followed by primary (29%), upper second-

ary (18%) and lower secondary schools (15%). Hence, the majority of public Italian 

schools are municipally owned, reaching 82%. From a geographical perspective, north-

ern regions host the largest number of educational buildings (40.1%), followed by 

southern (27.6%), central (19%) and island regions (13.3%). Looking at the data related 

to the year of construction, the ageing of the buildings is clearly revealed: 42% of the 

schools was built before 1976 - hence in the absence of any energy regulation -, 20% 

was built between 1976 and 1992, and only 12% was built after 1992. Accordingly, 

more than 60% of Italian educational buildings age more than 30 years old.  

 From the perspective of building patterns, Italian schools share some common 

features. Firstly, they are hosted in naturally ventilated buildings, in which gas and elec-

tricity represent the main energy sources. In detail, on the one hand, electricity supplies 

the energy needs for lighting, appliances, and auxiliaries of heating systems. On the 

other hand, energy needs for heating are supplied by fossil fuels, such as natural gas 

(which appears to be the most widespread accounting for 67.3% of schools), oil 
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(11.7%) or liquefied petroleum gas (LPG). Depending on the schools, domestic hot 

water (DHW) can be provided either by gas or electric boilers, but its consumption is 

considered negligible [111]. Moreover, since schools are almost unoccupied during 

the summer period (July and August), they are not equipped by cooling systems, which 

are limited to individual split A/C units located in staff offices at most [111,112]. 

With reference to school maintenance work, the implementation of energy effi-

ciency measures is still not sufficient [25]. The renovated schools accounted for 17.1% 

in 2022, exceeding that of 2021 by only 1.6% [113]. Schools most subject to retrofit 

interventions are in the north regions (21.2%), while lowest values are reached in south-

ern regions (14.7%) and in the island regions (5.8%) [25]. Evidently, further efforts are 

needed to address these issues, considering the exemplary role that Public Administra-

tion is required to play. 

2.2.2. The characterisation of a school building stock 

The scientific community has always faced the issue of finding proper method-

ologies that allow the overall exploration and characterization of existing building herit-

ages. In detail, with the implementation of climate policies concerning the renovation 

of existing buildings [28], it became clear that a comprehensive knowledge of building 

stocks features was a crucial part of the renovation process, required to understand the 

current status of the assets and thus set priorities for intervention. Clearly, a detailed 

knowledge of a whole building stock is not feasible [30], so the methodology typically 

adopted consists of identifying typical buildings to be studied, representative of homo-

geneous classes into which the entire heritage is divided [32], as suggested by the 

European regulations that introduced the concept of a reference building [31].  

In the literature, various approaches have been proposed to solve the issue of 

grouping existing buildings in homogeneous classes and identifying representative 

buildings of a building stock, highlighting that the main problem is related to the selec-

tion of appropriate features to group buildings, which obviously depends on the objec-

tives of the analysis. Considerable work has undoubtedly been done in this research 

field, but it mainly focuses on residential buildings [32], which exhibit very different 
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characteristics than school buildings. Regarding the latter, limited examples have been 

retrieved in the literature.  

Early work exploring clustering techniques applied to educational building stocks in-

cludes the work by Santamouris et al., who used the fuzzy clustering approach to group 

320 Greek schools, with the aim of developing a new method for energy classification 

and schools rating [114]. Greek schools are also the focus of a further work by Gaitani 

et al., who explored a method to identify representative buildings and an energy classi-

fication tool [115]. Based on a sample of 1100 buildings, data concerning: i) annual 

consumption for space heating and lighting, ii) building area, number of students and 

professors, iii) boiler power, iv) manufacturing year of the building, v) schedule of op-

eration, were collected and a k-means clustering technique was applied, allowing 5 

clusters to be found out. The k-means was also adopted by Raatikainen et al., who 

explored electricity use and district heating consumption trends of six Finnish schools 

built in different periods [116]. 

Referring to the Italian context, limited examples were retrieved in the literature. For 

instance, sixty schools located in North-East Italy (province of Treviso) have been clus-

tered by Arambula Lara et al., adopting the k-means approach [35]. Firstly, they per-

formed statistical analyses to correlate the actual energy consumption of the schools 

collected over a five-years period and their geometrical and technical features. Then, 

energy predictors affecting heating consumption were selected and adopted to perform 

the cluster analysis, identifying reference buildings to evaluate energy retrofit strategies. 

Otherwise, thirty-eight schools located in North-West Italy (municipality of Lecco) have 

been clustered in the work of Salvalai et al., with the aim of identifying reference schools 

to evaluated different renovation strategies [117]. In that case, three benchmark varia-

bles were used to group the buildings: i) building type (linear block, merged block at C 

or at L, internal court block, stepped block), ii) number of floors (1-2 floors, 3-4 floors), 

iii) percentage of transparent vertical surface on the vertical surface total (13-23%, 24-

34%). In Central Italy (municipality of Perugia), eighty refurbished school buildings have 

been clustered based on five predictors: i) shape factor, ii) heating primary energy use, 

iii) declared jumps in energy classes, iv) gross heated volume, v) normalized primary 
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saved energy for heating per year [118]. Accordingly, two statistically significant clus-

ters were retrieved, allowing two reference buildings to be selected.  

As far as we know, no studies involving areas of southern Italy were found. In addition, 

the brief overview performed highlights that the predictors of cluster analyses can sig-

nificantly differ among studies, as they are influenced by data availability, which is one 

of the main obstacles to defining clusters. As a result, relying on a large number of 

parameters for the clustering procedure often results in the analysis of a small sample 

of buildings - as many buildings have missing data - which may not be representative 

of the entire stock. 

2.2.3. School buildings energy performance 

The assessment of building energy consumptions represents one of the key 

issues currently addressed in the literature, as many efforts occurs to reduce such 

consumptions. In the schools field, a comprehensive review on this topic was pub-

lished by Dias Pereira et al. [119], who aimed to achieve a functional benchmarking 

based on actual operation of schools. They made a cross-country comparison, show-

ing a great variability in actual consumptions and highlighting the trouble in comparing 

energy performance due to the different indicators adopted. Overall, such a great vari-

ability is revealed by several research studies, which emphasize the heterogeneity of 

schools in terms of building characteristics, level of education, school management, 

and climatic conditions of the site [119–122]. The work carried out by Dias Pereira et 

al. [119] involved manuscripts published between 1997 and 2013, therefore a review 

of more recent literature on the topic has been conducted, involving the main studies 

from the last decade dealing with the analysis of actual consumption of school building 

samples. The main findings of these studies are summarised in Table 2, as presented 

in the work by the author [48]. 
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Table 2. Comparison between energy consumptions of school buildings, from the writer's work [48]. 
Abbreviations: TC (total consumption), GC (gas consumption), OC (oil consumption), EC (electricity 
consumption), HC (heating consumption), EUI (energy intensity use). Values with * refer to median and 
not to mean values. 

Ref. Loca-

tion 

Sam

ple 

School type Target  Units Mean value 

[range] 

[120] Portugal 23 Lower secondary TC costs €/m2 6.05 [3.86-9.39] 
  23 Lower secondary EC costs €/m2 3.89 [2.29-5.30] 
  23 Lower secondary GC costs €/m2 0.66 [3.86-9.39] 
[123] Brazil 42 Middle TC kWh/stud/mth 5.30  
  11 High TC kWh/stud/mth 7.15  
  47 Middle&High TC kWh/stud/mth 6.57 
[121] Hong 

Kong 
121 Secondary EUI kWh/m2 105.61[49.22-

182.73] 
[124] Australia 3701 Primary TC kWh/m2 38.00 
[122] Los  

Angeles 
562 Primary EC kWh/m3 11.9268 

 496 Primary GC Therms/m3 0.13188 
  111 Middle EC kWh/m3 8.898 
  91 Middle GC Therms/m3 0.107772 
  111 High EC kWh/m3 18.972 
  92 High GC Therms/m3 1.2096 
[39] Canada 5 K-12  EUI kWh/m2 127  
  11 Elementary  EUI kWh/m2 270 
  14 Secondary  EUI kWh/m2 264 
[125] South  

Korea 
10 Elementary GC MJ/m2 - [78-81]  

 10 Elementary OC MJ/m2 - [13-22]  
  10 Elementary EC MJ/m2 - [163-262]  
[126] Korea 10 Various GC Nm3 - [8769-756411] 
  10 Various EC kWh -[20920-522561] 
[127] Korea 9 Middle TC kWh/m2 133  
[128] Finland 80 Day-care TC kWh/m2 251*  
  80 Day-care HC kWh/m2 - [61-551] 
  80 Day-care EC kWh/m2 - [37-372] 
  74 Various TC kWh/m2 214 * 
  74 Various HC kWh/m2 - [45-383] 
  74 Various EC kWh/m2 - [10-125] 
[129] Greece 77 Primary&Secondary TC kWh/m2 84  
[40] Greece 17 Primary&Secondary HC kWh/m2 97.8*[12.7-450.3] 
  22 Primary&Secondary EC kWh/m2 13.6* [3.8-34.3] 
  25 Primary&Secondary TC kWh/m2 88.9*  
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As illustrated in the table, the manuscripts focused on school buildings present 

different characteristics, including samples composed of a different number of build-

ings as well as different school grades. In fact, samples range from those involving 

only five buildings [39], to those consisting of more than 3000 buildings [124], alt-

hough they are usually much smaller than 100. Overall, all types of schools appear 

studied in the literature, from day-care centres [128] to primary [125] and secondary 

[121] schools, including several nations. As already been pointed out [119], making a 

comparison of research findings is very tricky, since consumption are evaluated based 

on different benchmarks, going from consumption in terms of energy costs [120], to 

consumption normalized by students [123] or m2 [121]. 

Referring to the Italian context, a limited number of studies exploring the existing 

conditions of school building samples was retrieved. These studies include 29 high 

schools located in Perugia (central Italy) [130], 120 high schools in the province of 

Turin (north-west Italy) [131], 60 schools in the province of Treviso (north-east Italy) 

[35], and 49 schools of different grades in Lombardy (northern Italy) [132]. Only one 

study is focused on southern Italy, involving 9 high schools in Matera [133]. Three 

main aspects can be outlined from the reviewed manuscripts, summarised below. 

• The reviewed studies are not recent, ranging from 2002 to 2017. Consequently, 

consumption cannot be considered as representative of the current school con-

ditions.  

• Studies mainly focused on school in central and northern Italy, while southern 

Italy is under investigated. 

• Studies mainly focused on high school since they belong to a single owner (the 

province) and thus it is easier to retrieve energy data. 

2.2.4. School buildings in a changing climate 

The previous sections focused on the characteristics of existing school build-

ings, including the methodologies useful for their overall analyses, as well as the current 

status in terms of energy performance based on field studies. In contrast, the present 

section focuses on the existing literature dealing with school buildings and climate 

change. Surprisingly, although the topics of “climate change” and “educational 
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buildings” both constitute two extensive fields of research, their combination lacks sig-

nificant attention from the research community. The literature review reveals that the 

extent of this topic is still limited, showing few results related to the combination of the 

theme "climate change" and "school buildings". In detail, only 30 manuscripts con-

sistent with the subject have been found by querying the Scopus database.  

The first dedicated paper on the topic has been published in the year 2009. 

Thereafter, the number of publications remains steadily limited until 2020, when the 

trend starts to increase. In fact, it is interesting to note how the number of publications 

doubles in 2021 compared to 2020, becoming five times larger in 2023, in which ten 

papers on the topic were released (Figure 7). 

 

 

Figure 7. Publications trend from 2009 to 2023 

 

Referring to the geographical perspective, the UK appears to be the most in-

vestigated country, accounting for 6 out of 30 papers. The remaining manuscripts are 

distributed over several nations (i.e., Italy, Canada, Turkey), with no specific trend being 

identified.  
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The research papers focused on school buildings evaluations in a changing 

climate appears to be related to three main topics: energy performance assessment, 

indoor comfort assessment or both. Of course, within these main topics, several issues 

can be addressed, as summarized in Figure 8. 

 

Figure 8. Main topics addressed in research studies involving educational buildings in a changing 
climate. 

 

Energy performance assessments of school buildings in future climate scenarios 

seems to be an interesting topic, as it involves 20 of the 30 manuscripts analysed. In 

detail, papers can be divided into 4 categories, each one addressing a specific theme 

of research. 

The first category concerns the design phase of school buildings, carried out in 

the light of future temperature increases.  For instance, different configurations of 

schools’ windows were assessed by Epa et al. [134], who modified orientation, glazing 

type and window size, assessing the implications in future climate in three Turkey cities.  

The second category focuses on the impacts of climate change on existing 

schools in terms of energy consumption variations. Studies evaluating the impact of 

global warming have been found as early as 2011, both in term of consumption and 

indoor temperatures [135]. Typically, a decrease in heating consumptions was found, 

ranging from 16%-26% in Toronto [136], 20%-39% in Los Angeles [137], 15%-81% in 

Florida [138], 23%-87% in Greece [139]. Otherwise, an increase in cooling consump-

tions was revealed, ranging from 40%-57% in Toronto [136], 38%-68% in Los Angeles, 

10%-50% in Florida [138], and 91%-284% in Greece [139]. Since the reduction in 

heating consumption is smaller than the increase in cooling consumption, an overall 

increase in total consumption was shown due to climate change, except for the city of 
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Toronto where a slight decrease was found [136]. An innovative approach in schools 

future performance was tested by Luo et al. [140], who developed a methodology 

based on a hybrid genetic algorithm and long-short term memory neural network model 

to predict future energy consumption, and then tested it on two educational buildings. 

The third category – the largest one - evaluates the effectiveness of different 

retrofit strategies in future climate scenarios. Such strategies involve passive measures 

affecting the building envelope [19,141–143], active measures affecting the schools’ 
systems [144], or both [145–147]. Typically, the studies methodology requires simu-

lating retrofit actions in the current climate scenario, and thus comparing them with 

those simulated in a future climate scenario, to capture any differences. Of course, the 

effectiveness of retrofit actions is often evaluated not only in relation to energy con-

sumption, but also in relation to indoor comfort, mainly in terms of overheating 

[19,141–143,146] or comfort models based on PMV and PPD [147]. Interestingly, 

among the papers dealing with retrofit strategies, most of them assesses their effec-

tiveness in terms of thermal or energy performance, but a few consider the retrofit costs 

[145,147,148]. A different approach was adopted to evaluate the reduction of future 

cooling needs of three representative buildings (including a school), by combining mit-

igation strategies applied at the urban scale and adaptation measures applied to those 

buildings. Interestingly, the combination of such measured would reduce future cooling 

needs of the school by 59.4% [149]. 

A fourth category concerns a potential evolution of future energy benchmarks 

or building standards. For instance, potential energy benchmarks were evaluated by 

Geraldi et al., who assessed the impacts of the implementation of air-conditioning sys-

tems in Brazilian schools, without adopting other intervention strategies [150]. Two 

studies involved school buildings meeting the Passivhaus standard, both located in the 

Mediterranean area, analysing their performance in future climate [68,151]. Both stud-

ies showed that - due to rising temperatures - buildings experience a significant in-

crease in cooling consumption in the future climate. However, by taking adaptation 

measures, the EnerPHit standard can be reached in all scenarios [68]. 
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Referring to the school indoor conditions, scholars concur that provide adequate indoor 

comfort conditions in school buildings is essential, because they affect both students’ 

performance and students’ health [152]. Unfortunately, the schools’ indoor environ-

ment is often poorly comfortable today [24], and it is expected to get worse with climate 

change. Indeed, rising temperatures result in an increased risk of overheating, which is 

found to be the most investigated parameter within the reviewed studies [153]. In fact, 

all studies focus on the analysis of comfort from the thermal point of view. Some stud-

ies analyse different strategies to reduce the risk of overheating in the future climate by 

reducing solar gain [154], adopting windcatcher [155], improving envelope perfor-

mance [156], but mainly by investigating different ventilation strategies as passive mit-

igation measures [154,157]. Together with natural ventilation, indirect evaporative 

cooling also appears an effective strategy [158]. However, the comprehensive effec-

tiveness of passive cooling strategies appears to be declining in the future, making 

cooling systems unavoidable to preserve indoor thermal comfort [157]. Just linked to 

this topic, an assessment of passive mitigation strategies to reduce the overheating 

risks without increasing cooling energy needs in future climate has shown that the 

combination of night cooling and the reduction of solar gain allows to guarantee ac-

ceptable thermal conditions [159]. A remarkably study on schools’ resilience to over-

heating was carried out by Sengupta et al., who analysed the impact of different shock 

types, involving both heatwaves and three system shocks: i) failure of indirect evapo-

rative cooling, ii) natural night ventilation, iii) solar shading failure [160]. Obviously, 

such evaluations are strictly related to the location investigated. For instance, the Med-

iterranean area experiences a larger risk of overheating, which can occur even in the 

intermediate seasons due to climate change [157]. Interestingly, in discussing indoor 

comfort conditions in future climate scenarios, researchers appear concerned about 

the behaviour of NZEB schools, wondering whether such target will remain adequate in 

the future [141,160]. 

This brief literature review shows that - despite climate change is undoubtedly 

recognised as a critical problem - studies involving schools are still limited. Overall, 

studies focus mainly on specific case studies, investigating specific schools in specific 
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locations, while totally lacking investigations of representative buildings. In addition, the 

effects of climate change often appear to be inadequately considered, relying on out-

dated emission scenarios, and neglecting the effects of climate change at the local 

scale. 
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CHAPTER 3 

3. CLIMATE CHANGE IMPACTS ON BUILDING         

ENERGY CONSUMPTION 

3.1. Introduction 

The literature review dealing with climate change modelling in the context of 

building research (section 2.1.3) revealed that the existing literature is still inadequate 

to the magnitude of the topic, so much so that the IPCC itself suggested that research 

should be expanded to a broader breadth of building types. In addition, the multitude of 

existing methodologies that emerged from the literature review - as well as the many 

associated uncertainties - suggested the need to map the impacts of climate change 

on building energy consumption. Consequently, the present section aims to fill this 

literature gap, with the aim of exploring from a quantitative perspective the main impli-

cations of climate change on building energy consumption, according to the existing 

literature, thus answering the first research question of this thesis (RQ1). More in detail, 

this chapter aims to achieve two key objectives. The first aim is to understand - based 

on data available from existing research - the effects of climate change on building 

consumption, highlighting the extent to which they differ among studies. The second 

aim is to explore whether correlations exist between methodological inputs (such as 

heating degree-days, cooling degree-days, reference period, future time slices and 

emission scenarios summarized by CO2 concentrations) and research outcomes. The 

methodology used to pursue these objectives is described in Section 3.2 and involved 

the collection of literature data, according to the PRISMA guidelines, the extraction of 

data from studies and finally a meta-analysis, followed by a correlation analysis to ex-

plore the sources of heterogeneity. The results obtained, presented and discussed in 

Section 3.3, have as their main reference a work published by the present writer in a 

dedicated journal paper [16], which can be referred to for more details. The novelty of 

the study lies in the fact that so far quantitative evaluations based on the results of 
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existing studies in terms of energy consumption variation due to climate change have 

not been ever presented, although different methodological approaches have been al-

ready overviewed in previous studies [81,161], along with the main impacts of global 

warming on energy consumption [162–164].  

3.2. Methodology 

The methodology adopted to conduct the study consists of two main steps. 

First, a review of the existing literature to collect articles on the research topic has been 

conducted, selecting suitable manuscripts to carry out the quantitative analysis. Sec-

ond, useful data associated with the problem statement have been extracted to prepare 

the data sheet to perform the meta-analysis. 

3.2.1. Study selection 

To proper conduct the literature review, the Preferred Reporting Items for Sys-

tematic Reviews and Meta-Analyses (PRISMA) guidelines and statements [165] have 

been followed, which require performing a five-step procedure: (1) identifying the re-

search question, (2) identifying the keywords, (3) identifying the eligibility criteria, (4) 

selecting studies for the qualitative analysis based on the eligibility criteria, (5) selecting 

studies for the quantitative analysis. The whole process is summarised in Figure 9 in 

the so-called PRISMA flow diagram. 

 

 

 

 

 

 

 

 

 

 

 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

45 
 

 

Figure 9. PRISMA flow diagram, adapted from [165] 

 

Based on the research questions, the following keywords have been selected to con-

duct the search, properly combined to create the Boolean search queries needed by the 

search database. 

• To capture articles related to climate change: future weather data; future climate 

data; climate variables; weather files; weather data; future projections; weather 

forecasting; climate change impact; climate change; changing climate; future 

climate condition; future scenarios. 
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• To capture articles related to buildings: buildings. 

• To capture articles related to energy consumption: energy demand, energy con-

sumption, energy performance, performance assessment. 

The analysis has been conducted in the Scopus bibliographic database, considered the 

most reliable database along with Web of Science [166]. The two databases have been 

extensively compared in several studies, revealing that not only Scopus has a broader 

coverage of journals and scientific production than Web of Science [167,168], but it 

relies on a faster indexing process, allowing more recent publications to be found and 

thus enriching the data collection with updated manuscripts [169]. Hence, using only 

Scopus does not affect the validity of the sample. The first search results (557 manu-

scripts) have been reduced based on the inclusion criteria: language (English), year of 

publication (from 1990 - when the First IPCC Assessment Report was released – to 

June 2021 – when the review was conducted), no grey literature. Furthermore, both 

references cited in manuscripts included in the review and references cited in reviews 

on similar topics have been screened to identify additional studies. Overall, nearly 300 

articles have been retrieved and submitted for a two-step screening: titles and abstracts 

have been surveyed and excluded if not related to the research topic; if titles and ab-

stracts were found to be relevant, the full text has been assessed for eligibility in detail. 

After the screening process, nearly 100 manuscripts have been selected and then eval-

uated to perform the quantitative analysis, as the results of a meta-analysis are closely 

related to the proper selection of studies. In the process of selecting relevant studies, 

the evaluation criterion was based on the presence of quantitative data on energy con-

sumption changes under future climate scenarios, either in numerical or graphical form, 

thus excluding qualitative outcomes. As a result, the number of manuscripts was even-

tually reduced to 71. 

3.2.2. Data extraction 

Once the manuscripts were selected, a manual data extraction has been per-

formed, collecting data on parameters identified as relevant (Table 3). Since appropri-

ate data selection is a crucial aspect of meta-analysis, the present author collected data 

while the supervisor checked them, debating contradictions together. 
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Table 3. List of extrapolated data. (1Calculated data) 

 Variable Brief description 

P1. Building typology Type of building in accordance with usage 

P2. Location 
Reference city/region. When a study was referred to a 

region, the most representative city was selected. 

P3. Climate zone1 
Climatic zones in accordance with Köppen-Geiger cli-

mate classification system [170] 

P4. 
Heating Degree 

Days1 

Calculated based on reference period and location 

(T=18°C) 

P5. 
Cooling Degree 

Days1 

Calculated based on reference period and location 

(T=18°C) 

P6. Reference period 
Baseline weather file for simulation in current climate 

conditions 

P7. Emission scenario 
Emission scenario adopted for future climate projec-

tions 

P8. 
Downscaling  

technique 
Technique used for generating the future weather files 

P9. Future time slices 
Future weather file for simulation in future climate con-

ditions 

P10. 
CO2 concentration 

(ppm)1 

Selected in accordance with the emission scenario 

and the future time slice 

P11. Target Outcome measured 

P12. 

Heating  

consumption 

variation1 

Percentage variation between heating consumption in 

the reference period and in the future weather scenario 

considered 

P13. 

Cooling  

consumption 

variation1 

Percentage variation between heating consumption in 

the reference period and in the future weather scenario 

considered 
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A total of 14 parameters have been extracted, either directly collected from pa-

pers (P1, P2, P7, P8, P11) or calculated (P3, P4, P5, P10). For instance, based on the 

reference period and location investigated [170], heating and cooling degree-days have 

been calculated on a baseline temperature of 18°C, by downloading the corresponding 

weather file from Energy Plus [171] or Meteonorm [104]. In addition, in accordance 

with the emission scenario and the future time slice, CO2 concentration has been se-

lected from [83,172,173]. Instead, other variables (P6, P9, P12, P13, P14) required to 

be standardised and unified to make the evaluations feasible. Both reference periods 

and future time slices have been reduced to three groups: namely 1990, 2000, 2010 

for the reference periods, according to last recorded year of the climate series used to 

generate the reference weather file; 2020 (near-term), 2050 (mid-term), 2080 (long-

term) for the future time periods. 

To standardize the outcomes of research, often based on different energy tar-

gets, the percentage change in consumption has been calculated for all studies. In ad-

dition, if the manuscripts presented the results in graphical form, the software Origin 

has been used to extrapolate numerical data [174]. 

3.2.3. Meta-analysis 

The meta-analysis aims to summarise the results – i.e., effect sizes - of differ-

ent studies answering the same research question. It also allows for exploring the het-

erogeneity of outcomes, quantifying the magnitude of variance, and thus providing in-

sights into the factors influencing the variability of results. In this study, the meta-anal-

ysis has been conducted according to the well-established methodology given by 

Borenstein et al. [175], following a three-step procedure explained below: i) data prep-

aration; ii) studies combination; iii) exploration of heterogeneity. Since not all the man-

uscripts included all the parameters described in the previous paragraph, the sample 

narrowed down from 71 to 19 articles. 

Data preparation 

The correlation coefficient r (with p-value) has been selected as the effect size, 

and thus calculated for each study. Although mainly employed in the clinical field, the 
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effect size can represent any relationship between two variables [175]: thus, in our 

study it represents the relationship between climate change (measured as the increase 

in CO2 concentration) and the energy consumption variation. Three distinct effect sizes 

have been calculated for each study (rHEATING, rCOOLING, rTOTAL), defining the 95% confidence 

interval. Hence, all computations are carried out using the Fisher’s z transformed values 

[175]. 

Studies combination 

The meta-analysis aims to summarise the results of individual studies into a 

single effect (known as combined effect). To this end, the individual outcomes need to 

be weighted based on their reliability, since high reliability studies should affect the 

combined effect more than the low-reliability ones. Two approaches can be adopted to 

weight the outcomes: a fixed effect model - which assumes that the true outcome (un-

known) is the same for all studies – and a random effect model [175]. In the research 

field focused on the impact of climate change on building energy performance, findings 

are not expected to be identical, since different methodological approaches can be 

adopted. Hence, the random-effect model has been selected to carry out the meta-

analysis, although it results in a greater variance, standard error, and confidence inter-

val for the summary effect. According to this approach, the process of weighted in-

volves two steps, based on the two source of error that can occur (within-study Vy and 

between-study variations 2). The former results in a fixed-effect weighting (wi), ex-

pressed as the inverse of the total variance. The latter results in a random-effect 

weighting (w*i), expressed as the inverse of the sum of the within-study and between-

study variance, estimated with the method of moments [175]. Once the random-effect 

weights were computed for each study, the combined outcome has been calculated as 

the weighted mean, while its standard error has been calculated as the square root of 

the variance, that is the inverse of the weights. Finally, the combined effect size and 

their confidence intervals have been converted into correlations by the Fisher’s z metric 

[175], and thus depicted in three Forest plots (respectively for heating outcomes, cool-

ing outcomes and total variation outcomes). 
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Exploration of heterogeneity 

The meta-analysis enables the exploration of the heterogeneity of individual 

studies, quantifying the magnitude of variance and thus providing insights into the po-

tential sources of variation. Heterogeneity is detected when the variation between dif-

ferent studies is above the variation expected by chance and can be evaluate with sev-

eral approaches [175]. In this thesis, heterogeneity has been assessed through the 

index of inconsistency I2 proposed by Higgins et al. [176], which can assume values 

ranging from 0 to 100%, indicating low (25%), moderate (50%) or high (75%) hetero-

geneity respectively. If evidence of heterogeneity is found, further analysis should be 

conducted to explore the reasons behind the variability. For instance, since a high level 

of heterogeneity has been found in this study, a correlation analysis has been performed 

in an effort to identify potential relationships between energy variations and input meth-

odological parameters that might influence them. 

3.3. Results 

3.3.1. Qualitative overview 

This section provides a brief qualitative overview of the reviewed studies, ex-

ploring locations and building types investigated, as well as the methodologies adopted. 

Geographical overview 

From a geographical point of view, the surveyed studies cover 46 different 

countries around the world, for a total of 146 cities investigated (Figure 10). The United 

States of America represent the most investigated country (with 9 studies involving 

U.S. cities), followed by the Honk Kong Special Administrative Region-China (8 stud-

ies). Other significant contributions come from Japan, China and Spain, with 6 studies, 

respectively. Finally, further analyses were conducted in the United Kingdom (5 stud-

ies), Australia, Canada and Italy (4 studies each). From a climatological point of view, 

most of the literature concerns cities that are in a temperate climate (type C, 65%), with 

a focus on the Csa zone (hot -summer Mediterranean climate). Continental climate 

(type D) appears to be the second most targeted climate zone (16%), followed by 
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tropical climate (type B, 10%), dry climate (type A, 9%) and polar climate (type E, 1%). 

Only one research paper exploring different climate zones was found, which includes 

102 case studies providing results as an average. Interestingly, most of the manu-

scripts are “city level” based (42 out of 71), that is, they focus their analysis on a 

specific city. A further 24 manuscripts are “regionally based”, analysing different cities 

located in the same country or region, regardless of the climate zone they belong to. 

Finally, only five papers are “climate zone” based, selecting cities belonging to the same 

climate zone (regardless of country). 

 

 

Figure 10. Locations investigated in the reviewed manuscripts, sorted by the climate zone [170]. 
Markers size indicates the number of studies performed in the location. From the writer’s work [16] 

 

Building typologies overview 

From the building type perspective, although it can significantly affect heating 

and cooling energy consumption [177], most of the manuscripts explores future energy 

performance based on one/two building types. In fact, 86% of the surveyed papers (61 

out of 71) concerns evaluations on a single building type, while 7% investigates two 

building types, and the other 7% compare more than two building typologies. A signif-

icative exception to the so-called “individual building level” was found in the work of 
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Zheng et al. [178], who explored the relationship between global warming and energy 

consumption at different spatio-temporal scales based on estimates at 925 U.S. loca-

tions, highlighting the importance of assessing impacts at local scales, and the need 

for adaptation/mitigation strategies tailored to different building typologies. A further 

contribution was given in [137], where a GIS-based approach to combine climate mod-

elling, building energy simulation, and inventory of building characteristics is presented, 

aiming at quantifying climate change implications on building energy demand in Los 

Angeles. Undoubtedly, residential buildings represent the building typology most inves-

tigated (40% of the studies), followed by office buildings (26%). Less attention is given 

to other building types, namely commercial buildings (9%), schools (6%), hospitals 

(6%), hotels (4%), warehouses (4%), restaurants (3%) and universities (3%). Referring 

to the building models adopted for the analyses, they can be categorized in four main 

groups. The first group - the numerous one - focuses on the energy evaluations based 

on real case studies, which could be validated against measured data. The second and 

the third groups involve manuscripts which concern typical buildings assumed as rep-

resentative of the building stock, and building prototypes developed by different stand-

ards (i.e., DOE), respectively. Finally, the last group deals with reference buildings in 

compliance of local standards. 

Methods overview 

From the methodological perspective, to provide an overview of the methodol-

ogies adopted, information related to the reference period (P6), the emission scenario 

(P7), the downscaling technique (P8), and the future time slice (P9) have been pre-

sented and discussed below (Table 4). The first column represents the variable, (i.e., 

the input parameter chosen in the methodological framework), the second column rep-

resents the possible parameters of choices, the third column represents the frequency 

related to the number of papers in which that parameter is chosen. In addition, since 

several evaluations can be performed in each study, the 71 papers result in 1676 data. 

Thus, a fourth column was added to indicate the number of available items referred to 

that parameter. 
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Table 4. List of extracted parameters related to the methodological framework. n.g. stands for not-given. 
From the writer’s work [16]. 

 Input variable Variation Frequency (%) Number of items 

P6 
Emission 

scenario 

A2 22 841 

RCP8.5 12 148 

A1B 12 156 

RCP4.5 10 91 

B1 9 89 

No scenario  

(recorded data) 
8 56 

n.g. 7 53 

Other scenarios 19 233 

P7 
Downscaling  

technique 

Morphing 45 1083 

Offset method 10 145 

Dynamical 7 57 

Stochastic 7 147 

Hybrid 2 10 

Recorded data 13 56 

PCA 5 34 

Other methods 9 141 

n.g. 1 3 

P8 
Reference 

period 

1990 39 581 

2000 20 580 

2010 37 485 

n.g. 4 30 

P9 Future time slice 

2020 25 485 

2050 34 659 

2080 31 454 

Recorded data 9 56 

n.g. 1 22 
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The reviewed studies encompass the four main downscaling techniques ex-

plained in [84]. The “extrapolated statistical method” is the less frequently method 

adopted, appearing in only 4 studies. Such approach extrapolates statistical historical 

weather data to predict future weather conditions and is commonly applied in the pre-

diction of building energy consumption trends using degree-day theory, rather than 

building simulation techniques. Nevertheless, given its limitations [15,76,87,179] and 

thanks to the development of simulation software (BPS), the degree-day method has 

been rapidly substituted by building simulation techniques, adopted in 60 studies. The 

literature review shows that there is a heterogeneous use of the others downscaling 

approaches. The imposed offset method is the most adopted approach (adopted in 43 

papers), mainly through the morphing method (39 papers). A limited number of man-

uscripts adopts the stochastic weather models and dynamical downscaling, which ac-

count for 6 and 8 studies respectively, while the hybrid method is adopted in only one 

study. An attempt to directly correlate building energy consumption with daily/monthly 

climate data has been carried out by means of principal component analyses (PCA) 

and regression analyses in [180–183]. Referring to the emission scenarios, the SRES 

still represent the most adopted (54% of the studies), followed by the RCPs (24%). 

More in detail, the A2 scenario appears in 39% of manuscripts while RCP8.5 in 21% of 

studies, as they are adopted in two widely used software, namely CCWorldWeather-

Generator [184] and WeatherShiftTM [185]. By contrast, the last SSP scenarios are 

adopted in a single study [186]. To analyse the impact of future climate conditions on 

building energy consumptions, two different types of weather data are required: current 

weather files to be used as a baseline for assessing actual consumptions, and future 

weather data files as representative of future scenarios to evaluate future consumption, 

thus allowing the variation to be calculated. The literature review shows that a consid-

erable number of studies is still related to the reference period “1990” (39%), derived 
from weather data observed before 1990 and representative of TMY2 weather files 

[187], or similar. Hence, these studies assume obsolete climate files as a baseline and 

do not consider climate changes that have already occurred in recent years. However, 

more recent climate files are used as a basis in a great number of studies (37%), based 
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on the “2010” reference period, representative of climate files that include data beyond 

2000 (i.e. TMY3 [188]). The remaining papers (20%) are based on the “2000” refer-

ence period, which is representative of climate files involving data up to 2000 (i.e. IWEC 

[189]). With regard to future climate scenarios, the reviewed studies carry out assess-

ments on the basis of three-time horizons: 2020 (25%), 2050 (34%), 2080 (31%), 

whilst a reduced group of manuscripts (8%) bases assessments not only on predicted 

data, but also on measured data. These observations allow to create measured weather 

files, representative of climate trends of recent years, as an average between a range 

of years [190,191] or as a typical meteorological year [192,193]. 

3.3.1. Findings overview 

Based on the reviewed research studies, the main findings on the energy con-

sumption variation due to climate change are presented and discussed below. 

Interestingly, most of the manuscripts explore the impacts of climate change 

on heating, cooling and thus total energy consumption. However, some studies provide 

information only on total consumption, neglecting individual contributions or instead 

provide information only on heating (or cooling) consumption while neglecting total 

consumption. 

The above manuscripts deal with annual consumption changes (often being expressed 

in percentage terms), although a minority of studies provide results in terms of rates of 

increase/decrease in cooling loads per year [179], or changes in energy performance 

in representative months [194–196]. 

Given the considerable number of collected data, they have been analysed through de-

scriptive statistics. In detail, the distribution of data on heating, cooling and total con-

sumption variations has been depicted with three boxplots (Figure 11), and the corre-

sponding synthetic indices have been calculated (Table 5). Each boxplot includes five 

subgroups representative of the main climate zones (subgroups A, B, C, D, E represent 

climate zones A, B, C, D, E, respectively), along with an additional group (All) that cap-

tures the totality of data. In addition, data are displayed according to the three future 

time frames (2020, 2050, 2080), as well as data referring to the recorded years. 
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(a) 

 

(b) 
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(c) 

Figure 11. Data distribution of consumption variation divided by climate zones (zones A, B, C, D, E, and 
overall zones) and by future time slices, referred to: (a) heating consumption variation, (b) cooling 
consumption variation, (c) total consumption variation. The marker “x” indicates the mean values, whilst 
the marker “-“ indicates the median values. Adapted from the writer’s work [16]. 

Table 5. Summary of synthetic descriptive indices related to the overall dataset. From the writer’s work 
[16]. 

 Overall data 2020 2050 2080 

Heating 

variation  

Median -12.6% -23.3% -47.5% 

Mean -18.83% -30.28% -48.72% 

Standard deviation 0.176 0.218 0.272 

Cooling 

variation  

Median 28.8% 61.5% 60.9% 

Mean 32.1% 72.3% 204.1% 

Standard deviation 0.366 1.060 11.096 

Total 

variation  

Median 2.6% 0.3% 12.0% 

Mean 5.23% 4.73% 20.36% 

Standard deviation 0.345 0.478 0.659 
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Looking at the overall dataset (group All), climate change impacts consumption 

trends at two levels. On the one hand, it leads to a progressive decrease in heating 

consumption, whose median value ranges from -18.6% (2020) to -48.5% (2080). On 

the other hand, it leads to positive variation in cooling demand since median value rises 

from 28.8% (2020) to 60.9% (2080). Consequently, the overall energy consumption 

steadily increases from 2.6% (2020) to 12% (2080).  

As is evident from the graphs, such results are strongly influenced by the im-

pacts on different climate zones, which are affected by climate change to different ex-

tents. In fact, although the consumption trend in each zone complies with the global 

trend described above, differences between climate zones can be drawn. Overall, com-

pared with the reference period, 50% of the results show a reduction in heating between 

0 and 100%, with significant variability in data between zones. With the exception of 

zone B, considering the representative indices (mean, median), the change in heating 

consumption decreases from climate zone A to D. Although it may seem unexpected, 

since zone D has a colder climate, this observation can be explained by the fact that 

the change in consumption has been calculated as a percentage variation. Hence, in 

warmer zones (like zone A), since heating consumption is lower during the reference 

period, even a slight variation results in a large percentage increase. Concerning the 

change in total consumption, climate zone A seems to suffer from the largest increase 

in consumption, ranging from 14.1% (2020) to 35.1% (2080), while climate zone D 

experience a slight reduction in consumption, due to a high reduction in winter loads. 

3.3.2. Statistical analysis 

The results of the meta-analysis are drawn through a graph called Forest Plot, 

in which the effect size for each study (with its 95% confidence interval), as well as 

combined effect size for all the studies, are displayed. Since the effect size has been 

calculated separately for heating, cooling and total consumption, three Forest Plots are 

generated (Figure 12).  
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Figure 12. Forest plot obtained from the meta-analysis conducted on: (a) heating consumption 
variation, (b) cooling consumption variation, (c) total consumption variation. Author’s elaboration 
based on references [15,67,79,136–138,180,197–208] 

 

The effect sizes concerning the relationship between climate change and heating con-

sumption variation is shown in Figure 12a. Accordingly, the combined effect size based 

on the random effect model is -0.62, with a 95% confidence interval ranging from -

0.82 to -0.30 (p<0.001). Furthermore, the combined effect size referred to the rela-

tionship between climate change and cooling variation (Figure 12b) is equal to 0.62, 

with a 95% confidence interval ranging from 0.39 to 0.78 (p<0.001). Finally, the effect 

sizes referred to the relationship between climate change and total consumption varia-

tion (Figure 12c) are synthesized by a combined effect size of 0.28, with a 95% confi-

dence interval ranging from -0.06 to 0.56 (p<0.001). 
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With the aim of evaluating the impact on the outcomes of the statistical methods 

employed, a sensitivity analysis has been performed: the analyses have been thus per-

formed a second time, adopting the fixed effect model. In this case, the combined effect 

size is equal to -0.76 (95% confidence interval: [-0.79;-0.74] ) for rHEATING, 0.63 (95% 

confidence interval: [0.59; 0.67]) for rCOOLING, and 0.001 (95% confidence interval: 

[0.066 to 0.068]) for rTOTAL. In all the analyses, a high level of heterogeneity was found, 

with an inconsistency index of 96.4% for rHEATING, 93.1 % for rCOOLING, and 94.8% for rTOTAL. 

Although in the built environment research field there are no reference values for inter-

preting the consistency index, such values still denote a high level of heterogeneity, 

since close to the maximum value of 100%. However, the high deviation of studies 

outcomes should not be unexpected, as research can differ greatly in the adopted meth-

odology, which can influence the obtained results. Therefore, heterogeneity has been 

explored by attempting to understand the sources of variation, investigating whether 

and to what extent methodological parameters might influence the results, through a 

correlation analysis. Four input variables have been included in the analysis: P4: Heat-

ing Degree Days (HDDs), P5: Cooling Degree Days (CDDs), P6: Reference Period (RP), 

and P10: CO2 concentration measured in ppm (CO2); while percentage energy con-

sumption variation has been evaluated as P12: heating (ΔH), P13: cooling (ΔC), and 

P14: total variation (ΔT). 

Firstly, a normality test for the variables has been graphically performed, by 

means of q-q plots, which allows to compare the dataset with normal distribution val-

ues for quantiles determined from the dataset itself. Although most observations do not 

follow the reference normal line, according to the central limit theorem (CLT), the dis-

tribution of sample means approximates a normal distribution as the sample size gets 

larger, regardless of the population's distribution [209]. Hence, if the sample consists 

of hundreds of observations, the distribution of data can be ignored, and parametric 

procedures can still be adopted [210]. Secondly, data has been tested for outliers in 

XLSTAT software [211] and a limited number of outliers has been found, but still re-

tained in the analysis as no data errors or measurement problems were found. 
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Then, to evaluate the correlation among the variables, Pearson correlation test 

has been performed in XLSTAT software [211]. It is a parametric test measuring the 

strength and direction of the linear association between two variables with no assump-

tion of causality: a result equal to -1 indicates a strong negative correlation, +1 denotes 

a strong positive correlation, whilst a 0 means that there is no correlation. The calcu-

lated Pearson's r coefficients are presented in Table 6, with statistically significant re-

sults shown in bold type (p-value p<0.05). 

Table 6. Pearson’s r coefficients. From the author’s work [16]. 

Variable HDDs CDDs RP CO2 ΔH ΔC ΔT 

HDDs 1 -0.759 0.120 -0.239 0.458 0.038 -0.445 

CDDs -0.759 1 -0.212 0.161 -0.326 -0.198 0.280 

RP 0.120 -0.212 1 -0.082 0.050 -0.129 -0.012 

CO2 -0.239 0.161 -0.082 1 -0.415 0.230 0.288 

ΔH 0.458 -0.326 0.050 -0.415 1 -0.234 -0.273 

ΔC 0.038 -0.198 -0.129 0.230 -0.234 1 0.239 

ΔT -0.445 0.280 -0.012 0.288 -0.273 0.239 1 

Abbr. HDDs = Heating Degree Days; CDDs = Cooling Degree Days; RP = reference period; CO2 = 
CO2 concentration; ΔH = heating consumption variation; ΔC = cooling consumption variation; ΔT 
= total consumption variation. 

 

Evidently, there is no strong linear correlation between energy consumption 

variations and the other input variables, even though moderate linear correlations 

emerge between heating variation and HDDs (0.458) and CO2 (-0.415). By contrast, 

negative linear correlations can be pointed out between total energy consumption vari-

ation and HDDs (-0.445). Nevertheless, it is worth noting that Pearson’s correlation 

coefficient is very sensitive to outliers, which can have a very large effect on the line of 

best fit. Since our datasets were characterized by a range of outliers, the bivariate cor-

relation among all the variables has been assessed using a further test: the Spearman 

rank correlation coefficient (rho), which allows the presence of non-linear monotonic 

relations and non-normality in the datasets and is assumed to be robust to outliers 

[212]. This is a non-parametric test which measures the strength and direction of the 
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association between two ranked variables. Once again, the rho coefficient can range 

from -1 (representing a perfect negative monotonic relationship) to 1 (representing a 

perfect negative monotonic relationship). The calculated rho coefficients are presented 

in Table 7, with statistically significant results shown in bold type (p-value p<0.05). 

Table 7. Spearman rho coefficients. From the author’s work [16]. 

Variable HDDs CDDs RP CO2 ΔH ΔC ΔT 

HDDs 1 -0.766 0.237 -0.216 0.497 0.208 -0.588 

CDDs -0.766 1 -0.089 0.034 -0.408 -0.177 0.485 

RP 0.237 -0.089 1 -0.140 0.074 0.039 -0.002 

CO2 -0.216 0.034 -0.140 1 -0.422 0.190 0.180 

ΔH 0.497 -0.408 0.074 -0.422 1 -0.329 -0.337 

ΔC 0.208 -0.177 0.039 0.190 -0.329 1 0.181 

ΔT -0.588 0.485 -0.002 0.180 -0.337 0.181 1 

Abbr. HDDs = Heating Degree Days; CDDs = Cooling Degree Days; RP = reference period; CO2 = 
CO2 concentration; ΔH = heating consumption variation; ΔC = cooling consumption variation; ΔT = 
total consumption variation. 

 

Again, no very strong correlations have been found among the variables, alt-

hough moderate positive correlations can be pointed out between ΔH and HDDs 

(0.497), as well as a negative correlation between ΔH and CDDs (-0.408). Surprisingly, 

no obvious correlations emerged between the cooling consumption variation and the 

other variables, nevertheless these results do not imply there is no relationship between 

the variables, rather that there is no monotonic one. In addition, significant negative 

associations can be observed between ΔT and HDDs (-0.588), and to a lesser extent 

between ΔT and CDDs (0.485).  

To better understand the relationship between the considered variables, the most rep-

resentative scatter plots are reported in Figure 13.  
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 13. Relationship between HDDs and: (a) heating consumption variation; (b) cooling 
consumption variation; (c) total consumption variation. Relationship between CDDs and: (d) heating 
consumption variation; (e) cooling consumption variation; (f) total consumption variation. From the 
author’s work [16]. 



Ludovica Maria Campagna | XXXVI cycle 

64 
 

The data distribution of energy consumption variation with respect to HDDs is 

illustrated in Figure 13, showing the correlation between HDDs and (a) heating varia-

tion, (b) cooling variation, (c) total variation. An upward trend characterizes the rela-

tionship between heating variation and HDDs, confirming the weak positive correlation 

suggested by the correlation coefficients. Although data appear evenly distributed, a 

higher concentrated spread of results can be recognized with HDDs values ranging 

from 0 to 2000. Overall, data appears to be distributed with a linear trend, hence a 

straight line seems to be the best fit (R2=0.21). Given the positive gradient of the line, 

the greater the degree days, the greater the value of variation in heating consumption. 

However, since the variation is characterised by negative values, this results in a 

smaller reduction (in absolute value) in heating consumptions with the increase of 

HDDs. Since a weak value of a correlation coefficient does not imply the lack of corre-

lation, but rather the absence of linear correlation (Pearson) and the absence of mono-

tonic relationship (Spearman), the distribution of data concerning the variation of cool-

ing consumptions with respect to HDDs has been plotted, to identify further suitable 

relationships. As depicted in Figure 13b, data do not appear to be randomly distributed, 

but higher variations of cooling consumptions seem to be concentrated in areas where 

HDDs range from 2000 to 4000. Therefore, a polynomial regression is found to be the 

best fit for the population of data, although with not a strong correlation (R2=0.108). 

Finally, data concerning the variation of total consumptions with respect to HDDs are 

plotted in Figure 13c. Once again, the weak negative correlation suggested by the pre-

viously calculated Pearson and Spearman coefficients is confirmed by the points dis-

tribution. Indeed, the points follow a negative trend, which can be represented by a 

straight line with a negative slope (R2=0.198). Thereby, the increase in total consump-

tion is higher in areas characterized by smaller values of HDDs, decreasing progres-

sively as the HDDs increase, until reaching negative values. 

The data distribution of energy consumption variation with respect to CDDs is 

illustrated in Figure 13: showing the correlation between CDDs and (d) heating varia-

tion, (e) cooling variation, (f) total variation. A downward trend characterizes the rela-

tionship between heating consumptions variation and CDDs, already described by a 
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low value of Pearson coefficient, but a medium value of Spearman coefficient (Figure 

13d). Even in this case, although the data are well distributed, a higher concentration 

of results between 500 and 1000 CDDs can be found, whereas a considerable number 

of outliers characterized the whole chart. Despite that, the data distribution suggests a 

negative trend, with a reduction in heating consumption as CDDs increase. Assuming 

a linear relationship between the two variables, it would be characterised by an 

R2=0.106, confirming the low value of the Pearson coefficient. Referring to Figure 13e 

and Figure 13f, the widespread distribution of the data does not allow a clear relation-

ship between the variables to be identified. Nonetheless, the relationship between cool-

ing consumption variation and CDDs appears to be on a downward trend (Figure 13e), 

with a high number of outliers for CDDs values ranging between 0 and 500. On the 

contrary, the variation of total consumption does not seem to follow any trend, as it is 

characterised by highly scattered values and thus not allowing to find any significant 

correlation. 

3.4. Conclusions and limitations 

The present chapter aimed to answer the first research question of the present 

thesis (RQ1), reviewing the state of the art on the impacts of climate change on building 

energy consumption. Once the papers were preliminarily analysed from a qualitatively 

perspective (exploring the most investigated locations and building types and the meth-

odologies adopted), the problem was addressed from a quantitative point of view. 

Concerning the qualitative analysis, the literature review showed that the studies 

are unevenly distributed, focusing predominantly on Europe, far-east Asia, and the east-

ern United States, involving mainly residential (40% of the studies) and office buildings 

(26% of the studies) located in climate zone C (65% of the studies). Consequently, 

further investigations involving different building types as well as different climate zones 

are certainly needed. In terms of methodology, the assessment of building energy per-

formance often appeared to be based on inadequate climate files, both in terms of cur-

rent climate and future climate. On the one hand, current climate files based on weather 

data measured before 1990 - thus no longer representative - are used as reference 

(37% of the studies); on the other hand, the generation of future climate files is based 
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on outdated emission scenarios (mainly SRES). Moreover, among downscaling tech-

niques, the imposed offset method (which includes morphing) undoubtedly prevails 

accounting for more than one half of the papers. However, the adoption of not a single 

approach would be desirable, considering the uncertainty in predictive analyses. 

Referring to the quantitative analysis, the first objective dealt with the quantifi-

cation of the effects of climate change on building consumption, exploring the extent to 

which they differ among studies. Accordingly, the analyses performed - based on a 

sample of 1671 data collected from the 71 manuscripts - confirmed that climate change 

will be responsible for a deep change in building energy consumption. In fact, rising 

temperatures will globally result in: i) a reduction in heating consumptions from -12.6% 

(2020) to -47.5% (2080); ii) an increase in cooling consumptions from +28.8% (2020) 

to +60.9% (2080); iii) a growth in total consumptions from +2.6% (2020) to +12% 

(2080). As expected, buildings falling in different climate zones are affected by climate 

change to different extents. For instance, zone D seems to be the least affected, while 

zone A seems to experience the largest increase in energy consumption. 

The second objective concerned the investigation of potential relationships be-

tween research methodologies and research results. Statistical analysis of data ex-

tracted from the reviewed papers confirmed that impact analyses on building energy 

consumption led to highly heterogeneous results, with a significant level of heteroge-

neity that did not allow a synthetic combined effect to be identified through the meta-

analysis. The variability could depend on climate zone, building type, and methodology 

adopted. The effort to identify a relationship between the variation in energy consump-

tion and HDDs, CDDs, reference period, and CO2 concentration did not lead to the iden-

tification of strong correlations between the parameters. However, two moderate linear 

correlations were found. The first one was found between the change in heating con-

sumption and HDDs, which appeared to be related by a moderate positive linear corre-

lation: the larger the HDDs, the lower the reduction in heating consumption. The second 

one was found between total consumption and HDDs. Indeed, the increase in total con-

sumption is greater in areas characterized by lower values of HDDs, decreasing pro-

gressively as HDDs increase, until reaching negative values. 
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Beyond the result obtained, the work conducted is intended to highlight the high 

potential of the meta-analysis approach in conducting a literature review, constituting 

one of the limited examples in the construction research field. Indeed, systematic re-

views and meta-analyses are a basic part of evidence-based medicine, in which strict 

protocols have already been established. In contrast, in the construction research field, 

meta-analyses and in general quantitative evaluations are still limited, as qualitative re-

views prevail. As a new methodological approach in this area, specific methodologies 

have not yet been established, but rather attempts to adapt those used in the clinical 

practice are common, although several limitations make it difficult to comply with strict 

clinical protocols. Referring to this work, three main limitations can be outlined. The 

most significant one is the lack of a publication bias assessment, which may influence 

the results obtained. In addition, such results cannot be compared with other studies 

due to the lack of any other meta-analyses on the same topic. In addition, the low 

number of available manuscripts, as well as some missing data in the studies, signifi-

cantly restricted the sample of manuscripts on which the meta-analysis was based. 
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CHAPTER 4 

4. CHARACTERISATION OF APULIAN SCHOOL 

BUILDING STOCK 

4.1. Introduction 

The state-of-the-art investigation on existing educational buildings revealed that 

Italian schools suffer from poor energy performance and inadequate indoor comfort 

levels, resulting in an urgent need for renewal, which could be met through the renova-

tion opportunities provided by climate policies. To this end, an adequate knowledge of 

the characteristics of the existing building stock is required to understand the current 

status of the assets and thus set priorities for intervention. Since detailed knowledge of 

a whole building stock is not feasible [30], suitable methodologies need to be applied 

to identify typical buildings to be studied, representative of homogeneous classes into 

which the entire heritage is divided [32], such as through cluster analysis. However, 

the literature review (Section 2.2.2) has shown that the application to the school build-

ing type is often difficult, as collecting field data on a large sample of schools is complex 

and time-consuming, since it requires different stakeholders to be involved to make 

data available [33,34]. As a result, research in this field is very limited (especially in the 

Italian context) and is based on small school samples, the only ones for which exhaus-

tive data are available. 

The present Chapter aims to fill this literature gap, providing an overview of the 

school building stock in the Apulia Region, and thus answering the second research 

question (RQ2) of this dissertation. In detail, two key objectives have been pursued. On 

the one hand, highlighting the main features of such school building stock, based on 

data collected and analysed from the regional database of schools (ARES database). 

On the other hand, splitting the large building sample in homogeneous classes for fur-

ther energy analyses, by identifying proper factors to cluster all buildings based on both 

literature survey and available data. Indeed, for the first time, a cluster analysis has 
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been performed encompassing a large number of school buildings, more than one 

thousand, to create clusters as representative as possible of the existing school herit-

age located in the Apulia Region. Accordingly, four representative buildings have been 

selected for further analyses. Methodology (section 4.2) and results (section 4.3) pre-

sented and discussed in this section summarise the main findings published in two 

dedicated articles by the present writer [48,213], which can be referred to for more 

details. 

4.2. Methodology 

The methodology adopted in this chapter is divided into three main steps, which 

include: i) defining the sample of school buildings to be explored, ii) the collection of 

associated data and its validation, (iii) cluster analysis to identify representative build-

ings in the sample. Each step is briefly explained below. 

4.2.1. Building sample definition 

The investigation carried out is entirely based on school buildings surveyed 

within the Apulian regional school register (ARES database) [109], implemented in an 

effort to ensure the proper planning of the school building stock at the regional level. 

The registry is based on an online information system, in which each school is associ-

ated with two forms: a form related to the school institution (compiled by the school 

director) and a form related to the building, filled in by the building owner (municipality 

or province). Hence, the reliability of the data is closely linked to the user who fills in 

the database. To date, the regional database is still under construction and shows many 

missing or incomplete data, resulting in one of the main obstacles to conducting in-

depth studies at the regional level.  

Among the 2451 schools surveyed in the ARES database, only those owned by 

municipalities have been selected, which account for a total of 1839 buildings to be 

investigated. According to the Italian educational system [34,106], such municipally 

owned schools involve childcares, preschools, primary and lower secondary schools. 

Otherwise, upper secondary schools - hosted in buildings managed by provinces – 

have not been included in the investigation, since they exhibit different features and 
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utilization profiles that do not allow them to be assimilated with schools of lower grades. 

Likewise, the private schools have been excluded from the analyses since they are not 

officially surveyed. 

Although the sample retrieved from the ARES database included 1839 educa-

tional buildings, a total of 616 schools have been excluded due to missing data on year 

of construction (536 schools) or building height (80 schools), allowing a sample of 

1221 schools to undergo the data collection and validation process. Then, through the 

validation process, 131 schools have been discarded for two main reasons: i) the 

school area cannot be calculated since the school building hosted other non-school 

activities, ii) the building was built quite recently, so it is not yet shown in the Regional 

Technical Map. At the end of the validation process, a final sample of 1090 buildings 

has been obtained, thus maintaining the large scale of the database. Consequently, the 

list of the approved buildings has been extrapolated from the ARES database, together 

with further generic buildings data, involving i) building ID; ii) location, iii) geographical 

coordinates iv) school grade, v) year of construction.  

4.2.2. Data detection and validation 

Since the objective of this section was to identify a methodology to classify a 

large sample of schools for future energy analyses, it was essential to identify appro-

priate parameters that would allow buildings to be classified. From a literature review, 

the main parameters influencing heating consumption of schools have been identified, 

then sought in the ARES database, selecting those with the highest level of complete-

ness, to group the large number of buildings as possible. Consequently, two benchmark 

variables have been chosen to group the sample, which - in accordance with the liter-

ature review - seem to strongly influence heating consumption: 

• the construction year, since it reflects the building technological features and 

affects the energy use [41,116,214]; 

• the surface-to-volume ratio (S/V) [m−1], which is correlated with the heat flows 

through the envelope and, therefore, affects building energy performance [215]. 

As such, this parameter is adopted by the Italian regulations as a criterion for 

setting regulatory thresholds for the containment of consumption [216]. 
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While the year of construction have directly been extrapolated from the ARES 

database, an easy methodology to calculate the S/V ratio of all 1000 schools had to be 

created, as the database only provides data such as footprint area, total volume includ-

ing basement spaces, and total height, or net interior height of floors. Consequently, 

the parameters required for S/V calculation were retrieved in a Geographic Information 

Systems (GIS) environment, widely adopted in the literature to collect geometric and 

typological data of buildings [217]. In this work, the Quantum GIS software (QGIS, ver-

sion 3.22.0) has been used for data collection, while the Regional Technical Map (CTR, 

scale ratio 1:5000), developed by the Apulia Region – Department for Territorial Plan-

ning, has been adopted as cartographic basis to collect information [218]. The map is 

provided in ESRI-shapefile format, which enables the extraction of information about 

buildings as attributes of the polygons representing them. In detail, the data available 

from the map are related to the building footprint area and perimeter, which together 

with the height provided by the ARES database, allows the S/V ratio calculation. Nev-

ertheless, since the map was generated in 2006 and updated in 2011, a process of 

data validation has been performed to appreciate potential variations in the built envi-

ronment, drawn in Figure 14.  

Based on the geographic coordinates extracted from the ARES database, a new 

vector of points has been created in QGIS and then used to "select by location" the 

school buildings in the CTR to generate a new polygonal shapefile that includes only 

the school buildings, each one characterized by footprint area and perimeter. To vali-

date data, the footprints have been extracted in CSV format and compared with the 

footprints provided by the ARES database, setting an acceptance threshold of 20%. If 

the threshold was met, the geometric attributes were accepted. Otherwise, the buildings 

were searched on Google Maps and their footprint area was manually measured with 

the Google Maps area calculator. If this area met the threshold of 20% of the QGIS 

value, the QGIS geometric data was accepted. Otherwise, the value was definitely dis-

carded, and the building was excluded from further analysis. Finally, the validated data 

were used to calculate the S/V ratio. 
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Figure 14. Methodological workflow for data detection and validation. Adapted from the author’s work 
[213]. 
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4.2.3. Cluster analysis 

After collecting and validating the data on year of construction and S/V ratio, a 

further pre-processing has been required to effectively conduct the cluster analysis. 

Indeed, to avoid that attributes with larger variation ranges outweigh attributes with 

smaller ranges - thus dominating the clustering results  [219] – data must be normal-

ised. Consequently, a z-scores normalization has been performed, allowing each value 

to be normalized to the sample mean and standard deviation [219], according to the 

Equation 1: 

𝑣′𝑖 = 𝑣𝑖 − �̅�𝜎𝐴  (1) 

where v’i represents the normalised value, vi is the value belonging to the data sample 

A, Ā is the mean of the sample and σA is the standard deviation of the sample. 

Once the pre-processing phase has been completed, cluster analysis has been per-

formed. The cluster analysis is defined as “the organization of a collection of patterns 

(usually represented as a vector of measurements, or a point in a multidimensional 

space) into clusters based on similarity” [220]. Hence, each cluster is made up of 

objects with a higher degree of similarity than those in other clusters.  

Among the different algorithms available in the literature to group objects – including 

hierarchical clustering, partitioning, density-based clustering, grid-based clustering, 

model-based clustering, and fuzzy clustering – a Agglomerative Hierarchical Clustering 

(AHC) has been adopted in this work, in XLSTAT software [211]. The AHC allows for a 

hierarchical decomposition of a given set of objects and does not require to establish 

the number of clusters a priori, but rather it provides a dendrogram as a result, which 

gives an idea of the suitable number of classes into which the data can be grouped 

[219]. The AHC works as an iterative approach, based on three phases: i) the dissimi-

larity between the N objects is calculated, ii) two objects which, when clustered to-

gether minimize a given agglomeration criterion, are clustered together thus creating a 

class comprising these two objects, iii) the dissimilarity between this class and the N-

2 other objects is calculated using the agglomeration criterion. The two objects (or 

classes of objects) whose clustering together minimizes the agglomeration criterion are 
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then clustered together. This process continues until all the objects have been clustered 

[221]. In this work, the Squared Euclidean Distance was adopted as a dissimilarity 

measure and the Ward Method as the partition algorithm [222]. 
 

4.3. Results 

The following paragraphs summarise the main findings of this investigation. 

First, an overview of the main characteristics of the selected schools is provided. Then, 

the results of the cluster analysis are presented and debated. 

4.3.1. Apulian school buildings stock overview 

A brief overview of the Apulian school building stock is provided below, in re-

lation to geographical perspective and geometrical features.  

From a geographical point of view, school buildings appear unevenly distributed 

throughout the region. In detail, the Metropolitan City of Bari hosts the highest percent-

age of municipally owned schools, with 31% of the buildings owned. The other build-

ings are distributed as follows: 24% in the Province of Lecce, 17% in the Province of 

Foggia, 13% in the Province of Taranto, 7% in the Province of Brindisi, and 7% in the 

Province of Barletta-Andria-Trani (BAT). Such distributions have been calculated based 

on the validated sample, but they still reflect the distribution of schools in the full da-

taset, thus remaining representative of the whole sample (Table 8). 

Table 8. Distribution of educational buildings by provinces in the Apulia Region in the validated and in 
the full sample. 

Province Validated sample (%) Full sample (%) 

Bari 31 27 

Lecce 24 24 

Foggia 17 18 

Taranto 13 13 

Brindisi 7 12 

BAT 7 6 
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As expected, the distribution of schools appears to be related to the distribution 

of the school-age population in the region (see Figure 15). In fact, according to the 

latest survey conducted by ISTAT, the 0–13-year-old population is distributed as fol-

lows: Metropolitan City of Bari (32%), Province of Lecce (18.6%), Province of Foggia 

(16%), Province of Taranto (14%), Province of BAT (10.3%), Province of Brindisi 

(9.3%) [223]. Except for the provinces of BAT and Brindisi, the distribution of educa-

tional buildings exactly follows the school-aged population distribution. 

 

 

Figure 15. Distribution in the Apulian provinces of: (a) the population aged 0-13, (b) the municipally 
owned educational buildings (hosting students aged 0-13). Adapted from the author’s work [48]. 

 

With a view to the educational institutions accommodated within the buildings, 

the most significant are the childcare centres and pre-schools (33%), since these build-

ings host a small number of students being spread throughout the whole territory. Ac-

counting for 25%, buildings hosting multiple educational institutions rank second, in-

volving building which host: i) pre-schools and primary schools, ii) pre-schools, pri-

mary and lower secondary schools, iii) primary and lower secondary schools. In fact, 

in recent years, the Italian government has introduced some legislative actions to 
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reduce the number of small schools, and thus the number of buildings [224]. By con-

trast, the number of buildings housing exclusively primary or lower secondary schools 

appears to be similar, with 17% and 18% respectively. Finally, a 7% of the sample 

represents buildings occupied by school facilities, like administrative offices or school 

gyms. 

As mentioned in the methodology section, the construction year and the S/V 

ratio have been selected as predictors to cluster the school sample, since they were 

found to strongly affect energy consumption. Referring to the construction year (Figure 

16), the Apulian trend seems to reflect the national trend, with the majority of schools 

(46,2%) built before 1976, in the absence of any energy regulation. In fact, the first 

energy law in Italy was published in 1976 [225]. A further significant percentage of 

Apulian school building stock dates from 1976-1992, accounting for 44% of the build-

ings. Consequently, only 10% of the buildings were built after 1993. This distribution 

confirms the ageing of the school building stock and its high potential in terms of re-

furbishment. Disaggregating the results by school grade, schools built before 1949 

host predominantly primary schools, while secondary schools constitute the majority 

of those built in the years 1950-1975. Pre-schools find widespread use since 1976, 

while childcare centres account for the majority of schools built after 2008. In fact, an 

increase in the spread of childcares across the whole Italian territory is strongly required 

today. Referring to the S/V ratio (Figure 17), the educational institution hosted by the 

school seems to affect this parameter. For instance, childcare centres and pre-schools 

are characterised by high shape ratios, mostly greater than 0.6. In fact, schools for 

younger children are tipically small single-storey buildings, as they are required to be 

spread across the whole municipally territory. Otherwise, buildings housing primary 

and lower secondary schools are characterised by a more compact shape, showing a 

shape ratio of about 0.5. Overall, larger areas characterized these buildings, since they 

accommodate a greater number of students, and predominantly consist of two levels 

(77%). The same trend can be recognised for buildings housing multiple educational 

institutions, also characterised by S/V ratios between 0.4 and 0.5. The present findings 

can be compared and debated with those found in other Italian studies. For example, 
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Marrone et al. [118] analysed the S/V ratio of a sample of school buildings in the Lazio 

Region. On one hand, they found a percentage of only 6% of buildings with S/V ratios 

below 0.3, which was corroborated by the present study. On the other hand, they 

identified the highest percentage of S/V ratios above 0.5 (62%), while 32% ranges 

between 0.4-0.5. These results seem opposite to ours, but may be explained by the 

different sample size, as the study surveyed a sample of only 80 buildings. Another 

study conducted by Arambula et al. [35], found out a S/V ratio ranging from 0.3 to 0.5, 

based on a sample of 60 Italian schools. Thus, it is reasonable to conclude that the 

frequency distribution of the S/V ratio is influenced both by the selected sample and the 

educational institutions housed in the schools. However, shape ratios smaller than 0.3 

seem to be unusual in all cases. 

 

Figure 16. Frequency distribution of educational buildings - divided by educational institution - by the 
construction period. Adapted from the author’s work [48]. 
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Figure 17. Frequency distribution of educational buildings - divided by educational institution - by the 
S/V ratio. Adapted from the author’s work [48]. 

4.3.2. Cluster analysis 

The results of the cluster analysis are presented and debated below. As ex-

plained in methodology, the AHC approach has been adopted to perform the cluster 

analysis, basing it on two predictors: year of construction and S/V ratio. Based on the 

results of the dendrogram, a number of 5 clusters has been identified as the most ap-

propriate to subdivide the whole sample of schools. Since the benchmark parameters 

were limited to two, a two-dimensional scatter plot allows for a proper visualisation of 

the extent of each cluster (Figure 18). More in detail, the x-axis shows the construction 
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year, the y-axis shows the S/V ratio, both presented in absolute value and not stand-

ardized scores. Each cluster is plotted by a different colour. 

 

Figure 18. Scatter plot of educational buildings by shape ratio S/V and construction year. Adapted from 
the author’s work [48]. 

 

As depicted in the Figure, the schools sample can be sorted according to three 

main construction periods and two S/V ratio ranges, allowing five clusters to be de-

tected. Buildings clusters description is presented in Table 9, which summarises the 

number of buildings involved, their main features, as well as the centroids’ features.  

The construction years involve three periods:  

• the first construction period covers years up to 1945, involving all the schools 

built up to the end of the World War II;  
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• the second construction period covers predominantly the years from 1945 to 

the mid-1970s, including schools built from the post-World War II years to the 

1970s; 

• the third construction period covers years since the late 1970s. 

Interestingly, the cluster analysis led to the definition of a clear limit in terms of con-

struction year (the middle 1970s) that coincides with a turning point in Italian building 

legislation, due to the first publication of an energy legislation [225]. In addition, clus-

ters can be related to the years of national regulation adoption regarding educational 

building construction. In fact, a key-role in the regulatory framework of school con-

struction was played by the Ministerial Decree of 18 December 1975 [226], which 

introduced technical standards for schools, for the first time. Nevertheless, only two 

clusters (1 and 3) involve schools built after the adoption of this law, and thus in com-

pliance with its guidelines. In contrast, clusters 2, 4 and 5, concern buildings con-

structed earlier and thus in the absence of any national directives. 

Referring to the S/V ratio, two groups can be identified:  

• the first group shows high values of the S/V ratio (higher than 0.55), thus in-

cluding not very compact buildings, with high dispersion rate. 

• the second group shows lower S/V ratio, involving compact buildings with lim-

ited dispersion rate. 

Table 9. Clusters identified, with the number of schools, the main features of the cluster and of its 
centroid. 

  Clusters features Centroids features 

Clusters Buildings n. Construction 

year 

S/V ratio Construction 

year 

S/V ratio 

1 282 1970-2012 0.54-0.94 1986 0.71 

2 332 1949-1990 0.24-0.55 1967 0.42 

3 237 1976-2018 0.30-0.65 1988 0.45 

4 50 1921-1972 0.57-0.89 1961 0.67 

5 110 1850-1945 0.25-0.46 1929 0.37 
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Clusters 1, 2 and 3 involve the majority of buildings, while Clusters 4 and 5 encompass 

a smaller number of schools. A brief description of each cluster is given below, based 

on the two selected predictors. In addition, further information is provided, concerning 

the school grade (Figure 19) and the territorial and climatological distribution of 

schools in each cluster (Figure 20 and Figure 21). 

Cluster 1 involves schools built since the 1970s, characterised by a great S/V 

ratio. As expected, such buildings mainly host pre-schools, reaching the 70% of the 

total. Otherwise, Cluster 3 covers almost the same years but including schools with a 

lower S/V ratio. In that case, multiple and lower secondary schools appear to be the 

most involved. Likewise, Clusters 2 and 4 rely almost in the same construction years, 

including buildings with a high and a low S/V ratio respectively. Once again, Cluster 2 

includes mainly multipurpose buildings and lower secondary schools, along with pri-

mary schools which are grouped larger in this cluster to a greater extent than the others. 

By contrast, Cluster 4 is predominantly made up by school hosting childcare centres 

and pre-schools. Schools built from the 1800s up to 1945 - characterized by low values 

of S/V ratio - are included in Cluster 5, which is dominated by primary and multiple 

schools. It should be noted that, unlike previous cases, there is no cluster correspond-

ing to the same years with high S/V ratios, as the building technologies of that period 

required buildings to be constructed with compact shapes. 

From a geographical perspective (Figure 20), schools located in the Metropol-

itan City of Bari belong equally to Cluster 1, 2 and 3, whereas those located in the 

Provinces of Brindisi, Taranto e Lecce predominantly lie in Clusters 1 and 2. By con-

trast, the Provinces of Foggia and BAT involves belonging to Cluster 2, with the Prov-

ince of Foggia reaching almost 45% of its overall school buildings heritage.   

From a climatological perspective (Figure 21), all clusters include the most 

buildings located in climate zone C, which is the most extended in the region, followed 

by schools falling in climate zone D. By contrast, schools lying in climate zone E are 

very limited - as its extent is extremely little in the region - and they appear almost all 

located in Cluster 2. 

 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

83 
 

 

Figure 19. Bar chart of the school type distribution for each cluster. Adapted from the author’s work 
[48]. 

 

Figure 20. Bar chart of distribution of school in the Apulian Provinces for each cluster. Adapted from 
the author’s work [48]. 

 



Ludovica Maria Campagna | XXXVI cycle 

84 
 

 

Figure 21. Bar chart of distribution of school in the Apulian climate zones (C, D, E) for each cluster.  

4.3.3. Reference buildings 

The cluster analysis has been performed with the main aim of identifying refer-

ence buildings, considered as representative of the whole Apulian school building 

stock, that could be useful for further energy analyses. Therefore, once the cluster anal-

ysis was carried out, the Euclidean distance of all schools from the corresponding cen-

troids has been calculated, identifying the closest ones. With the aim of subjecting the 

representative buildings to a validation process based on the calibration carried out 

through a BPS, among the schools nearest to centroids, those for which data were 

available to implement the calibration process - based on the field investigation dis-

cussed in Chapter 5 - have been identified. Accordingly, four schools have been iden-

tified, representative of Clusters 1,2,3,5. Indeed, Cluster 4 was found to consist of a 

very small number of schools (50 out of 1080), therefore discarded from the analyses 

as it was considered not representative. The position of the identified schools with re-

spect to the theoretical centroids is shown in Figure 22, while their main features are 

presented in Table 10. In contrast, for an in-depth discussion regarding the description 
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of the representative buildings, as well as their validation process, please refer to Chap-

ter 6, where such representative schools – once validated against billed consumption 

data - are also adopted to evaluate climate change impacts on energy consumption. 

 

Figure 22. Identification of representative buildings within clusters (indicated by a red cross). 
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Table 10. Reference buildings for each cluster with their main features. 

Clusters  Location Construction 

year 

S/V ratio 

1  Barletta 1980 0.72 

2  Barletta 1961 0.45 

3  Barletta 1989 0.49 

4 - - - - 

5  Barletta 1933 0.36 
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4.4. Conclusion and limitations 

The present chapter aimed to answer the second research question of the pre-

sent work (RQ2), providing documentation of the existing status of southern Italian ed-

ucational buildings, from an energy perspective. Accordingly, a general overview of the 

status of schools has been performed based on data retrieved from the regional dataset 

ARES. Hence, more than 1000 buildings have been clustered according to two predic-

tors (year of construction and surface-to-volume ratio), identifying five groups repre-

senting the majority of schools in Apulia. 

With reference to the first objective, an overall assessment of Apulian school building 

stock, involving more than a thousand buildings (childcare, primary and lower second-

ary schools) has been provided for the first time in the literature. Briefly, according to 

the Italian trend, most of schools (46.2%) was built before 1976, thus without any 

energy regulations, while a significant percentage (44%) dates from 1976-1992. The 

S/V ratio appears to be affected by the educational institution hosted by the school, 

since childcare centres and pre-schools are characterised by high shape ratios (greater 

than 0.6), whereas primary and lower secondary schools show more compact shape. 

With reference to the second objective, a hierarchical cluster analysis has been per-

formed, identifying five clusters, based on two energy predictors (year of construction 

and S/V ratio). Cluster 1 involves schools built since the 1970s, characterised by great 

S/V ratio, while Cluster 3 covers almost the same years but includes schools with a 

lower S/V ratio. Likewise, Clusters 2 and 4 rely almost in the same construction years, 

including buildings with a high and a low S/V ratio respectively. Finally, Cluster 5 covers 

schools built from the 1800s up to 1945, always characterized by low values of S/V 

ratio. Accordingly, four representative buildings have been selected for further energy 

analyses.  

Some research limitation can be outlined in this study. Firstly, the great number 

of schools involved (more than one thousand) have drastically reduced the possibility 

of obtaining comprehensive data characterizing all buildings, resulting in the selection 

of only two predictors to perform the cluster analysis. However, the potential of the 

analysis conducted should encourage public administrations to share more data. In 
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addition, although based on the clusters identified, the selection of representative 

schools was opportunistic, as it was strongly affected by the availability of the data 

provided by local authorities, later used for validating the identified buildings.  
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CHAPTER 5 

5. LARGE SCALE FIELD ENERGY ASSESSMENT 

5.1. Introduction  

Proper knowledge of the current condition of a building stock is a crucial start-

ing point for planning an appropriate renovation process, as it allows to understand its 

current state - with its strengths and weaknesses - as well as to identify energy bench-

marks for assessing energy performance and retrofit effectiveness. However, the liter-

ature review (section 2.2.3) clearly highlighted the lack of studies based on field data 

regarding schools, again due to the difficulty in finding data, especially in the Italian 

context. Indeed, in Italy, only not recent studies were found, mainly concerning high 

schools, and never located in southern Italy. The present chapter aims to make the 

effort to fill this gap in the literature, thus answering the third research question (RQ3) 

of this dissertation. Indeed, based on the cluster analysis findings, a more detailed 

study concerning actual energy consumption of educational buildings in the Apulia Re-

gion was conducted, including as numerous buildings as possible. The main objective 

was to provide a large-scale empirical analysis of the existing energy conditions of a 

sample of school buildings in southern Italy, through the collection of energy consump-

tion data, involving pre-schools, primary and lower secondary schools. Gas and elec-

tricity consumption data were collected for a five-year period (2017-2021) for a sample 

of nearly 50 schools, allowing the evaluation of: i) energy consumption trends, both on 

annual and monthly basis; ii) impact that Covid-19 pandemic on school energy con-

sumption; iii) energy consumption trends in relation to the school grade; iv) energy 

consumptions benchmarks based on billed data, comparable with data found in the 

international research. Methodology (section 5.2) and results (section 5.3) presented 

and discussed in this section summarise the main findings published in two dedicated 

articles by the present writer [48,227], which can be referred to for more details.  
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5.2. Methods 

The methodology adopted in the present section consists of two parts: i) the 

collection of billed energy consumption data from a sample of school buildings, ii) the 

processing and statistical analysis of the collected data.  

5.2.1. Data collection 

To give an overview of the current energy status of the Apulian schools based 

on field data, municipalities were asked for gas (or oil) and electricity consumption over 

a five-year period (2017-2021), on a preferably monthly or at least annual basis. As 

already mentioned, in the Italian schools, gas (or oil) supplies the energy needs for 

heating, and potentially for domestic hot water (DHW), often provided by electric boil-

ers. In any case, DHW consumption can be considered negligible, since Italian students 

typically do not use gym showers. Consequently, gas consumption can be allocated to 

heating demand only [111]. On the contrary, electricity consumption supplies energy 

needs for lighting, appliances, and auxiliaries of heating systems, or individual split A/C 

units if existing. Hence, energy consumption associated with heating can be directly 

retrieved from gas utility bills, while energy consumption associated with electricity can 

be directly retrieved from electric utility bills. 

The six chief-town of Apulian provinces - where the greatest number of schools 

are located - have been asked for billed consumption data, eventually provided by only 

four of them: Bari, Barletta, Lecce, and Taranto. Hence, the investigated schools are all 

located in the same climatic zone (zone C), according to the national law [228]. Overall, 

heating consumption data has been obtained for a sample of 53 buildings, whereas 

electricity consumption were available for only 36 buildings (Figure 23). Energy data 

cover the required period (2017-2021), based on different time resolutions: unfortu-

nately, only a limited group had data available on a monthly basis (11 buildings), while 

all others are based on annual periods, as summarized in  

Table 11. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

91 
 

 

Figure 23. Educational buildings’ location in the investigated cities: Barletta (top-left), Bari (top-right), 
Taranto (bottom-left), Lecce (bottom-right). From the writer’s work [48]. 

 

Table 11. Distribution of educational buildings by provinces in the Apulia Region and distribution of 
school-aged population. NG stands for Not Given. 

Location Buildings  Gas consumption Electricity consumption 

  Period Time-base Period Time-base 

Bari 15 2017-2021 Yearly 2017-2021 Yearly 

Barletta 8 2017-2021 Monthly 2017-2021 Monthly 

Brindisi NG NG NG NG NG 

Foggia NG NG NG NG NG 

Lecce 17 2017-2021 Yearly NG NG 

Taranto 13 2017-2021 Yearly(9)  

Monthly(4) 

2017-2021 Yearly(9) 

Monthly(4) 
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5.2.2. Data processing  

With the aim of removing inconsistent data from the sample, a pre-processing 

analysis has been performed. Data has been removed if not related to municipally 

owned schools, or if missing values were identified in the survey period. Consequently, 

six schools have been excluded from the sample. Furthermore, an outlier detection has 

been performed for each year of survey, by means of the z-score [219] method. Re-

ferring to gas consumption, one outlier has been identified for a school in 2018 and 

thus removed. Referring to electricity consumption, four outliers have been identified: 

they were related to the same school in the years 2017, 2018, 2019, 2020. However, 

as the values were consistent for the school over four years of the survey, they were 

kept in the analyses. 

Since in Italy electricity consumption are typically measured by kilowatt-hours 

(kWh) and gas consumption are measured by different units depending on the fuel type 

(standard cubic meter or litres), the overall energy billed data have been handled to 

obtain comparable values for analyses purposes. Hence, gas consumption has been 

turned into kWh, according to the conversion factors provided by Italian Regulatory 

Authority for Energy, Networks and Environment (ARERA) [229]. In addition, the energy 

use intensity both for heating consumption (HUI) and for electricity consumption (EUI) 

have been calculated, normalizing consumption by the building floor area. In detail, gas 

consumption has been normalized based on the gross heated floor area, as suggested 

by Dias Pereira et al. [119], and electricity consumption has been normalized by the 

total gross floor area of the building. Finally, to evaluate total energy consumptions, site 

energy values of both gas and electricity consumption have been converted to source 

energy values and then added together. In fact, while “site energy” refers to the energy 

used in a building as it is - recorded by utility meters and reported on utility bills - 

“source primary energy” represents the raw fuel burned to create heat and electricity.  
Site energy values can be converted into source energy values by means of the 

primary energy conversion factor (PEF). In this study, the PEFs provided by the Italian 

legislation have been adopted, which are equal to 2.42 for electricity, 1.05 for natural 

gas and 1.07 for oil [230]. 
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The data collected allowed for several analyses, thus providing an insight into the status 

of energy efficiency of schools in southern Italy, based on field data. The performed 

analyses allow for investigations concerning:  

• annual consumption trends, in terms of heating and electricity consumption 

(site energies) and total consumption (source energy); 

• annual consumption sorted by school type, to explore differences in energy use 

in relation to the school level hosted by the building; 

• annual consumption sorted by clusters; 

• monthly energy trends. 

5.3. Results 

The energy analyses findings are reported and discussed in the present section. 

Firstly, as suggested by Dias Pereira et al. [119], data on gas and electricity consump-

tion have been analysed separately in terms of site energy. Secondly, total consumption 

has been calculated as the sum of gas and electricity available data and thus analysed 

in terms of source energy. After the validation process, the surveyed sample narrowed 

down to 46 educational buildings, including: 

• 12 pre-schools (3-6 years old). 

• 14 primary schools (6-10 years old). 

• 3 lower secondary schools (11-13 years old). 

• 17 building hosting multiple educational institutions (16 buildings hosting pre-

schools and primary schools, 1 building hosting preschool, primary and lower 

secondary school). 

Referring to the building locations, 15 schools are located in the metropolitan city of 

Bari, 17 schools in the city of Lecce, 13 in the city of Taranto and 8 in the city of 

Barletta. 

5.3.1. Annual consumption trends 

The main results of yearly energy consumption analyses are reported and dis-

cussed below, in terms of gas, electricity and then total energy consumption.  
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Referring to gas consumption, the surveyed schools experience annual con-

sumption from 11.4 MWh (2019) to 343.6 MWh (2021). On average, a mean gas con-

sumption of about 97.2 MWh has been registered over the five-year surveyed period, 

with great standard deviation (73.7 MWh). Gas consumption data are in line with those 

found by Rospi et al. [133], who investigated 9 schools in the city of Matera (located 

in southern Italy). Although the surveyed buildings accommodate upper secondary 

schools - typically characterised by greater size - the smallest school (1500 m2) 

showed an average consumption of about 7654 standard meters cube, equal to 81.8 

MWh, which falls within the range of values we found in the present study. Among the 

sampled school, electricity consumption appears to be significantly lower, varying from 

a minimum of 4.2 MWh recorded in 2020 to a maximum of 115.9 MWh measured in 

2017. Indeed, mean electricity consumption of the sample is about one-third of mean 

gas consumption, accounting for 36.3 MWh (standard deviation=22.9). Overall, 

source total consumption account for 208.8 MWh (standard deviation=126.9), rang-

ing from 30.6 MWh (registered in 2020) to 550.7 MWh (2017). 

More in-depth analyses have been performed with reference to energy use in-

tensity (kWh/m2/yr). In detail, to explore consumption trends over time, the frequency 

distributions of EUIs for each energy source (gas, electricity and total consumption) 

have been calculated. Then, descriptive statistics have been used to explore the col-

lected data, including distribution analyses, measures of central tendency and variabil-

ity measures. Analyses have been carried out separately for each survey year, as well 

as for the whole five-year survey period.  

The percentage of relative and cumulative frequency of gas consumption for 

the five-year survey period is shown in Figure 24. 
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Figure 24. (a) Relative frequency distribution of gas consumption for each year of investigation (2017, 
2018, 2019, 2020, 2021) and for the whole five-year survey period (ALL); (b) Cumulative frequency 
distribution of gas consumption for each year of investigation (2017, 2018, 2019, 2020, 2021) and for 
the whole five-year survey period (ALL). Adapted from the writer’s work [48]. 

 

Overall, although to different extents, all the curves show a similar pattern, with a right-

skewed distribution. In detail, the curves representing years 2017, 2018, 2019 reveal 

a moderate positive skewness (of about 0.61, 0.52, 0.49 respectively), while it signifi-

cantly rises in 2020 (1.59), and then declines in 2021 while still remaining high (1.09). 

Referring to the first survey year (2017), billed gas consumptions most fre-

quently fall in the range 30-60 kWh/m2, with a peak occurring between 30-40 kWh/m2 

(22%). Otherwise, limited consumption below 20 kWh/m2 has been found (9%). Finally, 

the remaining 26% of the sample presents gas consumption above 60 kWh/m2, which, 

however, rarely exceeds 100 kWh/m2. Similar findings can be drawn for the years 2018 

and 2019, although the higher frequencies shift slightly to lower values, showing a 

downward trend in consumption trends. By contrast, gas consumption distribution in 

2020 needs more specific considerations, since it was characterised by the extraordi-

nary school closure due to the Covid-19 pandemic. In fact, in accordance with data 
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collected by UNESCO, a long period of school closure was experienced from March 

10, 2020 to June 16, 2020, before the traditional summer break [231]. It results in a 

one-month reduction of the effective heating period compared to the regulated one (until 

March 31) [232]. In addition, the opening from September 14, 2020 to November 1, 

2020 was succeeded by a period of partial opening that lasted until April 24, 2021. 

Therefore, as expected, the distribution curve for the year 2020 covers a more limited 

range of consumption, never exceeding 80 kWh/m2 and showing a peak between 30 

and 40 kWh/m2. In 2021, the consumption frequency trend returns to be similar to 

previous years, although it exhibits higher consumption on average, peaking between 

40 and 50 kWh/m2. Once again, variations can be attributed to the adoption of unusual 

user behaviours, such as the increased ventilation of classrooms required to reduce 

the diffusion of Covid-19 infection. The present analysis allows for exploring the trend 

in gas consumption measured over the five years of survey, highlighting any changes 

in consumption patterns over time. As a result, the analysis revealed that there were no 

significant variations in gas consumption over the last five years, although slight differ-

ences have been found in 2020 and 2021.  

Further considerations can be drawn calculating the main data summary in-

dexes (Table 12), calculating the central tendency and variability measures of the sam-

ple.  

Table 12. Data summary indexes referred to gas consumption (kWh/m2). Pth stands for percentile. 

Indexes  2017 2018 2019 2020 2021 ALL 3-

years 

avg 

5-

years 

avg 

Minimum 12.5 16.5 12.7 12.2 12.0 12.0 14.8 13.8 

Maximum 101.1 93.2 88.4 110.3 110.2 110.3 92.2 99.4 

Mean 49.04 49.60 44.22 41.92 48.36 46.6 47.55 46.54 

St.dv. 21.83 20.21 20.56 16.36 20.21 20.1 19.68 18.24 

25th pth 34.96 32.18 28.96 31.35 35.58 31.46 30.09 32.89 

50th pth 44.92 43.15 44.25 39.29 44.45 42.6 43.59 41.08 

75th pth 59.90 65.57 55.45 50.63 56.08 57.10 59.68 54.12 
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Each index has been separately calculated in relation to each year of measure-

ment, and then calculated based on: i) all data collected over the whole five-year period 

(referred as ALL in the table), ii) average consumption calculated for each school over 

the first three-year survey period from 2017 to 2019 (3-years average), iii) average 

consumption calculated for each school over the five-year survey period from 2017 to 

2021 (5-years average). The two different averages have been calculated to distinguish 

the data collected in the pre-pandemic period from those affected by the influence of 

pandemic measures. 

According to the statistics, the low-EUI school experiences gas consumption 

of about 12.0 kWh/m2 (2021), while the high-EUI school reaches 110.3 kWh/m2 

(2020). Referring to the mean values of the entire sample (ALL), the surveyed schools 

show gas consumption of 46.6 kWh/m2, ranging from 49.04 kWh/m2 (2017) to 48.36 

kWh/m2 (2021), with a minimum average value of 41.92 kWh/m2 in 2020. The high 

standard deviation values suggest that data are not homogeneous, as expected from 

the results of the literature review [131]. Interestingly, in 2020 there was a 12% reduc-

tion in gas consumption compared to the average consumption in the previous three 

years. Although such reduction may have been driven by the concurrence of different 

factors, it is certainly also related to the restrictive Covid-19 measures, which reduced 

the heating season by one month. Obviously, the extent to which these differences are 

related to Covid-19 measurements or other conditions (such as climatic factors) cannot 

be determined with certainty. Consequently, indices calculated on the basis of average 

consumption in the three pre-pandemic years differ from those calculated over all five 

years, which shows slightly lower mean consumption. 

As already performed by other scholars, the data collected over the five years 

(ALL) allows for the calculation of benchmark values, typically equal to the 50 percen-

tiles. For instance, for a sample 31 secondary schools located in Sanandaj (Iran), this 

value was found to be 252 kWh/m2 [36], while it is equal to 150 kWh/m2 for schools in 

the United Kingdom according to the CISBE TM46 Educational Benchmark [233]. In 

this study, the typical thermal energy benchmark - identified as the 50th percentile of 

the entire sample - is 42.6 kWh/m2, thus far from the values found in the other works. 
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However, the schools investigated are located in a Mediterranean climate, significantly 

different from the locations investigated in the other studies.  

Similar findings can be drawn for electricity consumption, as shown in Figure 25. 

 

Figure 25. (a) Relative frequency distribution of electricity consumption for each year of investigation 
(2017, 2018, 2019, 2020, 2021) and for the whole five-year survey period (ALL); (b) Cumulative 
frequency distribution of electricity consumption for each year of investigation (2017, 2018, 2019, 
2020, 2021) and for the whole five-year survey period (ALL). Adapted from the writer’s work [48]. 

 

As in the case of gas consumption, the distribution curves reveal a similar trend, 

although in all years a higher positive skewness has been found, ranging from an index 

of 1.0 (2021) to 2.4 (2020).  

Overall, there are limited differences in electricity consumption trends over the five 

years. Further in detail, the first 3 years of survey experience a similar trend, while in 

2020 and 2021 a slightly different trend can be detected. In 2017, 2018 and 2019, 

consumption is mainly between 10 and 30 kWh/m2, with a limited number of buildings 

consuming more than 25 kWh/m2. In contrast, the years 2020 and 2021 are charac-

terized by lower values, with most of the sample not exceeding 20 kWh/m2 (80% and 
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90%, respectively). The main data summary indexes have been calculated and reported 

in Table 13. 

Table 13. Data summary indexes referred to electricity consumption (kWh/m2). Pth stands for percentile. 

Indexes  2017 2018 2019 2020 2021 ALL 3-

years 

avg 

5-

years 

avg 

Minimum 4.5 4.8 3.9 3.7 5.6 3.7 4.7 5.5 

Maximum 61.5 50.5 57.7 47.5 27.3 61.5 56.6 45.5 

Mean 17.40 16.83 16.18 13.29 13.85 15.52 16.93 15.58 

St.dv. 10.68 9.55 10.97 8.33 5.06 9.30 10.18 8.07 

25th pth 11.03 10.66 8.33 7.97 10.68 9.92 9.55 10.16 

50th pth 15.30 16.09 14.02 12.19 12.98 13.55 15.22 14.92 

75th pth 21.31 20.54 20.43 16.12 15.87 20.08 20.04 18.92 

 

According to the statistics, the low-EUI school shows electricity consumption 

of about 3.7 kWh/m2 (2020), while the high-EUI school reaches 61.5 kWh/m2 (2017). 

On average, all the surveyed educational buildings are characterised by mean electricity 

consumption of 15.52 kWh/m2, ranging from 17.40 kWh/m2 (2017) to 13.85 kWh/m2 

(2021), with a minimum value of 13.29 kWh/m2 in 2020. As for the gas consumption, 

the year 2020 experienced a reduction in electricity consumption, accounting for 20% 

compared to the mean of the previous three years. The indexes calculated based on 

average consumption in the three pre-pandemic years differ from those calculated over 

all five years, showing higher values in the former case. Interestingly, the dispersion of 

electricity consumption data appears to be significantly lower than gas consumption, 

exhibiting lower values of standard deviations in all years. The typical benchmark value 

- defined by the 50th percentile calculated on the entire data sample - results in an 

electricity benchmark of 13.6 kWh/m2. In this case, the value exceeds that found by 

Vaisi (equal to 9 kWh/m2) [36] but still remains much lower than the CIBSE benchmark 

(equal to 40 kWh/m2). 
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In conclusion, final considerations concerning total energy consumption can 

be discussed. As explained in the methodology, while gas and electricity consumptions 

have been presented separately in terms of “site energy”, total energy consumptions 

have been shown in terms of source energy. Since calculated as the sum of source 

gas and electricity consumption, total consumption analyses have been conducted on 

a sample of 31 schools, excluding those lacking electricity data. Previous analyses 

reveal that gas consumption in Italian schools predominates over electricity consump-

tion, thus influencing total consumption to a greater extent in terms of site energy. In 

fact, heating consumption accounts for nearly 80% of total consumption on average, 

ranging from 50% to 90%. However, referring to the source energy values, gas and 

electricity do not differ significantly, as the PEF of electricity is more than twice the PEF 

of gas. 

Figure 26 depicts the total energy source consumption lies mostly in the range 

60-90 kWh/m2 in all the surveyed years.  

Overall, limited schools experience consumption below 60 kWh/m2 (16%), ex-

cept for the year 2020, when the number reaches 23%. However, a downward trend 

can be observed in total consumption: in 2017 the number of buildings with consump-

tion above 90 kWh/m2 reached 37%, falling to 16% in 2021, with a minimum in 2020 

(10%). Such downward trend is validated by the data summary indicators, listed in 

Table 14. 
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Figure 26. (a) Relative frequency distribution of total consumption for each year of investigation (2017, 
2018, 2019, 2020, 2021) and for the whole five-year survey period (ALL); (b) Cumulative frequency 
distribution of total consumption for each year of investigation (2017, 2018, 2019, 2020, 2021) and 
for the whole five-year survey period (ALL). Adapted from the writer’s work [48]. 

 

Table 14. Data summary indexes referred to total source energy consumption (kWh/m2). Pth stands for 
percentile. 

Indexes  2017 2018 2019 2020 2021 ALL 3-

years 

avg 

5-

years 

avg 

Minimum 37.20 29.6 31.90 21.80 26.2 21.8 32.9 29.30 

Maximum 210.6 187.4 178.1 163.6 168.2 210.6 189.1 164.7 

Mean 102.8 97.61 93.68 78.86 89.49 92.46 99.19 93.00 

St.dv. 40.22 35.37 36.52 32.34 31.76 36.27 37.19 32.78 

25th pth 70.90 74.43 73.29 58.35 65.68 66.07 72.53 72.16 

50th pth 97.54 91.35 89.39 72.77 82.15 84.82 94.73 87.24 

75th pth 125.7 122.3 113.8 87.74 111.2 118.9 120.60 113.70 
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In fact, total consumption experiences a reduction of about 13% in the five-year 

survey period, ranging from an average value of 102.81 kWh/m2 in 2017 to a value of 

89.49 kWh/m2 in 2021, with a mean value over the five years of about 93 kWh/m2. In 

addition, in 2020 schools showed a reduction in total consumption of about 19.5% 

compared to the previous three years’ average, also due to the extraordinary measures 

implemented for the Covid-19 pandemic. Not including the year 2020, the low-EUI 

school experiences a total source energy consumption of about 26.2 kWh/m2 (2021), 

whereas the high-EUI school reaches 210.6 kWh/m2 (2017). Overall, the typical bench-

mark value (50th percentile) was found to be equal to 84.82 kWh/m2. 

5.3.2. Annual consumption by school type 

This section summarizes the main results of the consumption analysis carried 

out in relation to the school grade accommodates by the buildings. In fact, (a) gas, (b) 

electricity and (c) total consumption over the five years of analysis are shown in Figure 

27, sorted by school grade. The graph of electricity consumption refers to fewer 

schools due to unavailability of data, as does the graph of total consumption. As already 

discussed in the previous section, the bar graph allows to clearly appreciate that gas 

consumption is significantly higher than electricity consumption.  

Overall, although both heating and electricity consumption appear variable, 

such variability does not seem to depend on the type of school host in the building. 

Indeed, high heterogeneity in the data persists even within the sample consisting of the 

same grade of school. 

Overall, gas consumption seems to increase with increasing school grade, from 

45 kWh/m2 (preschools), 44 kWh/m2 (primary school), 48 kWh/m2 (multiple schools), 

61 kWh/m2 (lower secondary schools). Similarly, electricity consumption did not differ 

by school grade, varying between 17 kWh/m2 (preschools), 13 kWh/m2 (primary 

school), 16 kWh/m2 (multiple schools), and 16 kWh/m2 (lower secondary schools). 

Referring to total consumption, slightly different values can be noted, varying between 

74 kWh/m2 (preschools), 63 kWh/m2 (elementary school), 67 kWh/m2 (multiple 

schools) and 78 kWh/m2 (lower secondary schools). It should be noted that in this 

case total consumption is calculated as the simple sum of gas and electricity 
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consumption in terms of site energy, without converting them to source energy. Overall, 

no significant differences between school levels are identified, outlying that schools 

belonging to the “first cycle of education” according to the Italian school system share 

similar pattern in energy use. 

An effort to compare the results obtained in the present study with those re-

ported in other manuscripts is shown in Figure 28. 
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Figure 27. Consumption sorted by school grade over the five-year survey period: (a) gas consumption; (b) 
electricity consumption; (c) total consumption. Each school is defined by a code, where the letter indicates the 
school grade: C stands for pre-schools, M stands for multiple schools, P stands for primary schools, S stands 
for lower secondary schools. Numbers in bold indicate the average value of consumption for each school grade, 
with the corresponding standard deviation value. Adapted from the writer’s work [48]. 
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Figure 28. Comparison between average consumptions found in our studies and other international 
research, in terms of (a) heating consumption, (b) electricity consumption, (c) total consumption. 
Numbers in square brackets indicates the number of schools involved in the surveyed sample. Author’ 
elaboration based on references [39,40,121,127–129,214,234–237]. 
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To make the comparison, the most recent studies (published up to a decade 

ago) that provide actual energy consumption in terms of average intensity use have 

been retrieved from a literature review. Results were then collected separately for heat-

ing, electricity, and total consumption, as well as by school type, indicating the country 

surveyed and the number of buildings that make up the sample (in square brackets). If 

an article simultaneously investigated different types of schools, giving a single average 

result, it is classified as “multiple”. Of course, comparisons of results should be made 

with caution, as schools located in different areas of the planet may have different en-

ergy needs, leading to different energy consumption. Indeed, making a comparison of 

the billed energy consumption of school buildings in different research studies is diffi-

cult and can lead to misleading results [119], as not only researchers adopt different 

metrics, but the school system itself varies depending on the country, resulting in dif-

ferent building uses. For instance, schools located in Taiwan, shown in Figure 28c, 

reported low total consumption compared with other studies, probably because they 

are not required to provide heating. In addition, in some schools, electricity could also 

supply the heating needs, thus increasing the relative consumption. Overall, school 

buildings located in southern Italy appear to have limited consumption compared to 

other countries. However, these consumptions are not far from those experienced in 

schools located in other Mediterranean countries. For instance, Italian secondary 

schools show heating consumption of about 61.3 kWh/m2/year, not far from Greece 

schools (72 kWh/m2/year in secondary schools) or Cyprus schools (38.6 kWh/m2/year 

in secondary schools). Not dissimilar values in heating consumption characterize ele-

mentary school in southern Italy (45 kWh/m2/year) and Greece (61 kWh/m2/year), while 

studies exploring different school grades show more significant differences. In contrast, 

Apulian schools show lower electricity consumption than other studies, with the excep-

tion of one manuscript that explores different Greek schools, showing a result very 

close to ours. Even from the point of view of total consumption, southern Italian schools 

reveal limited consumption compared to other countries, which still remains similar to 

other Mediterranean educational buildings.  
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The relationship between heating consumption and climatic conditions has 

been further explored (Figure 29).  

 

 

Figure 29. Comparison between average heating consumptions (represented by the bars) and Heating 
Degree Days (represented by the black line). Writer’s elaboration based on references 
[39,40,121,127–129,214,234–237]. 

 

In detail, the heating energy consumption measured from the surveyed manu-

scripts (represented by the bars) are illustrated along with the heating degree days of 

the location where the study was conducted (black line). To make all heating degree 

days comparable, they were extracted from the .stat files available on the Energy Plus 

website [171], where they are calculated on a base temperature of 18.3 °C. For studies 

involving different locations in the same country, they were calculated by averaging 

between the heating degree days of the cities available for that country. With few ex-

ceptions, the figure clearly shows that heating consumption and heating degree days 

are closely related. In fact, the trend in heating consumption clearly follows the trend in 

heating degree days, with lower consumption in locations with lower heating degree 
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day values and vice versa, highlighting the importance of this parameter in the magni-

tude of consumption. 

5.3.3. Annual consumption by clusters 

The 47 surveyed schools belong to the 5 clusters identified in Section 4.3, as 

follows: 

• 12 schools belong to Cluster 1;  

• 11 schools belong to Cluster 2;  

• 14 schools belong to Cluster 3;  

• 2 schools belong to Cluster 4;  

• 8 schools belong to Cluster 5.  

To explore the difference in both gas and electricity consumption sorted by cluster, a 

box plot has been created, based on the average consumption calculated over the 5 

years period (Figure 30).  

 

Figure 30. Five-years average consumption sorted by cluster: (a) gas consumption; (b) electricity 
consumption. 
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Undoubtedly, the results are affected by the number of buildings involved in 

each cluster, but some interesting conclusions can be drawn anyway. For instance, 

schools belonging to Cluster 5 – which involves the most dated buildings built between 

1850 and 1945 – experience the highest average consumption, while presenting a large 

range of variation. Cluster 2 – involving buildings constructed between 1949 and 1990 

with low S/V ratios – ranks second in relation to average gas consumption, also exhib-

iting a high range of variation. Cluster 4, consisting of schools built in the same years, 

shows lower average consumptions, although they are calculated based on only two 

buildings. Likewise, Cluster 1 and Cluster 3 include schools built in the same period 

(starting from the 1970s), characterised by high and low S/V ratio respectively, show-

ing close median values of gas consumption. The boxplots clearly show the extreme 

heterogeneity of the data found, highlighting the need for additional studies investigating 

the reasons behind this heterogeneity. From the electricity consumption perspective, 

few considerations can be drawn out, since the cluster analysis has been performed 

based on the year of construction and the surface-to-volume ratio, which typically af-

fect heating and not electricity consumption. Accordingly, no significant differences in 

electricity consumption by cluster subdivision are revealed. 

5.3.4. Monthly consumption trends 

To identify the energy consumption profile through the year, a consumption 

analysis on a monthly basis has been conducted. Among the schools for which 

monthly data was available, four schools have been selected, each one representative 

of a school type: pre-school, primary, secondary, and multiple. The monthly consump-

tions of the 4 schools are shown in Figure 31 for all the five-surveyed years. As shown, 

heating consumption are experienced from November to March, when heating systems 

are turned on in accordance with Italian regulations. The graphs clearly highlight the 

significative reduction in heating consumption experience during the month of March 

2020, experienced in all the schools. Calculating the average monthly consumption 

over the five years for each school, the highest heating consumption always occurs in 

January, when the most severe weather conditions occur, while the lowest in November 

since heating is only allowed to be turned on from the 15th.  
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Otherwise, electricity consumptions appear significantly limited compared to 

heating consumption, but in contrast to the latter, they are observable throughout the 

entire year. Indeed, although limited, they are found even in the summer months when 

Italian schools are predominantly unoccupied by students. 

 

 

Figure 31. Monthly consumptions over the five-years survey period, recorded in: a) pre-school, b) 
multiple school, c) primary school, d) lower secondary school. 
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5.4. Conclusion 

This chapter aimed to provide empirical evidence on the current energy condi-

tions of a large-scale sample of school buildings, thus answering the third research 

question of this dissertation. To this end, gas and electricity billed data collected for 47 

schools over a five-year period (2017-2021) were analysed, identifying annual and 

monthly trends, benchmarks and average values.  

• On average, heating consumption accounts for 97.2 MWh (or 46.5 kWh/m2/yr), 

electricity consumption accounts for 36.3 MWh (or 15.585 kWh/m2/yr) in 

terms of site energy, while total source consumption 208.8 MWh (93 

kWh/m2/yr). In all the cases, great values of standard deviation can be high-

lighted, suggested data to be not homogeneous.  

• Interestingly, in 2020 - concurrently with the Covid-19 pandemic - schools ex-

perienced a reduction of consumptions, accounting for 12% in heating con-

sumption, 20% in electricity consumption and 20% in total source energy con-

sumption. Undoubtedly, to some extent, the reduction can be attributed to the 

Covid-19 restrictive measures that resulted in school closures. 

• Typical benchmark values - defined based on the 50th percentile calculated on 

the whole data sample – were found to be equal to 42.6 kWh/m2 (site energy 

for heating), 13.6 kWh/m2 (site energy for electricity) and 84.82 kWh/m2 (total 

source consumption).  

• The monthly consumption trends revealed that highest consumption was expe-

rienced from November to March, since during that period both heating and 

electricity consumption are present. Overall, heating consumption dominates 

electricity consumption, exceeding it by up to three times.  

• No significant differences between school levels were identified, showing that 

schools belonging to the “first cycle of education” - according to the Italian 

school system - share similar pattern in energy use. Overall, southern Italy 

schools experience limited consumptions compared to other countries, alt-

hough similarities can be found with school consumptions located in other 

Mediterranean countries. 
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Beyond the results obtained, the methodology proposed in this chapter - based 

on the systematic collection of energy data and their statistical analyses - helps to 

provide an interesting reference that could be replicated for the same building type in 

other territorial contexts, to understand whether significant differences exist (in addition 

to the typical differences related to the climatic context), thus helping to identify poten-

tial areas with the greatest issues. In addition, this methodology could easily be repli-

cated for other building types: for instance, with the aim of surveying all public buildings 

from an energy perspective, identifying benchmark energy values for each type, to be 

adopted as a basis for scheduling energy targets for retrofit interventions. 
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CHAPTER 6 

6. FUTURE ENERGY PERFORMANCE ASSESSMENT 

6.1. Introduction 

Chapter 4 concludes with the identification of four reference buildings, each 

one representative of a schools cluster. As such, these buildings can become a useful 

reference - even for Public Administrations - to conduct more in-depth energy analyses, 

the results of which can then be extended to the whole cluster. Typically, the most 

widely adopted methodology for energy investigations deals with the generation of the 

so-called white-box models, physics-based models mainly built through building per-

formance simulation (BPS) software. However, such models require a large number of 

input parameters, which may be affected by uncertainty, resulting in differences be-

tween actual and simulated behaviour and thus requiring a calibration process to min-

imize these differences. The present Chapter addresses this research issue, with the 

goal of providing accurate energy models that can be adopted for future analysis. 

Firstly, the reference schools and their main features are presented (section 6.2). Then, 

the validation process has been addressed and discussed. Indeed, once buildings were 

manually calibrated based on monthly electricity consumption, a multi-objective opti-

misation-based calibration has been performed by coupling Energy Plus as simulation 

engine and the Pymoo simulation and optimization manager executed in the Python 

programming language. Given the numerical feature of the school energy models, the 

elitist Genetic Algorithm has been selected to execute the optimization processes, aim-

ing to identify the most effective combinations of six uncertain input parameters, affect-

ing the space heating consumption. Indeed, the optimisation problem has been solved 

to minimize the difference between simulated and monitored space heating consump-

tion based on a five-month control period, adopting two objective functions: Normalized 

Mean Bias Error (NMBE) and Coefficient of Variation of the RMSE (CV(RMSE). Indeed, 

the goodness of calibration has been assessed using such ASHRAE 14-2014 metrics, 

considering the threshold values for analysis on a monthly basis. 
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Once the calibrated building models were obtained, they have been used to 

answer the RQ4, with the aim of assessing the impact of climate change on schools 

energy consumption. For this purpose, future climate files for five locations in the Apulia 

Region, representative of the three main climate zones, have been generated in the 

Future Weather Generator tool, based on the latest SSP socio-economic scenarios. 

Then, each of the four representative buildings - assumed to be fully conditioned in 

both winter and summer – has been simulated both in the current and then future cli-

mate conditions. 

6.2. Case study: the representative buildings 

All the school buildings are located in the city of Barletta (41°18'32.0" N 

16°16'50.7" E), a Mediterranean coastal city in Southern Italy (Figure 32). The buildings 

analysed differ in both geometrical and construction features, as they were built in dif-

ferent periods.  

  

(a) Cluster 1 (b) Cluster 2 

  

(c) Cluster 3 (d) Cluster 5 

Figure 32. Representative school buildings of: (a) Cluster 1, (b) Cluster 2, (c) Cluster 3, (d) Cluster 5. 
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The representative building of Cluster 1 - hereafter referred to as CL1 - is a preschool 

built in 1980. According to the Italian education system, the school accommodates 

children aged 3 to 6 years old, with a total of about 45 pupils. It is a one-story building 

characterized by a compact layout (25 m x 29 m), with three main classrooms and a 

large room available for children’s activities, which account for a total of about 65% of 

the net floor area. The residual areas are dedicated to school services, while no areas 

are dedicated to staff (Figure 33). The school represents a typical Italian 1980s edu-

cational building, with a reinforced concrete frame structure and opaque walls made of 

brick blocks with no insulation (thermal transmittance U≈1 W/m2K). The roof consists 

of a hollow core slab with a low level of insulation (U≈1 W/m2K), whereas the slab 

consists of an uninsulated hollow core slab (U≈1.5 W/m2K). Large windows feature 

the school, characterized by air-filled double-glazed panes with aluminium frames with-

out thermal breaks (U≈3W/m2K). 

 

 

Figure 33. CL1 building plan. Scale 1:1000. 

 

The representative building of Cluster 2 - hereafter referred to as CL2 – is a masonry 

building constructed in 1961. It accommodates both a preschool and a primary school, 

accounting for a total of 24 classrooms spread over two stories. The classrooms cover 

almost 40% of the total school area, while the 4% is occupied by staff office. The re-

sidual areas are dedicated to school services, some laboratories, and the gym (Figure 

34). Referring to the envelope features, the opaque walls are limestone walls - typical 
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of southern Italy – with a thickness of 50 cm (U≈ 1.5 W/m2K). Moreover, the school 

presents an uninsulated slab, facing an unheated area for one side, and the ground for 

another side (U≈1 W/m2K). The roof consists of a hollow core slab with a low level of 

insulation (U≈1.5 W/m2K), while windows have been recently replaced, showing dou-

ble glazing and aluminium frames with thermal breaks (U≈1.4 W/m2K). 

  

 

Figure 34. CL2 building plan: first level on the left and second level on the right. Scale 1:1000. 

 

The representative building of Cluster 3 - hereafter referred to as CL3 – is a reinforced 

concrete structure building constructed in 1989 (Figure 35). The building hosts both 

preschool and primary school classes, distributed on two stories, for a total of around 

500 students. Classrooms cover the 32% of the total school area, while the 5% is oc-

cupied by staff offices. The residual areas involve the school services, an assembly 

hall, and a gym.  

Referring to the envelope feature, the school presents similar characteristics to 

CL1, since it has been built a few years later. In fact, the opaque walls are made of 

brick blocks with no insulation (U≈1 W/m2K), while the roof consists of a hollow core 

slab with a low level of insulation (U≈1 W/m2K). The slab consists of an uninsulated 
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hollow core slab (U≈1.5 W/m2K), while windows have been recently replaced, show-

ing double glazing and aluminium frames with thermal breaks (U≈1.6 W/m2K). 

 

 

Figure 35. CL3 building plan: first level on the left and second level on the right. Scale 1:1000. 

 

The representative building of Cluster 5 - hereafter referred to as CL5 - is a two-stories 

masonry building constructed in 1933 (Figure 36). The building accommodates a pri-

mary school, hosting around 440 students in 25 classrooms. Such classrooms cover 

almost the half of the total building area (42%), while the 4% is occupied by staff offices. 

The residual areas involve the school services, three laboratories and a gym. 

The building has the typical features of a 1930s Apulian historical building, with 

massive 70 cm thick limestone bearing walls (U≈1.5 W/m2K). In contrast, the floors 

are made in reinforced concrete, with a low level of insulation on the roof 

(U≈1.5W/m2K) and none on the basement. The windows are characterized by air-filled 

double-glazed panes with aluminium frames without thermal breaks (U≈3 W/m2K). 
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Figure 36. CL5 building plan: first floor. The second floor is not represented as it is exactly the same 
as the first floor. Scale 1:1000. 

 

To sum up, the main geometrical features of the schools are provided in Table 15. 

Table 15. Geometrical characteristics of the representative schools. 

 CL1 CL2 CL3 CL5 

Construction year     

 1980 1961 1989 1933 

Geometrical features     

Stories (n) 1 2 2 2 

Gross floor area (m2) 656  2873 3782 4132 

Gross volume (m3) 2362 11938 15174 23288 

Shape factor (m2/ m3) 0.72 0.45 0.49 0.36 

Window-to-wall ratio (%) 20% 16% 22% 21% 
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Although they differ in terms of geometrical and envelope characteristics, all the 

schools show similar systems features, which comply with those typical of Italian 

school buildings. Indeed, they are all naturally ventilated buildings, in which electricity 

provides the energy uses for lighting and appliances, domestic hot water production is 

provided by dedicated electric boilers, while gas supplies the energy needs for space 

heating. Both the efficiency and the type of heating system, as well as the operating 

schedules, have been provided by the local municipalities. In detail, according to the 

generation efficiencies and the plants components installed in the schools, the global 

seasonal efficiencies have been calculated based on the UNI TS 11300-2 [238], ac-

counting for 70%, 75%, 77%, 67% for CL1, CL2, CL3, CL5 respectively. Like most 

Italian school buildings [111], the buildings are not equipped with mechanical cooling 

systems as almost unoccupied during the summer season (between July and August). 

6.3. Methods 

6.3.1. Building energy modelling 

For each representative school building, a building energy model has been de-

veloped in Design Builder software (version 7.0.2), which allows to export the IDF file 

to be run in Energy Plus (version 9.6). Firstly, the building geometry has been modelled 

(Figure 37), then the boundary conditions have been set and finally preliminary input 

data has been used to run the simulations.  

 

(a) Cluster 1 (b) Cluster 2 
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(c) Cluster 3 (d) Cluster 4 

Figure 37. School building energy models, for (a) cluster 1, (b) cluster 2, (c) cluster 3, (d) cluster 4. 

 

The boundary conditions to run energy simulations are provided by weather 

data stored in a weather file in an epw format [239]. Commonly, dry bulb temperature, 

solar radiation, relative humidity, wind speed and wind direction are the input variables 

used to generate the current climate file. To carry out a calibration process, the use of 

“actual” weather file representative of the control period used in the calibration is es-

sential. These data should be obtained from a local weather station close to the study 

location, throughout the time interval used for calibration to energy bills [240]. There-

fore, in this work, an input weather file has been generated in Elements tool [241], 

based on the weather data recorded during the year 2019, which is the control period 

set for the calibration process adopted for all the schools. Since the representative 

schools are all located in the same city, a single weather station has been used to 

retrieve data and create the epw weather file to be used in the simulation software. The 

station is managed by the Regional Environmental Protection Agency (ARPA Puglia) 

and provides hourly data of dry bulb temperature, relative humidity, and global solar 

radiation [242]. Nevertheless, the epw file requires the global solar radiation to be di-

vided into its direct and diffuse components, thus the Watanabe method has been 

adopted to split it [243]. Such method allows for separating the global irradiance into 
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its direct and diffuse components based on simple geographic features of the location, 

according to the following Equation 2 and Equation 3. 

𝐼𝑑 = 𝐾𝐷𝑆 × 𝐼0 𝑠𝑖𝑛 ℎ − 𝑇𝐻𝐾𝐷𝑆 − 1  (2) 

𝐼𝑛 = 𝐾𝐷𝑆 (𝐼0 𝑠𝑖𝑛 ℎ − 𝐼𝑑) (3) 
 

where Id is diffuse solar radiation (W/m2), I0 is the solar constant set at 1335 W/m2, TH 

is the global radiation (W/m2), h is the solar altitude, and KDS is calculated according to 

Equation 4. 

𝐾𝐷𝑆 = {𝐾𝑇 − (1.107 + 0.03569 𝑠𝑖𝑛 ℎ + 1.681 × 𝑠𝑖𝑛2ℎ) × (1 − 𝐾𝑇)3 𝑖𝑓 𝐾𝑇 ≥ 𝐾𝑇𝐶(3.996 − 3.862 𝑠𝑖𝑛 ℎ + 1.540𝑠𝑖𝑛2ℎ)𝐾𝑇3                                        𝑖𝑓 𝐾𝑇 < 𝐾𝑇𝐶  (4) 
where KT is expressed as KT = 𝑇𝐻 𝐼0 𝑠𝑖𝑛 ℎ⁄ . 

6.3.2. Calibration process 

Once the numerical models have been generated for each school and the 

weather boundary conditions have been established, the identification of the sources 

of uncertainty with their range of variation is required to perform the calibration proce-

dures. In this work, the sources of uncertainty have been retrieved from the sensitivity 

analysis performed by Hopfe [244], while the range of variations has been derived from 

European or Italian standards. For each school, six input variables have been identified 

as source of uncertainty. Unlike the work of Hopfe, in this study, the geometrical fea-

tures of each school were provided by local authorities, thus the size of the rooms and 

the window type have not been considered as uncertain variables. Likewise, the occu-

pants’ loads were known since the occupancy of the buildings (in terms of the number 

of occupants and daily and annual operating schedules) was found through detailed 

surveys, conducted by searching across the school website and asking questions to 

occupants and local administrators. 
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In addition, lighting loads were also known, as they were provided by local au-

thorities. Actually, before performing the automatic calibration process based on heat-

ing consumption data, all the schools were manually calibrated with reference to 

monthly billed electricity consumption, adopting as control period the same year 2019. 

As mentioned, the loads were known, while the lighting operating schedules have been 

defined based on the theory developed by Baker and Steemers [245]. They defined a 

probability curve for turning on the lights, arguing that users would turn on (or none) 

the lights when they arrived, based on the level of daylight, and remain in the same 

condition until they left. Thus, for each school room, the daylight level at the centre of 

the room when the users arrived has been simulated, and if found to be less than 80 

lux, the lighting has been assumed to be on until the users left. Thus, only some equip-

ment-related loads remained uncertain, which have been manually calibrated to meet 

the ASHRAE Guideline 14-2014 metrics: NMBE and CV(RMSE) - explained in detail in 

the next section -, achieving compliance for all buildings. 

 Consequently, to perform the automatic calibration process, six sources of un-

certainty have been considered, along with the parameter that drives the uncertainty. 

Three of them were related to the envelope thermal features, involving the thermal trans-

mittance of walls, roofs, and windows. Since in all cases the walls are uninsulated, the 

uncertainty in thermal transmittance was related to the conductivity  of the main ma-

terial (brick or limestone), whose ranges of variation have been derived from the Italian 

standard UNI 10355 [246]. Moreover, the uncertainty of windows transmittance was 

related to the uncertainty of both glass and frame transmittance, whose range of varia-

tion has been deduced from the Italian standard UNI TS-11300-1 [247]. A further 

source of uncertainty was related to the heating system features, concerning the heat-

ing setpoint temperature, which ranged from 18°C to 22°C, in compliance with the na-

tional laws DPR 412/93 [248] and D.Lgs 81/08 [249]. Finally, two sources of uncer-

tainty were related to infiltration and ventilation rates, whose range of variation were 

defined in accordance with [21]. Accordingly, the sources of uncertainty along with the 

independent variables that determine uncertainty, and their range of variation are sum-

marised in Table 16, for all the representative buildings. 
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Table 16. Source of uncertainty, independent variable that determines uncertainty and its range of 
variation, for all the representative buildings.  

Source of uncertainty Independent variable Range of variation 

CL1   

Envelope thermal features 

U-value of opaque walls  of brick (W/mK) {0.36,0.39,0.45,0.48,0.54} 

U-value of roofs Insulation thickness (m) {0.01,0.02,0.03,0.04,0.05} 

U-value of windows U of windows (W/m2K) {2.7, 2.8, 3.1, 3.3} 

Heating system features 

Setpoint temperature Temperature (°C) {18, 19, 20, 21, 22} 

Infiltration and ventilation 

Infiltration rate Infiltration rate (ac/h) {0.4, 0.6, 0.8, 1.0, 1.2} 

Control strategy of window 

opening 

Indoor air temperature (°C) {22, 23, 24, 25, 26} 

CL2   

Envelope thermal features 

U-value of opaque walls  of limestone (W/mK) {0.6,0.8,1.1,1.3,1.5,1.7} 

U-value of roofs Insulation thickness (m) {0.01,0.02,0.03,0.04,0.05} 

U-value of windows U of windows (W/m2K) {2.4, 2.2, 2.0, 1.8, 1.6} 

Heating system features 

Setpoint temperature Temperature (°C) {18, 19, 20, 21, 22} 

Infiltration and ventilation 

Infiltration rate Infiltration rate (ac/h) {0.4, 0.6, 0.8, 1.0, 1.2} 

Control strategy of window 

opening 

Indoor air temperature (°C) {22, 23, 24, 25, 26} 

CL3   

Envelope thermal features 

U-value of opaque walls  of brick (W/mK) {0.36,0.39,0.45,0.48,0.54} 

U-value of roofs Insulation thickness (m) {0.01,0.02,0.03,0.04,0.05} 

U-value of windows U of windows (W/m2K) {1.6,1.7,1.8,1.9,2.0} 

Heating system features 

Setpoint temperature Temperature (°C) {18, 19, 20, 21, 22} 

Infiltration and ventilation 
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Infiltration rate Infiltration rate (ac/h) {0.4, 0.6, 0.8, 1.0, 1.2} 

Control strategy of window 

opening 

Indoor air temperature (°C) {22, 23, 24, 25, 26} 

CL5   

Envelope thermal features 
U-value of opaque walls  of limestone (W/mK) {0.6,0.8,1.1,1.3,1.5,1.7} 
U-value of roofs Insulation thickness (m) {0.01,0.02,0.03,0.04,0.05} 
U-value of windows U of windows (W/m2K) {2.7,2.8,2,9,3.0,3.1,3.2,3.3} 
Heating system features 
Setpoint temperature Temperature (°C) {18, 19, 20, 21, 22} 
Infiltration and ventilation 
Infiltration rate Infiltration rate (ac/h) {0.4, 0.6, 0.8, 1.0, 1.2} 
Control strategy of window 
opening 

Indoor air temperature (°C) {22, 23, 24, 25, 26} 

 

Once the uncertainty parameters and their variation ranges have been defined, 

the calibration process can be carried out. In this study, the Normalised Mean Bias 

Error (NMBE) and the Coefficient of Variation of the Root Mean Square Error CV(RMSE) 

have been selected as metrics to evaluate the goodness of fit of the calibration proce-

dure, based on the threshold values set by the ASHRAE Guideline 14 [45].  

NMBE is a normalization of the MBE, which is a non-dimensional measure of the overall 

bias error between the measured and simulated data in a specific time frame: 

𝑁𝑀𝐵𝐸 = ∑ (𝑚𝑖 − 𝑠𝑖)𝑛𝑖𝑖=1∑ 𝑚𝑖𝑛𝑖𝑖=1  [%] (5) 
where mi are the measured values, si are the simulated value at time interval i, and ni is 

the total amount of data. 

CV(RMSE) measures the variability of the errors between measured and simulated val-

ues. 

𝐶𝑉(𝑅𝑀𝑆𝐸) =  1�̅� √∑ (𝑚𝑖 − 𝑠𝑖)2𝑛𝑖=1𝑛𝑖 − 𝑝  𝑥 100 [%] (6) 
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where mi are the measured values, m̅ is the average of measured data, si are the sim-

ulated value at time interval i, p is the number of adjustable model parameters, which, 

for calibration purposes, is suggested to be one, and ni is the total number of data. 

For each school, the calibration has been carried out over a five-month period 

in the year 2019, corresponding to the heating period for the city of Barletta according 

to Italian law [248]: from January to March and from November to December.  

The calibration procedure was based on monthly data; thus, the building energy 

model has been considered calibrated if the NMBE was not larger than ±5% and 

CV(RMSE) was not larger than 15%, according to [45]. Actually, the calibration has 

been conducted for a five-month period for CL1 and CL5, and for a four-month period 

for CL2 and CL3. Indeed, for both the schools, the month of March exhibited anomalous 

values, which constituted outliers in the analysis and therefore have been removed. 

As mentioned above, calibration procedures based on automatic optimisations 

are very promising today, thanks to their speed and the low number of simulations 

required to explore the whole problem of space. Consequently, in this study a double-

objective optimisation has been performed to minimise the difference between actual 

and simulated data over the control period. In detail, an automatic optimisation-based 

calibration has been performed by coupling Energy Plus as simulation engine and the 

Pymoo simulation and optimization manager executed in the Python programming lan-

guage. Given the numerical feature of the school energy models, the elitist Genetic Al-

gorithm (GA) has been selected to execute the optimization process, with the aim of 

selecting the most effective combinations of six uncertain input parameters. First pro-

posed by Holland [250], GAs belong of the class of evolutionary algorithms, which are 

heuristic optimization techniques inspired by Darwinian evolutionary principles. Briefly, 

each combination of the input parameters is considered as an individual with its own 

genome, consisting of a certain number of genes (corresponding to the optimisation 

parameters). Accordingly, each individual - and thus each genome - is a point in the 

space of solutions and shows a particular suitability that represents its fitness for a 

given problem. First, GA begins with an initial randomly generated population, whose 

genes are selected, mutated and recombined - based on the fitness of each genome - 
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generating the offspring of the first population. Then, the process is repeated iteratively 

by replacing the population with its progeny, increasing the average fitness [251]. Thus, 

in our study, the six uncertain variables have been ideally associated with a 6-genes 

genome, and the GA has been used to explore the problem space to find the global 

minimum of the problem. Given the number of variables, a population size of 100 indi-

viduals [252] and 10 different generations have been considered, allowing a total of 

1,000 simulations to be achieved, which ensure a proper search in the problem space 

according to the literature [253,254]. 

The optimisation problem has been solved based on two objective functions, NMBE 

and CV(RMSE), according to Equation 7.  

{ 𝑓1(𝑔𝑒𝑛𝑜𝑚𝑒) = 𝑁𝑀𝐵𝐸 (𝑔𝑒𝑛𝑜𝑚𝑒) = 𝑚𝑖𝑛 𝑓2(𝑔𝑒𝑛𝑜𝑚𝑒) = 𝐶𝑉(𝑅𝑆𝑀𝐸) (𝑔𝑒𝑛𝑜𝑚𝑒) = 𝑚𝑖𝑛 (7) 
6.3.3. Climate change impact assessment 

According to the evaluation conducted in the state of the art, in the building 

field, the most widely adopted approach to assess the impact of climate change on 

energy performance is a simulation approach, carried out through building performance 

simulations (BPS). For this purpose, simulation boundary conditions, typically consist-

ing of "average" climate files representative of current climate conditions (i.e. TMY), are 

replaced by climate files representative of future conditions. Hence, future weather files 

in a BPS readable format are required. In this study, among the tools reviewed in Sec-

tion 2.1.3, the Future Weather Generator (FWG) has been selected to create future 

weather file, since it is the only one based on the latest Shared Socio-Economic Path-

ways (SSPs) scenarios. The FWG is a Java application, which allows for the creation 

of future weather files adopting the morphing method as downscaling approach, based 

on an historical weather file (baseline 1985-2014). In this study, five historical weather 

files have been considered, representative of the three main climate zone of the Apulia 

Region (Figure 38). Two weather files (Bari and Lecce) are representative of the cli-

matic zone C: the former is representative of the coastal areas, and the latter is repre-

sentative of the in-land areas. Two weather files (Foggia and Martina Franca) are 
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representative of the climatic zone D: the former is representative of the north area (the 

sub-Apennine zone), the latter is representative of the southern inland areas. One 

weather file is representative of the climatic zone E, which covers a limited area of the 

Apulia Region. In that case, since a suitable historical weather file was not available for 

any Apulian location in this area, a weather file of the city of Campobasso has been 

adopted, a city a few kilometres far from the Apulian area lying in zone E. Weather files 

in epw format of these locations have been downloaded from [255] and then used as 

a baseline to create four future weather files for 2050s, each one based on a SSP 

emission scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5, for a total of twenty 

climate scenarios. 

 

 

Figure 38. Location of cities whose climate files have been used. 

 

Once the climate scenarios were created, they were used as boundary condi-

tions in the BPS to assess the impact of climate change on consumption. Hence, start-

ing with the calibrated energy models of the 4 representative buildings created in Design 
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Builder, the idf files have been exported to be run in Energy Plus with the different future 

climate files. The impact on building consumption has been evaluated in terms of en-

ergy needs for heating and cooling – thus without considering the plants features –, 

normalised to the conditioned area of the buildings. The schools have been considered 

fully conditioned both in winter and in summer, hence the introduction of an ideal cool-

ing system was assumed, with a turn-on period starting one month after the heating 

system is turned off and ending one month before the heating system is turned on. The 

operation schedule for cooling has been set similarly to that used for heating, thus 

based on the operation of the buildings. However, since the school is predominantly 

unoccupied in summer, two schedules have been created: one related to the school 

(typically closed from July 1 to August 30) and the other related to the offices that 

remain open during the whole summer period.  

6.4. Results 

6.4.1. Calibration results 

For each school, the building energy model has been calibrated to minimise the 

difference between actual and simulated performance, based on the billed gas con-

sumption collected over the year 2019. While the uncalibrated models generated in 

Design Builder exhibited significantly different results from the billed data, the calibra-

tion procedure significantly improved such values, enabling compliance with ASHRAE 

thresholds in all the representative schools. The values assumed by NMBE and 

CV(RMSE) along all the simulations performed are drawn in Figure 39 (on the left), 

which clearly reveals the evolution of such values over the calibration procedure. 

Looking at the results obtained during the calibration processes, the benefits in 

using the Genetic Algorithm can be easily identified in the rapid minimization of both 

objective functions (NMBE and CV(RMSE)). Indeed, although to different extents, in all 

cases significantly reduced results are achieved compared to the starting case, after 

only 200 simulations. Looking at the moving averages, on the one hand, Cluster 1 and 

Cluster 3 experience a considerable reduction in indicators up to the 200th simulation, 

and then fluctuate around similar values. On the other hand, Cluster 2 and Cluster 5 
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experience a less sudden reduction in indicators, as they start from better starting val-

ues than the previous cases. 

More considerations can be drawn out by looking at the graphs on the right, 

showing the CV(RMSE) and the NMBE values in all the simulation conducted in the 

calibration problems. It should be noted that, based on the equations used for the cal-

culation, the NMBE can assume both positive and negative values, while the CV as-

sumes only positive values. However, referring to the values reached, differences can 

be outlined in relation to the schools analysed. In fact, in the calibration process per-

formed for CL1, the NMBE never took negative values during all the simulations run, 

resulting in points that are arranged according to an increasing curve resembling a half 

parabola, reaching very high values of both CV and NMBE. By contrast, referring to 

Cluster 2 and Cluster 5, the NMBE reaches both positive and negative values, resulting 

in points that are arranged in a parabolic pattern, with NMBE values (in absolute terms) 

increasing as CV values increase. Obviously, due to the optimisation process, most 

points remain around low values of both indicators, although in some simulations re-

markable values were reached (up to 60% and over ±40% NMBE). Finally, Cluster 3 

represents an intermediate case, with NMBE values reaching negative values (albeit to 

a lesser extent than in Clusters 2 and 5), with the points being arranged taking a less 

pronounced trend than in previous cases. 

Overall, the indicators are concordant in their trend: the higher the NMBE (in 

absolute terms), the higher the CV. This confirms the suitability of scalarizing the dual-

objective optimization to single-objective optimization, conducted in a further study 

published by the present writer [256]. 
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(a) CL1 

 

(b) CL2 
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(c) CL3 

 

(d) CL5 

Figure 39. Results of the Genetic Algorithm simulations for (a) CL1, (b) CL2, (c) CL3, (d) CL5. On the 
left side, the evolution of utility functions over the entire period of one thousand simulations is shown, 
together with their moving average. On the right side, CV(RMSE) and NMBE values in all the simulations 
performed during the calibration processes.  
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The figures reveal that the optimisation-based calibration process has led to more than 

one solution that satisfied the problem (based on minimization of NMBE and CV(RMSE) 

values). Overall, in the calibration processes of all schools, the problem solutions 

showed NMBE values well below the threshold value of ±5%, while greater differences 

were found among the values of CV, a parameter considered as more accurate by the 

scientific literature, as it is less affected by error compensation phenomena [257]. 

Therefore, among the solutions that had NMBE values closer to zero percent, those 

characterized by lower CV values have been selected as optimal values. Accordingly, 

the relative values of the uncertainty parameters have been identified, as reported in 

Table 17. 

Table 17. Source of uncertainty: optimised values. 

Source of uncertainty Independent variable Optimised value 

  CL1 CL2 CL3 CL5 

Envelope thermal features 

U-value of opaque wall  of brick (or limestone) 

(W/mK) 

0.54 0.6 0.39 0.8 

U-value of roof Insulation thickness (m) 0.01 0.01 0.01 0.04 

U-value of windows U of windows (W/m2K) 3.3 2.2 1.9 2.8 

Heating system features 

Setpoint temperature Temperature (°C) 22 21 22 22 

Infiltration and ventilation 

Infiltration rate Infiltration rate (ac/h) 1.0 0.6 0.4 0.4 

Control strategy of  

window opening 

Indoor air temperature (°C) 22 22 22 22 

NMBE [%] 0.04 0.10 0.08 1.78 

CV(RMSE) [%] 15.6 1.9 8.8 6.8 

 

From a gas consumption perspective, the calibration procedure allows signifi-

cantly similar values between simulated and actual data to be achieved. The compari-

son between simulated and billed data on a monthly basis is reported in Figure 40 for 
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all the representative schools. Looking at the results in terms of annual heating con-

sumptions, it appears clear that the use of calibrated models allows for a much more 

reliable study of energy phenomena, especially with reference to annual simulations. 

Indeed, the calibration process enables to reach simulated annual gas consumptions 

that are extremely close to the billed ones. 

  

(a) CL1 (b) CL2 

  

(c) CL3 (d) CL5 

Figure 40. Billed vs simulated gas consumption for the four representative schools. 
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6.4.2. Climate change assessment 

The present section provides the results of the climate change impact assess-

ment on the four representative buildings, adopting the previously calibrated building 

energy models. As mentioned, the methodology adopted has required the generation 

of future weather files, used as a boundary condition to conduct the dynamic simula-

tions. Overall, 25 weather files have been used: for each of the five locations, the TMY 

climate file representative of the current condition has been selected, and then adopted 

as basis for creating four future climate files – each one based on a different SSP sce-

narios - thanks to the Future Weather Generator tool. Then, these files have been 

adopted to assess the impact of climate change on heating and cooling needs variation 

of the four representative buildings, for a total of 100 simulations run in Energy Plus.  

Brief considerations about future weather files can be drawn from Figure 41, 

where boxplots of outdoor air temperatures are plotted for the 25 climate files. First, the 

boxplots of the TMY files allow to capture the differences in the climatic features of the 

investigated locations. Indeed, the two cities representative of climate zone C (Figures 

41a and 41b) show annual average air temperature values higher than the other loca-

tions, followed by the two cities representative of zone D (Figures 41c and 41d) and 

the city representative of zone E (Figure 41e). Referring to the boxplots of the future 

climate files, as expected, the figure shows an increasing trend in outdoor air temper-

atures, moving toward higher values for all climate files considered. In fact, although 

with slight differences according to the SSP, average air temperatures move to higher 

values, as do predicted maximum temperatures, which experience an increase that far 

exceeds the increase in minimum temperatures.  

Once the climate files were created, they have been used as boundary condi-

tions to perform the dynamic simulations, with the aim of calculating - for each repre-

sentative building and for each climate scenario - heating and cooling energy needs, 

running the schools in a “conditioned mode” both in summer and in winter. 
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Figure 41. Boxplot of outdoor air temperatures for both actual and future weather files, for Bari and Lecce 
(climatic zone C), Foggia and Martina Franca (climatic zone D), Campobasso (climatic zone E). 

 

The results obtained from the 100 simulations are shown in Figure 42, in which heating 

(on the right) and cooling (on the left) needs are shown separately, normalised accord-

ing to the buildings conditioned area, in the current climate and future climate scenar-

ios. In detail, while energy needs in the current climate are represented through the 
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vertical lines, those in the future climate are represented through boxplots, the span of 

which results from the four SSP scenarios considered, allowing to understand the mag-

nitude of uncertainties in the energy calculation related to the scenario adopted. The 

findings are reported separately for the four representative buildings analysed. 

Overall - although differences in the extent of variations can be drawn - a shift in energy 

needs due to rising temperatures can be observed in all the schools, characterized by 

a reduction in heating needs and an increase in cooling needs. However, some differ-

ences arise referring to the climatic zone considered. Indeed, in cities representative of 

climate zone C - denoted by C1 and C2 in the figure - the reduction in heating is smaller 

than the increase in cooling, leading to an overall increase in energy needs. By contrast, 

in the representative cities of climate zone D - indicated by D1 and D2 in the figure - 

the two variations seem to be equalled, while an opposite trend is outlined in zone E, 

where the reduction in heating exceeds the increase in cooling. With reference to the 

different SSP scenarios used, the span of the boxplots shows that the selection of 

emission scenarios slightly affects the results obtained in terms of annual energy 

needs, with variations between the different SSP not reaching 5kWh/m2. As expected, 

the SSP5-8.5 scenario turns out to be the worst-case scenario, leading to the largest 

changes in energy needs compared to the current climate, both in terms of cooling and 

heating. However, it should be noted that the above considerations are made with ref-

erence to energy needs, without considering the efficiency of heating and cooling 

plants, which could result in different data. Indeed, if we consider current conditions, 

heating needs are met by gas plants, which exhibit lower efficiencies than cooling plants 

typically supplied by electricity. 

Beyond this, the graph is intended to show how - even for school buildings, 

which have extremely low occupancy in the summer period - climate change will nec-

essarily lead to address cooling requirements. Indeed, although schools are mostly 

unoccupied in July and August, due to rising temperatures, cooling loads also occur in 

seasons previously considered as “intermediate”, such as May and September, as well 

as in June. Accordingly, although they remain heating-dominated buildings, the fulfil-

ment of cooling needs must necessarily be considered, both for new school buildings 
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and for energy renovations. Clearly, cooling requirements need to be properly investi-

gated, to understand whether passive measures are sufficient to ensure adequate in-

door temperatures. However, the increasing temperatures we are seeing will make the 

use of active measures inevitable in the long term. 

 

 
(a) CL1 

 

(b) CL2 
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(c) CL3 

 

(d) CL5 

Figure 42. Cooling and heating needs in the current (vertical line marker) and future weather scenarios 
(boxplot) for the climatic zone C (C1 and C2), D (D1 and D2) and E, referred to (a) Cluster 1, (b), Cluster 
2, (c) Cluster 3, (d) Cluster 5. 
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6.5. Conclusion 

The present chapter aimed to provide accurate energy models of the reference 

school buildings, useful for further energy analyses. To that end, a calibration process 

has been performed, aiming to minimize the difference between simulated and billed 

space heating consumption, based on a five-month control period. Accordingly, six 

uncertain variables have been identified, whose most effective combination has been 

evaluated by solving a double-objective optimisation problem, by coupling Energy Plus 

and Python. To assess the goodness of fit of the calibration process, the ASHRAE 

Guideline 14-2014 metrics have been adopted: the Normalized Mean Bias Error (NMBE) 

and the Coefficient of Variation of the RMSE (CV (RMSE)). The optimisation problem 

has been executed based on a Genetic Algorithm, with the goal of minimizing the 

ASHRAE metrics. The calibration process allowed excellent results to be achieved, 

largely meeting the threshold values set by the Guideline 14. For instance, the results 

in terms of annual consumption are extremely close to reality, thus studies based on 

annual simulations would be very accurate. 

In addition, starting from the calibrated energy models, the present chapter 

aimed to answer the fourth research question of the thesis, exploring the impact of 

climate change on schools energy consumption. To that end, the representative 

schools have been simulated both in the current and in the future weather scenarios, in 

five locations representative of the three climatic zones of the Apulia Region. The results 

showed that - although schools are almost unoccupied during the summer period - 

climate change still leads to a significant increase in cooling needs, which outweigh the 

reduction in the heating ones. In fact, as shown in the analysis of outdoor air tempera-

tures, the rise in maximum temperatures far exceeds the rise in minimum temperatures, 

afflicting cooling more than heating. Moreover, although the school is unoccupied dur-

ing the hottest periods such as July and August when the highest temperatures are 

reached, rising temperatures result in the occurrence of cooling requirements even in 

the intermediate seasons, like May and September. Consequently, meeting cooling 

needs is a necessity that can no longer be neglected. 
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CHAPTER 7 

7. LIFE CYCLE COST ANALYSIS OF ENERGY RETROFITS 

7.1. Introduction 

The previous chapters have highlighted the poor condition of existing schools, 

whose performance will be further worsened by climate change. As known, multiple 

renovation opportunities are now available for existing buildings, incentivized with a 

view to climate change mitigation [28]. Frequently, consistent with economic availabil-

ity, renovation activities of existing buildings seek not only to achieve the regulation 

requirements, but also to exceed them, assuming that achieving better performance 

values will ensure better performance for the building. However, this is not always truth-

ful, especially in the current climate context where global warming can change typical 

trends in building performance. Similarly, current climate policies are increasingly fo-

cused on establishing the obligation of retrofitting existing buildings in compliance with 

regulatory energy standards to contain the CO2 emission fit [18]. In this light, the ques-

tion arises as to whether adapting buildings by merely meeting regulatory standards is 

already sufficient or whether greater benefits would be gained by achieving better per-

formance values. In other words, if we were obliged to renovate our buildings by meet-

ing the normative values, would it be sufficient to achieve them or would it be appro-

priate to exceed them, also considering how the climate context will evolve? 

The present chapter aims to answer this research question (RQ5) by exploring 

different energy renovation strategies. The effectiveness of the measures has been eval-

uated not only in terms of energy performance improvement, but also in terms of cost 

implication, comparing each identified strategy - as well as their possible combinations 

- with the reference building provided by the Italian regulation [216], through the life 

cycle cost approach (LCC) [258]. To identify optimal combinations, a single-objective 

optimisation has been performed by coupling Energy Plus as simulation engine and 

Python as optimisation manager, with the aim of minimizing the global investment cost, 

considering a time frame of 30 years. A novelty in this approach has been to consider 

an additional factor of variation, that is, changing climatic conditions: the first 11 years 
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has been simulated using an epw weather file representative of the current climate 

(TMY) and the remaining 19 using an epw representative of future climate (2050), cre-

ated using the morphing method based on the latest SSP5-8.5 socio-economic devel-

opment scenario. The methodology has been applied to one of the representative build-

ings identified within the cluster analysis explained in Chapter 4, and thus replicated 

for the five locations representative of the three climate zones of the Apulia region (al-

ready identified in Section 6.3.3). In particular, the representative building of CL2 has 

been selected as a case study for two reasons: first, because it was representative of 

the largest group of schools, and second, because the buildings constructed in that 

period were found to be in particular need of intervention.  

7.2. Methods 

The methodology adopted in this chapter includes two main steps: the model-

ling of the reference building energy models for the three Apulian climate zones (C,D,E) 

and the application of the life cycle cost approach through a single-objective optimisa-

tion analysis.   

7.2.1. Reference buildings 

The case study adopted for the analyses is the representative building of Cluster 

2, whose calibrated energy model had already been created for previous investigations 

(see Chapter 6). However, for the analysis purposes, the starting model has been up-

dated: three different energy models have been created - each for a climate zone - in 

compliance with the performance requirements set by Italian legislation [216] for the 

reference building (Table 18). 
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Table 18. Envelope features in compliance with the Italian legislation [216]. 

Envelope features Climatic zone Parameters of variation 

 C D E  

Thermal transmittance  

of windows 

2,2 1,8 1,4 Thermal transmittance  

of windows 

Solar Heat Gain Coefficient  0,35 0,35 0,35 SHGC 

Thermal transmittance of walls 0,34 0,29 0,26 Insulation thickness 

Thermal transmittance of slab 0,38 0,29 0,26 Insulation thickness 

Thermal transmittance of roof 0,33 0,26 0,22 Insulation thickness 

 

Referring to HVAC system, the school has been considered full conditioned both in 

winter and in summer, to ensure fulfilment of setpoint temperatures required by the 

national law (assumed as 20°C for heating and 26° for cooling [226,249]). Hence, in 

addition to the heating system already installed in the school, a cooling system and a 

mechanical ventilation system have been also considered, which ensures the hourly air 

changes required by the national regulation [226]. The heating season has been set in 

accordance with the current regulation for each climate zone [248]: from 15 November 

to 31 March for climate zone C, from 1 November to 15 April for climate zone D, and 

from 15 October to 15 April for climate zone E. Otherwise, since there is no indication 

for the cooling period, it has been calculated based on the regulations [247,259], con-

sidering the building envelope features, the internal heat loads and the external temper-

atures. Accordingly, the cooling system has been turned on during days in which the 

following equation was satisfied (Equation 8). 

𝜃𝑒,𝑑𝑎𝑦  >  𝜃𝑖,𝑠𝑒𝑡,𝐶  −  𝑄𝑔𝑛,𝑑𝑎𝑦𝐻 × 𝑡𝑑𝑎𝑦   (8) 

where e,day is the daily mean outdoor temperature (derived from the epw weather file), 

i,set,C is the cooling setpoint temperature (set at 26°C), Qgn,day are the daily mean internal 

and solar gains (derived from the energy model), H is the overall heat transfer coeffi-

cient of the building [W/K] and tday is the duration of a day [seconds]. 
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More in detail, since the LCC analysis has been conducted by considering both the 

energy behaviour of the building under current climate conditions (represented by the 

TMY climate file), and then under future climate conditions (represented by the 2050s 

future climate file), the equation has been used to calculate the cooling seasons in both 

periods. Consequently, in the actual climate conditions, the cooling period for the cli-

matic zone C spans from 13 May to 15 October, for the climatic zone D spans from 23 

May to 27 September, and for the climatic zone E spans from 10 June to 21 August. 

Otherwise, considering future climate conditions, the cooling period for the climatic 

zone C spans from 9 May to 19 October, for the climatic zone D spans from 20 May to 

5 October, and for the climatic zone E spans from 27 May to 27 September.  

For both the heating and cooling systems, the overall seasonal efficiency has been set 

as required by the regulations for the reference building: 0.77 for the heating system 

and 2.05 for the cooling system [216]. 

7.2.2. Life cycle cost analysis 

The life cycle cost analysis conducted in this work complies with the 

EN15459:1–2018 standard [258], which provides the main reference for calculating 

the global cost of investments, as well as comparing the cost-benefit ratios of different 

improvement interventions. In detail, the present methodology is based on an adapta-

tion of equation (8) of EN15459:1–2018, which allows to compare one or more inter-

ventions with a reference option, by calculating the investment payback period. In this 

study, the same equation has been adopted but considering a priori a calculation period 

of 30 years, as suggested by the standard for public buildings and considering as ref-

erence option the reference building described above [216]. The equation is based on 

a simple concept: assessing the retrofit cost-effectiveness of an alternative solution - 

hereinafter referred to as “alternative building” - against a reference solution, by com-

paring their global costs, expresses as the sum of the discounted value of the initial 

investment costs, annual operating costs, and replacement costs (neglected in our 

analysis since the useful life of the proposed interventions exceeds 30 years). In the 

present study, the reference solution is the building renovated in compliance with the 

performance parameters required by the Italian regulations for the reference building. 
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Instead, the alternative solutions are manifold: each alternative building can be charac-

terized by one or more performance parameters that are improved compared to the 

reference building (with reference to the six categories of interventions). For this pur-

pose, the following equation has been applied (Equation 9): −𝛥𝑐𝑜𝑠𝑡𝑠(𝑗) +  𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇  (𝑗) (9) 

where 𝛥𝑐𝑜𝑠𝑡𝑠(𝑗) represents the difference between the initial investment costs of al-

ternative option j and the initial investment cost of the reference option (Equation 7) 

while 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇  (𝑗) is the present value of the difference between the annual oper-

ational costs of the alternative option and the reference case (Equation 8). Conse-

quently, if Equation 9 returns a value greater than zero, the alternative option performs 

better than the reference option and vice versa. 𝛥𝑐𝑜𝑠𝑡𝑠(𝑗) = 𝑐𝑜𝑠𝑡𝑠𝑗 − 𝑐𝑜𝑠𝑡𝑠𝑅𝐸𝐹  (10) 

𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇(𝑗) = (𝐸𝐶𝑅𝐸𝐹 − 𝐸𝐶𝑗)  ×  ∑𝐸𝑛𝐶𝑜𝑠𝑡𝑠𝑖30
𝑖=1 × 𝑅𝑑,𝑖  (11) 

where 𝐸𝐶𝑅𝐸𝐹  represents the energy consumption of the reference building (kWh/m2 

year), 𝐸𝐶𝑗  is the energy consumption of the alternative building (kWh/m2 year), 𝐸𝑛𝐶𝑜𝑠𝑡𝑠𝑖 are the energy operating costs for the year i, 𝑅𝑑,𝑖 is the discount rate for the 

i-th year, expressed as ∑ 1 (1 + 𝑎)𝑖⁄𝑛𝑖 .  

In this study, values concerning energy consumption EC have been calculated using 

the dynamic simulation software Energy Plus, both for the reference building and for all 

alternative buildings. Furthermore, to consider the variation in building energy needs 

due to climate change, the calculation period of 30 year has been divided in two time 

frames. The former covers the years between 2025 and 2035 and has been considered 

using the TMY climate file as the boundary condition for the simulations; the latter co-

vers the years 2036 to 2054, considered using the 2050 future climate file (SSP5-8.5) 

as boundary condition. Consequently, the discounted savings 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇(𝑗) became 

the sum of the discounted savings calculated during the period P1 (2025-2035) and 
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the discounted savings calculated during the period P2 (2036-2054), according to 

Equation 12 and Equation 13.  𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇  (𝑗) = 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇𝑃1 (𝑗) + 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇𝑃2 (𝑗) (12) 

 

𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇  (𝑗) = [(𝐸𝐶𝑅𝐸𝐹,𝑃1 − 𝐸𝐶𝑗,𝑃1) × ∑𝐸𝑛𝐶𝑜𝑠𝑡𝑠𝑖𝑃1
𝑖=1 × 𝑅𝑑,𝑖]

+ [(𝐸𝐶𝑅𝐸𝐹,𝑃2 − 𝐸𝐶𝑗,𝑃2) × ∑ 𝐸𝑛𝐶𝑜𝑠𝑡𝑠𝑖𝑃2
𝑖=𝑃1 × 𝑅𝑑,𝑖] (13) 

 

In addition, since the building is equipped with both heating and cooling system, sav-

ings during each period are calculated as the sum of the present value of savings related 

to heating consumption and the present value of savings related to cooling consump-

tion (Equation 14), each one calculated according to Equation 15 and 16 respectively. 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇𝑃1 = 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇,𝐻𝐸𝐴𝑇𝐼𝑁𝐺𝑃1 + 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇,𝐶𝑂𝑂𝐿𝐼𝑁𝐺𝑃1
 (14) 

 𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇, 𝐻𝐸𝐴𝑇𝐼𝑁𝐺𝑃1
=
{  
  ∑[(𝐻𝐶𝑅𝐸𝐹 × 𝐺𝑎𝑠𝐶𝑜𝑠𝑡𝑠𝑖) − (𝐻𝐶𝑗 × 𝐺𝑎𝑠𝐶𝑜𝑠𝑡𝑠𝑖)] × 1(1 + 𝑎)𝑖       𝑔𝑎𝑠 (12.1)𝑃1

𝑖=1  

∑[(𝐻𝐶𝑅𝐸𝐹 × 𝐺𝑎𝑠𝐶𝑜𝑠𝑡𝑠𝑖) − (𝐻𝐶𝑗 × 𝐸𝑙𝑒𝑐𝑡𝑟𝐶𝑜𝑠𝑡𝑠𝑖)] × 1(1 + 𝑎)𝑖    𝑒𝑙𝑒𝑐𝑡𝑟(12.2)𝑃1
𝑖=1

 
(15) 

where 𝐻𝐶𝑅𝐸𝐹 is the annual heating consumption of the reference building - constant 

for each i-th year -, expressed as 𝐻𝐶𝑅𝐸𝐹 = (𝑄𝐻𝑅𝐸𝐹 𝜂𝐻𝑅𝐸𝐹⁄ ). 𝑄𝐻  represents the heating 

energy need of the reference building (derived from Energy Plus), H is the overall effi-

ciency of the heating system. 𝐻𝐶𝑗  is the annual heating consumption of the alternative 

building, expressed as 𝐻𝐶𝑗 = (𝑄𝐻𝑗 𝜂𝐻𝑗⁄ ). 𝑄𝐻𝑗  represents the heating energy need, 𝜂𝐻𝑗  

is the overall efficiency for the heating system, which is also a variable option. The 
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alternative options involve the variation of the heating system type: in some options the 

heating system is supplied by gas (thus the Eq.15.1 is adopted), while in other options 

it is supplied by electricity (thus the Eq.15.2 is adopted). 𝐺𝑎𝑠𝐶𝑜𝑠𝑡𝑠𝑖 and 𝐸𝑙𝑒𝑐𝑡𝐶𝑜𝑠𝑡𝑠𝑖  are the gas and electricity costs in the i-th year respectively. The average 

values of energy prices came from the actual tariffs in the regulated market in Italy, 

provided by ARERA [260]. The rates of increase in energy prices have been derived 

from projections to 2030 for the EU-28 countries, given in [261] and obtained from the 

PRIMES results. Since the base year for the analyses was 2010, it was chosen to adopt 

as current energy prices those observed in 2010 and calculate the rate of increase by 

assuming constant annual price growth. Accordingly, the actual gas average price has 

been assumed to be 0.091€/kWh with a gas price development rate of 2,12%, while 

average electricity price of 0.224€/kWh, and an electricity price development rate of 

2,51%. The discount rate a has been calculated based on the EUR 30 Years Interest 

Rate Swap (IRS) provided by the European Central Bank, assumed equal to 2.96% 

[262]. 

𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇,𝐶𝑂𝑂𝐿𝐼𝑁𝐺𝑃1 = (𝐶𝐶𝑅𝐸𝐹 − 𝐶𝐶𝑗)  ×∑𝐸𝑙𝑒𝑐𝑡𝑟𝐶𝑜𝑠𝑡𝑠𝑖  × 1(1 + 𝑎)𝑖   𝑃1
𝑖=1    (16) 

where 𝐶𝐶𝑅𝐸𝐹 is the annual cooling consumption of the reference building – constant 

for each i-th year –, expressed as 𝐶𝐶𝑅𝐸𝐹 = (𝑄𝐶𝑅𝐸𝐹 𝜂𝐶𝑅𝐸𝐹⁄ ). 𝑄𝐶  represents the cooling 

energy need of the reference building (derived from Energy Plus), C is the overall effi-

ciency of the cooling system. 𝐶𝐶𝑗 represents the annual cooling consumption of the 

building associated with the j-th option expressed as 𝐶𝐶𝑗 = (𝑄𝐶𝑗 𝜂𝐶𝑗⁄ ). 𝑄𝐶𝑗  represents 

the cooling energy need, 𝜂𝐶𝑗  is the overall efficiency for the cooling system.  

The previous equations (14 to 16) refer to the calculations performed for period 

P1 (2025-2035), in which energy consumptions (both for the reference and the alter-

native buildings) have been obtained by considering current climate conditions, i.e., by 

simulating the buildings in Energy Plus adopting the TMY file as boundary condition. 

Then, the same calculations have been performed with reference to the P2 period 

(2036-2054), in which consumption has been calculated considering future climate 
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conditions, using the 2050 future weather file, generated with the Future Weather Gen-

erator tool, based on the SSP5-8.5 scenario (see Section 6.3.3). In conclusion, the 

discounted savings for the two periods have been summed according to Equation 12. 

It is worth mentioning that the LCC analysis has been conducted five times, 

considering the five locations representative of the three climate zones of the Apulia 

region - Bari, Lecce, Foggia, Martina Franca and Campobasso - already introduced in 

Section 6.3.3. 

7.2.3. Design option 

As explained, the LCC performed aimed to compare the building renovated in 

compliance with the reference building required by the national law with other retrofit 

alternatives characterized by improved performance values than the reference building. 

The retrofit options concern both the building envelope and building systems, selected 

based on the most common retrofit measures adopted in school retrofit. In detail, six 

categories of interventions have been considered, presented below. 

• Reduction in thermal transmittance of windows (intervention G), assuming their 

replacement. 

• Reduction in the Solar Heat Gain Coefficient of window glass (intervention SR), 

assuming an increase in cost compared to the base windows of intervention G. 

• Reduction in thermal transmittance of opaque walls (intervention W), assuming 

the implementation of thermal insulation. For analysis purpose and cost calcu-

lation, EPS has been assumed to be the insulation material, as among the most 

applied in building retrofit. It should be noted that - among the intervention op-

tions - the increase of thermal mass of the opaque walls was not considered. 

Indeed, the national regulation requires a thermal mass value of 230 kg/m2, 

which is largely met by the large limestone masonry of the building analysed. 

• Reduction in thermal transmittance of roof (intervention R), assuming the im-

plementation of thermal insulation. In this case, XPS has been assumed to be 

the insulation material. As in the previous case, the increase of thermal mass 

of the roof was not considered as an intervention option. In fact, on the one 

hand it is not a common intervention and on the other hand there is not a law-
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compliant reference value to be used as the base value for the reference build-

ing and then improved, as in other intervention options. 

• Reduction in thermal transmittance of slab (intervention S), assuming the im-

plementation of thermal insulation. Once again, XPS has been considered as 

insulation material. 

• Replacement of heating and cooling systems (intervention I). For the reference 

building (I0), a heating system supplied by a gas boiler has been considered, 

with radiators as terminals, assuming the global efficiency required by the na-

tional standard. For the cooling system, a chiller with fan coils as terminals has 

been assumed. Intervention I1 involved the overall replacement of both sys-

tems, installing radiant floor heating and cooling systems supplied by a heat 

pump. Intervention I2 involved the complete replacement of both systems with 

a VRF HVAC system, which adopted fan coils as terminals. Finally, intervention 

I3 involved maintaining the existing system, with the replacement of the gas 

boiler with a heat pump. The global efficiency values of the aforementioned 

systems have been calculated based on the most common generation efficien-

cies of systems available in the market and thus provided in the regional price 

list, as well as in accordance with UNI 11300-2 [238]. 

Thus, for each type of intervention, several alternative options have been considered. 

In detail, for each intervention, option 0 coincides with the value required by Italian 

regulations [216], while the subsequent options are improved values. Since the meth-

odology has been applied to five different locations, corresponding to three climate 

zones, the alternatives have been calculated three different times (Table 19). 

Finally, to obtain the initial investment cost for each alternative - and thus for different 

combinations of them - required in Equation 9, the retrofit option costs have been cal-

culated based on the Apulian regional price list [263]. If the cost of a retrofit measure 

did not exist, the regional price list of Basilicata Region has been adopted [264]. In 

addition, the yearly maintenance costs of heating and cooling systems have been con-

sidered, as a percentage of their investment cost, as indicated by the EN15459:1–2018 

based on the system components.   
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Table 19. Range of variation of retrofit alternatives for the three climatic zones, with the indication of the 
parameters of variation. 

Inter-

vention 

Alternatives Parameters of  

variation 

Value 

Climatic zone C (location C1 e C2) 

G {G0, G1, G2, G3} U windows {2.2; 1.8; 1.4; 1.0} 

SR {SR0, SR1, SR2} SHGC {0.35; 0.29; 0.22} 

W {W0, W1, W2, W3} Insulation Thickness {0.08; 0.10; 0.12;0.14} 

R {R0, R1, R2, R3} Insulation Thickness {0.08; 0.10; 0.12;0.14} 

S {S0, S1, S2, S3} Insulation Thickness {0.06; 0.08; 0.10;0.12} 

I {I0, I1, I2, I3} Global efficiency 

(heating; cooling) 

{0.77,2.05;3.16,2.71; 

3.13,2.68;1.95,2.05} 

Climatic zone D (location D1 e D2) 

G {G0, G1, G2, G3} U windows {1.8; 1.4; 1.0; 0.8} 

SR {SR0, SR1, SR2} SHGC {0.35; 0.29; 0.22} 

W {W0, W1, W2, W3} Insulation Thickness {0.10; 0.12;0.14;0.16} 

R {R0, R1, R2, R3} Insulation Thickness {0.10; 0.12;0.14;0.16} 

S {S0, S1, S2, S3} Insulation Thickness {0.08; 0.10;0.12;0.14} 

I {I0, I1, I2, I3} Global efficiency 

(heating; cooling) 

{0.77,2.05;3.16,2.71; 

3.13,2.68;1.95,2.05} 

Climatic zone E 

G {G0, G1, G2, G3} U windows {1.4; 1.2; 1.0; 0.8} 

SR {SR0, SR1, SR2} SHGC {0.35; 0.29; 0.22} 

W {W0, W1, W2, W3} Insulation Thickness {0.10; 0.12;0.14;0.16} 

R {R0, R1, R2, R3} Insulation Thickness {0.13; 0.15;0.17;0.19} 

S {S0, S1, S2, S3} Insulation Thickness {0.10; 0.12;0.14;0.16} 

I {I0, I1, I2, I3} Global efficiency 

(heating; cooling) 

{0.77,2.05;3.16,2.71; 

3.13,2.68;1.95,2.05} 
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7.2.4. Process for comparison: optimisation problem 

As mentioned, six categories of interventions have been considered, each com-

prising 3 or 4 alternatives. Hence, such alternatives can be matched for a total of 3072 

combinations to create an alternative building to be compared with the reference build-

ing. Given this large number, to avoid establishing a priori a priori possible combina-

tions for the life cycle cost assessment, an automatic single-objective optimisation has 

been performed in Python to consider the most effective combinations of the six alter-

natives. The most effective combination is the one that achieves the greatest savings 

compared to the reference option, with the lowest investment cost. The life cycle cost 

procedure has been implemented in the Python programming language, directly cou-

pled with Energy Plus to extract the energy consumption outcomes for the alternative 

options. The Pymoo library has been used to set up the optimisation problem, executed 

based on the elitist Genetic Algorithm (GA). As in the calibration process (see Chapter 

6), each permutation of these six variables has been ideally associated with a 6-genes 

genome, and the genetic algorithm has been used to explore the problem space to find 

the global minimum of the considered problem. Considering the number of variables, a 

population size of 90 individuals [252], and 10 different generations have been consid-

ered, allowing a total of 900 simulations to be achieved [253], exploring about 30% of 

the problem space. The optimisation problem has been solved based on the following 

utility function: 𝑓(𝑔𝑒𝑛𝑜𝑚𝑒) = −(−𝛥𝑐𝑜𝑠𝑡𝑠(𝑔𝑒𝑛𝑜𝑚𝑒) +  𝑠𝑎𝑣𝑖𝑛𝑔𝑠𝐴𝑇𝑇  (𝑔𝑒𝑛𝑜𝑚𝑒)) = 𝑚𝑖𝑛 (17) 

7.3. Results and discussion 

The LCC analysis has been applied to several retrofit measures to compare their 

cost-effectiveness and energy performance against the reference retrofit option, con-

sisting of the reference building required by the Italian Law. Given the large number of 

possible combinations of retrofit measures, the optimal solution has been sought 

through an automatic optimisation analysis, performed by coupling Python to Energy 

Plus. This section explores the results obtained, for the five locations considered. 
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(a) Bari 

 

(b) Lecce 
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(c) Foggia 

 

(d) Martina Franca 
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(e) Campobasso 

Figure 43. Results of the GA simulation: on the left, values of the utility function (LCC) over the 
simulations run and its moving average; on the right, values of cumulative energy consumption over the 
30 years of analysis and investment cost in all the simulations conducted. 

 

The trend of the LCC results - referred to different retrofit strategy combinations - over 

the 900 simulations performed, as well as the moving average of the values obtained 

are shown in Figure 43 (on the left). As mentioned in the methods section, the equation 

used is an adaptation of the one provided by EN15459:1–2018, which allows to com-

pare the different retrofit options with respect to the reference option, in our case rep-

resented by the reference building. Therefore, based on the optimisation utility function, 

a retrofit measure - or a combination of them - that leads to values less than zero is 

ameliorative compared to the reference option from a cost-benefit point of view, while 

values greater than zero are pejorative.  

Interestingly, the graphs revealed that there are no significant differences based 

on the locations considered, even though they belong to different climate zones. Indeed, 

it appears clear that - out of the 900 simulations performed - very limited combinations 

of interventions lead to values less than zero, and thus performing better than the ref-

erence building. In more detail, for all locations except Campobasso, the optimization 
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process identifies as the optimal solution the alternative building that complies with the 

values required for the reference building for intervention options G, W, R, S, I, while 

for the SR intervention it shows a SGCH value of 0.22 (versus 0.35 for the reference 

building). However, it is worth noting that the cost savings achieved over the 30-year 

period appear significantly limited: accounting for 12800€ for Bari, 15900€ for Lecce, 

6900€ for Foggia, and 9219€ for Martina Franca. Obviously, the combinations of alter-

natives that lead to savings with respect to energy retrofit in compliance with the refer-

ence building are not univocal, albeit very limited (13 for Bari, 14 for Lecce, 5 for Foggia, 

and 7 for Martina Franca). In contrast, the optimisation process carried out for the city 

of Campobasso did not identify any combination of alternatives that would lead to an 

improvement compared to the reference building.  

The reason behind these results lies in the fact that the reference building ex-

hibits high-performance thermal features, already ensuring reduced heat losses through 

the envelope. Consequently, increasing the thermal properties, by further reducing ther-

mal transmittance values, leads to a not significant reduction in heating consumption, 

especially considering the P2 period, in which heating needs are already limited by 

rising temperatures due to climate change. In addition, increased levels of thermal in-

sulation, conducts to increased cooling needs, leading to an overall increase in energy 

consumption, making alternative solutions limited to this type of intervention less ef-

fective than the reference building. By contrast, the alternative solution that complies 

with the parameters of the reference building but reduces the SHGC of windows ap-

pears beneficial, since - although generating a slight increase in heating - it results in a 

significant reduction in cooling consumption, especially in the P2 period, thus generat-

ing overall cost benefits. The importance of considering solutions to address cooling 

requirements is confirmed by the fact that, all solutions of the optimisation problem, 

present alternative buildings with reduced SHGC value compared to the reference build-

ing, then differently combined with other interventions. Clearly, the benefit of this solu-

tion is appreciable in warmer climates characterized by higher cooling needs, such as 

in climate zone C (represented by the city of Bari and Lecce), where it achieves the 

highest cost savings. In contrast, such effectiveness is reduced in climate zone D 
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(represented by the city of Foggia and Martina Franca), in which the starting cooling 

consumptions are lower, thus the economic benefit achieved by their reduction coun-

terbalances to a lesser extent the increase in heating requirements and related costs. 

Finally, this solution is ineffective in climate zone E, where starting cooling needs are 

very low. Therefore, it is possible to conclude that meeting the minimum performance 

requirements for the reference building already largely constitutes an effective retrofit 

strategy for these cities. 

Further considerations can be drawn out by looking at Figure 43 (on the right), 

which shows the investment cost (defined as the difference cost between the consid-

ered alternative option and the reference building) compared to the total energy con-

sumption over the whole study period (equal to 30 years). It is worth noting that - 

although consumption slightly differs according to the climate zone considered - in all 

the cases the optimisation outcomes clustered into 4 groups. Exploring the results in 

more detail, it is worth noting that all the elements belonging to each cluster share the 

same type of plant, thus suggesting that this type of intervention is the factor that most 

affects the effectiveness of any combination of retrofit measures, both in term of energy 

consumption and intervention cost. In addition, the extent of each cluster suggests 

whether and how much the plant replacement influences the effectiveness of the other 

types of interventions: the smaller the extent of the cluster, the lower the influence of 

the other types of interventions compared to plant substitution.  In all five cities ana-

lysed, the clusters are similarly distributed, as briefly described below. The largest clus-

ter (depicted in the upper left) corresponds to the combinations of solutions that exhibit 

the same plants of the reference building. It involves retrofit interventions characterised 

by the lowest costs but considerably higher consumption than the other clusters. Inter-

estingly, the solutions to the optimisation problems - the only ones in which the eco-

nomic benefits from reduced consumption exceed the costs of intervention - all belong 

to the above cluster. In contrast, the clusters corresponding to plants I1 and I2 show 

similar consumption, in both cases extremely low, about one half of the previous clus-

ter. In contrast, the investment cost is much higher than in the previous case, reaching 

the highest values for cluster I2. Finally, the cluster characterised by intervention I3 
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appears in an intermediate location, as it is characterized by consumption in the mid-

range between the previous cases, as well as intermediate costs between clusters I1 

and I2. Referring to the extent of each cluster, in all the cities they seem to have a 

similar extent, especially from the point of view of cost variation, which is around 100 

thousand euros for each cluster. In contrast, the variations in terms of energy con-

sumption appear different: cluster I0 is the one whose points differ the most in terms 

of energy consumption, while the others are characterised by less noticeable variations, 

suggesting that in the latter case the implementation of other retrofit interventions in 

addition to plant replacement does not lead to considerable benefits. This is most no-

ticeable in the location of Campobasso (climatic zone E), where the variations in con-

sumption for clusters I1, I2, and I3 are almost negligible.  

Although, in terms of life cycle cost assessment, the reference building appears 

in all cases to be an optimal solution, these graphs highlight how the variation in con-

sumption can be significantly reduced compared to the reference building itself, cer-

tainly contributing to significant reductions in emissions related to the operation of the 

building. Therefore, the selection of retrofit solutions to be implemented should be 

properly assessed, also in relation to the goal to be achieved. 

7.4. Conclusion 

The present Chapter aimed to answer the fifth – and last – research questions 

of this dissertation (RQ5), aiming to compare the cost-effectiveness of a retrofit inter-

vention in compliance with the reference building required by the Italian regulation with 

improved retrofitted options. To that end, a life cycle cost analysis has been performed, 

selecting the most effective solutions through an automatic optimisation approach. The 

representative building of Cluster 2 has been selected as a case study, and the analysis 

has been carried out for five locations in the Apulia Region, representative of the three 

climatic zones. The novelty in the approach was not only to select combinations of 

interventions through the optimization problem (and not a priori), but also to include the 

changing climatic conditions in the analysis. Indeed, the LCC has been carried out by 

dividing the analysis period (equal to 30 years) into two periods: the first representative 

of current climate conditions (simulated through the TMY climate files), the second of 
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future climate conditions (simulated with the 2050 climate files, based on the SSP5-

8.5 scenario). 

The results of the analysis clearly showed the need of carefully evaluating the 

retrofit measures to be implemented, without making the mistake - often made in the 

presence of public fundings - of expecting that adopting solutions that perform much 

better than those required by the law will lead to greater benefits. Indeed, the analysis 

demonstrated the inaccuracy of this assumption, as adopting the parameters of the 

reference building was already found to be an optimal configuration for all climate zones 

considered, from the cost-benefit point of view. Actually, in representative cities of cli-

mate zones C and D, the optimization analysis led to defining better cost-benefit solu-

tions than the reference building, which, however, led to a benefit that was not signifi-

cant in economic terms when compared to the period of analysis. In all cases, the 

retrofit solutions comply with the parameters of the reference building, except for the 

reduction of the solar heat gain coefficient of the windows. Delving into the results 

merely in terms of energy consumption, it appears evident that the energy performance 

of the reference building can be improved, reaching even one-half of the reference 

value. To this end, the goal can be easily achieved by replacement of the building's 

system. However, it requires a considerable investment cost, which is not balanced by 

the energy savings in economic terms achieved over the 30-year period of analysis. 

Despite of this, even with a large economic expense, it could contribute to drastically 

reduce the building energy consumption, and thus its GHGs emissions. Therefore, the 

selection of solutions must be thoughtful, especially considering that these solutions 

have an environmental cost, that cannot be neglected. Consequently, further develop-

ment of this work could involve a comprehensive life cycle assessment of the retrofit 

intervention, analysing not only the environmental impacts of the solutions used, but 

also the savings in environmental terms related to reduced consumption. 
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8. CONCLUSIONS 

The work illustrated in the present dissertation aimed to explore the energy re-

silience to climate change of a school building stock in the Mediterranean area, starting 

from a typological and technological classification, continuing with a field study of the 

current energy status, and ending with a predictive investigation of climate change re-

silience, based on energy simulations run for representative buildings. The whole anal-

ysis was focused on the municipally owned schools (pre-schools, primary and lower 

secondary schools) located in the Apulia Region. 

Two main objectives were pursued in conducting the research. The first objec-

tive was to provide a comprehensive overview of the current condition of Apulian school 

building stock, based on current actual data. The results obtained are undoubtedly use-

ful in helping local municipalities get an overview of the main features and actual con-

ditions of such heritage, which is a fundamental basis for planning intervention pro-

grams. The second macro-objective was to assess the impact of climate change on 

schools at the building level, so as to increase policy makers’ awareness of the critical 

issues related to changing climatic conditions, drawing attention to the importance of 

carefully evaluating solutions. While pursuing these two macro-objectives, different re-

search activities - each presented and discussed in a thesis chapter - have been con-

ducted, which may have potential scientific impact at different levels. 

The quantitative review presented in Chapter 3 highlighted the extreme hetero-

geneity of research outcomes related to the impacts of climate change on buildings, 

the reasons behind which should be further investigated. The extreme heterogeneity of 

the results makes it difficult to deduce summary data, which would, however, be ex-

tremely useful in deriving guidelines for potential solutions. Beyond the results obtained 

in the specific work, the research is based on a methodology – the meta-analysis – 

which, although still rarely applied in the building research field, could be a good meth-

odological reference to be adopted in future work to summarise the results obtained by 

the scientific community on this topic. In addition, the literature review highlighted the 

need to expand studies related to climate change impacts to include building types 

different from residential and office, a need met by this thesis. 
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The overview of the school building stock of the Apulia Region, as well as its 

classification and subdivision into homogeneous groups presented in Chapter 4, rep-

resents a novelty in the literature. Indeed, no such study had ever been conducted on 

schools in the region, nor in southern Italy. From the analysis of the data collected in 

the ARES database, it was clear that the investigated schools are outdated and poor-

performing, and their need for maintenance can no longer be neglected. In addition, the 

cluster analysis allowed to identify four representative buildings (described in Chapter 

6), whose energy models were created and validated through an automatic optimisa-

tion-based calibration process, the characteristics of which can be extended to the en-

tire reference cluster. Such models could have immediate applicative value, as they can 

already be used by Public Administrations as a basis for evaluating the effectiveness 

of potential retrofit interventions, that can be extended to schools of the same type. 

Undoubtedly, the results of the cluster analysis - and thus the identification of repre-

sentative buildings - are closely related to the predictors adopted to conduct the analy-

sis, the selection of which was affected by the limited availability of data for the schools. 

Hence, beyond the results obtained, the research activity aims to emphasize the poten-

tial of the methodology adopted, whose process could be improved thanks to a greater 

availability of data concerning buildings (e.g., clusters analysis could be based on a 

greater number of predictors). This consideration could lead public administrations to 

reflect on the importance of properly sharing data on schools features, taking advantage 

of the opportunity that the ARES database constitutes. In addition, future research de-

velopments may involve the improvement of the identified representative buildings, 

which can be the starting point for making proper reference buildings for Italian school 

construction, currently lacking in the literature. 

The field analysis of billed energy consumption of school buildings conducted 

in this thesis (Chapter 5) is also a novelty in the literature, as studies concerning south-

ern Italy are still absent. Again, the reason is found in the extreme difficulty in retrieving 

data regarding schools energy consumption, often not adequately collected and thus 

not easily shared by stakeholders, an obstacle that was also found in this research. The 

difficulties addressed are intended to draw attention to the idea that a useful update of 
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the regional ARES database could involve the inclusion of data regarding school con-

sumption, hopefully on a monthly basis. This would allow more in-depth research to 

be conducted that could provide much more reliable outcomes. Anyway, the collected 

data, based on a sample of about 50 schools, showed that heating consumption in 

schools predominates over electricity consumption in terms of site energy, although 

schools experienced very heterogeneous consumption. The analysis conducted al-

lowed for identifying, for the first time in literature, benchmark values for Apulian 

schools, which accounted for 42.6 kWh/m2 (site energy for heating), 13.6 kWh/m2 (site 

energy for electricity) and 84.82 kWh/m2 (total source consumption). Such bench-

marks can be a useful reference for assessing the effectiveness of retrofit solutions, as 

well as a useful finding to be compared with any regulatory benchmarks to be met that 

might be introduced by Fit for 55 action. Beyond the results obtained, the methodology 

adopted in this chapter - which involves the systematic collection and statistical anal-

ysis of data - is intended to make public administrations aware of the significance of 

knowing the actual features of the existing building stock, which should be a prerequi-

site to the effective application of any improvement intervention. In addition, in the light 

of the possibility of mandatory buildings retrofits to minimum performance standards, 

the knowledge of the actual energy performance provides an essential reference for 

understanding the feasibility of interventions, as well as the real potential for fulfilling 

the requirements. 

Thanks to the representative buildings – modelled and validated - the predictive 

analysis of the impact of climate change on school buildings was conducted (Chapter 

6). This study represents one of the earliest applications of the new SSP scenarios in 

the generation of future climate files, which are still little adopted in the literature. Over-

all, the analysis conducted showed that cooling needs in schools can no longer be 

neglected due to climate changes. In fact, although schools are predominantly unoc-

cupied in July and August (with the exception of offices), rising temperatures lead to 

the occurrence of cooling needs in the intermediate seasons, such as in May and Sep-

tember. The analysis conducted is intended to be a warning to public administrations 
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to carefully consider retrofit interventions to be implemented, as cooling needs must be 

addressed. 

To this end, a life cycle cost analysis was conducted in order to compare a 

retrofit intervention based on the normative benchmark parameters of the reference 

building with improved retrofit solutions (Chapter 7). The main purpose was to under-

stand whether exceeding the properties required by the national law could be beneficial 

in terms of cost-benefit ratio, considering a period of 30 years. Two factors of novelty 

were considered in the study: firstly, the most effective combinations of retrofit inter-

ventions were selected based on an optimisation problem; secondly, the variation of 

climatic conditions and thus of energy consumptions were considered in the analysis. 

Indeed, the life cycle cost analysis has been carried out by dividing the analysis period 

(equal to 30 years) into two periods: the first representative of current climate condi-

tions (simulated through the TMY climate files), the second of future climate conditions 

(simulated with the 2050 climate files, based on the SSP5-8.5 scenario). The analysis 

- applied to the reference buildings of Cluster 2 and conducted for five locations repre-

sentative of the climatic zones C, D, E - has shown that improving the parameters of 

the reference building does not lead to significant benefits from the cost-benefit point 

of view. However, considering only the benefits in terms of energy consumption, anal-

yses have shown that the energy performance of the reference building can be im-

proved, even reaching half of the reference value. This can easily be achieved by re-

placing the building's systems, which, however, requires a significant investment cost 

that fails to be balanced by the resulting energy savings. Nonetheless, even with a great 

economic expense, it could help to drastically reduce the building's energy consump-

tion and hence its greenhouse gas emissions. Therefore, the selection of retrofit solu-

tions must be thoughtful, also considering that such solutions have an environmental 

cost. Consequently, further studies could be carried out by evaluating the entire life 

cycle of the retrofit intervention, analysing not only the environmental impacts of the 

solutions used, but also the savings in environmental terms related to reduced con-

sumption. 
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In conclusion, it is worth pointing out that the analyses carried out throughout 

the whole thesis work focused on evaluations of the energy performance of school 

buildings, not considering aspects related to indoor comfort, although it is recognized 

to significantly affect students' learning abilities. For instance, climate change has no-

ticeable effects on indoor thermal comfort, thus increasing the risk of overheating, 

which schools were already particularly vulnerable to due to high occupancy rates dur-

ing the hottest hours of the day. Accordingly, future developments of the present dis-

sertation will include assessments related not only to energy performance, but also to 

indoor comfort. For instance, building simulations of representative buildings in future 

climate scenarios could be useful to assess the risk of overheating in school spaces. 

In addition, the retrofit interventions could be compared and optimized not only from 

the perspective of energy savings, but also from the point of view of improving indoor 

thermal comfort conditions.



Ludovica Maria Campagna | XXXVI cycle 

164 
 

  



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

165 
 

 

ACKNOWLEDGEMENTS 

I would like to sincerely thank my supervisor Prof. Fiorito: his confidence in me was the 

strength that pushed me to start this journey and to continue it through all the chal-

lenges. 

“I know to whom my gratitude belongs.” 

I would also like to thank my confident colleagues, Adriana and Francesco: your com-

pany, advice and support made this - often complex - journey less lonely. In addition, I 

would like to thank my newly arrived "young" colleagues for the cheerfulness and light-

heartedness you brought with you. 

“I know where my happiest memories will be.” 

I would also like to thank my large family beyond Polytechnic for reminding me that my 

life could be carefree and joyful despite the difficulties of this journey. 

I thank my parents for supporting me - as always - in this choice and my sister for 

always being an inspiration for me to follow.  

“I know where my roots are.” 

I endlessly thank my friends Noemi, Etta, Aga, Grazia: it is amazing to think how much 

life we have shared, thank you for being there as long as I can remember. There is no 

achievement that I can imagine where you are not by my side. In addition, I would like 

to thank all my messy, colourful, lively, and noisy family of friends, because you know 

how to believe in me much more than I do. 

“I know where my safe harbour is.” 

Finally, I thank Gaetano, because you are the only one who has been by my side every 

moment of this journey, for always reminding me that I would find a solution to all 

problems, for wiping away my tears, for holding my hand. When I smile at a success, 

it is always your gaze that I turn to find. Three years are over, it is time to think about a 

new journey. 

“I know where my heart belongs.” 

  



Ludovica Maria Campagna | XXXVI cycle 

166 
 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

167 
 

LIST OF FIGURES 

Figure 1. Structure of the thesis, outlining the research questions addressed in each 
chapter and the methodologies involved. ................................................................ 12 
Figure 2. Climate system variability: external forcings and internal responses.......... 15 
Figure 3. Changes in global surface temperature relative to 1850-1900. From ref. [52]
 .............................................................................................................................. 17 
Figure 4. Structure of a GCM, from ref. [89] ........................................................... 25 
Figure 5. Timeline of the development of the IPCC emission scenarios, as well as the 
year of publication of the six IPCC reports in which the scenarios are adopted. ........ 26 
Figure 6. Flowchart for generating future climate projections with spatial and temporal 
resolution suitable for use in BPS. .......................................................................... 29 
Figure 7. Publications trend from 2009 to 2023 ..................................................... 37 
Figure 8. Main topics addressed in research studies involving educational buildings in 
a changing climate. ................................................................................................ 38 
Figure 9. PRISMA flow diagram, adapted from [165] .............................................. 45 
Figure 10. Locations investigated in the reviewed manuscripts, sorted by the climate 
zone [170]. Markers size indicates the number of studies performed in the location. 
From the writer’s work [16] .................................................................................... 51 
Figure 11. Data distribution of consumption variation divided by climate zones (zones 
A, B, C, D, E, and overall zones) and by future time slices, referred to: (a) heating 
consumption variation, (b) cooling consumption variation, (c) total consumption 
variation. The marker “x” indicates the mean values, whilst the marker “-“ indicates the 
median values. Adapted from the writer’s work [16]. .............................................. 57 
Figure 12. Forest plot obtained from the meta-analysis conducted on: (a) heating 
consumption variation, (b) cooling consumption variation, (c) total consumption 
variation. Author’s elaboration based on references [15,67,79,136–138,180,197–208]
 .............................................................................................................................. 59 
Figure 13. Relationship between HDDs and: (a) heating consumption variation; (b) 
cooling consumption variation; (c) total consumption variation. Relationship between 
CDDs and: (d) heating consumption variation; (e) cooling consumption variation; (f) 
total consumption variation. From the author’s work [16]. ....................................... 63 
Figure 14. Methodological workflow for data detection and validation. Adapted from 
the author’s work [213]. ......................................................................................... 73 
Figure 15. Distribution in the Apulian provinces of: (a) the population aged 0-13, (b) 
the municipally owned educational buildings (hosting students aged 0-13). Adapted 
from the author’s work [48].................................................................................... 76 



Ludovica Maria Campagna | XXXVI cycle 

168 
 

Figure 16. Frequency distribution of educational buildings - divided by educational 
institution - by the construction period. Adapted from the author’s work [48]. ......... 78 
Figure 17. Frequency distribution of educational buildings - divided by educational 
institution - by the S/V ratio. Adapted from the author’s work [48]. ......................... 79 
Figure 18. Scatter plot of educational buildings by shape ratio S/V and construction 
year. Adapted from the author’s work [48]. ............................................................ 80 
Figure 19. Bar chart of the school type distribution for each cluster. Adapted from the 
author’s work [48]. ................................................................................................ 83 
Figure 20. Bar chart of distribution of school in the Apulian Provinces for each cluster. 
Adapted from the author’s work [48]. ..................................................................... 83 
Figure 21. Bar chart of distribution of school in the Apulian climate zones (C, D, E) for 
each cluster. .......................................................................................................... 84 
Figure 22. Identification of representative buildings within clusters (indicated by a red 
cross). .................................................................................................................. 85 
Figure 23. Educational buildings’ location in the investigated cities: Barletta (top-left), 
Bari (top-right), Taranto (bottom-left), Lecce (bottom-right). From the writer’s work 
[48]. ...................................................................................................................... 91 
Figure 24. (a) Relative frequency distribution of gas consumption for each year of 
investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year survey period 
(ALL); (b) Cumulative frequency distribution of gas consumption for each year of 
investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year survey period 
(ALL). Adapted from the writer’s work [48]. ........................................................... 95 
Figure 25. (a) Relative frequency distribution of electricity consumption for each year 
of investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year survey 
period (ALL); (b) Cumulative frequency distribution of electricity consumption for each 
year of investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year 
survey period (ALL). Adapted from the writer’s work [48]. ...................................... 98 
Figure 26. (a) Relative frequency distribution of total consumption for each year of 
investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year survey period 
(ALL); (b) Cumulative frequency distribution of total consumption for each year of 
investigation (2017, 2018, 2019, 2020, 2021) and for the whole five-year survey period 
(ALL). Adapted from the writer’s work [48]. ......................................................... 101 
Figure 27. Consumption sorted by school grade over the five-year survey period: (a) 
gas consumption; (b) electricity consumption; (c) total consumption. Each school is 
defined by a code, where the letter indicates the school grade: C stands for pre-schools, 
M stands for multiple schools, P stands for primary schools, S stands for lower 
secondary schools. Numbers in bold indicate the average value of consumption for 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

169 
 

each school grade, with the corresponding standard deviation value. Adapted from the 
writer’s work [48]. ............................................................................................... 104 
Figure 28. Comparison between average consumptions found in our studies and other 
international research, in terms of (a) heating consumption, (b) electricity 
consumption, (c) total consumption. Numbers in square brackets indicates the number 
of schools involved in the surveyed sample. Author’ elaboration based on references 
[39,40,121,127–129,214,234–237]. ................................................................... 105 
Figure 29. Comparison between average heating consumptions (represented by the 
bars) and Heating Degree Days (represented by the black line). Writer’s elaboration 
based on references [39,40,121,127–129,214,234–237]. ................................... 107 
Figure 30. Five-years average consumption sorted by cluster: (a) gas consumption; 
(b) electricity consumption. .................................................................................. 108 
Figure 31. Monthly consumptions over the five-years survey period, recorded in: a) 
pre-school, b) multiple school, c) primary school, d) lower secondary school. ...... 110 
Figure 32. Representative school buildings of: (a) Cluster 1, (b) Cluster 2, (c) Cluster 
3, (d) Cluster 5. ................................................................................................... 114 
Figure 33. CL1 building plan. Scale 1:1000. ......................................................... 115 
Figure 34. CL2 building plan: first level on the left and second level on the right. Scale 
1:1000. ................................................................................................................ 116 
Figure 35. CL3 building plan: first level on the left and second level on the right. Scale 
1:1000. ................................................................................................................ 117 
Figure 36. CL5 building plan: first floor. The second floor is not represented as it is 
exactly the same as the first floor. Scale 1:1000. .................................................. 118 
Figure 37. School building energy models, for (a) cluster 1, (b) cluster 2, (c) cluster 3, 
(d) cluster 4. ........................................................................................................ 120 
Figure 38. Location of cities whose climate files have been used. ......................... 127 
Figure 39. Results of the Genetic Algorithm simulations for (a) CL1, (b) CL2, (c) CL3, 
(d) CL5. On the left side, the evolution of utility functions over the entire period of one 
thousand simulations is shown, together with their moving average. On the right side, 
CV(RMSE) and NMBE values in all the simulations performed during the calibration 
processes. ........................................................................................................... 131 
Figure 40. Billed vs simulated gas consumption for the four representative schools.
 ............................................................................................................................ 133 
Figure 41. Boxplot of outdoor air temperatures for both actual and future weather files, 
for Bari and Lecce (climatic zone C), Foggia and Martina Franca (climatic zone D), 
Campobasso (climatic zone E). ............................................................................ 135 



Ludovica Maria Campagna | XXXVI cycle 

170 
 

Figure 42. Cooling and heating needs in the current (vertical line marker) and future 
weather scenarios (boxplot) for the climatic zone C (C1 and C2), D (D1 and D2) and E, 
referred to (a) Cluster 1, (b), Cluster 2, (c) Cluster 3, (d) Cluster 5. ...................... 138 
Figure 43. Results of the GA simulation: on the left, values of the utility function (LCC) 
over the simulations run and its moving average; on the right, values of cumulative 
energy consumption over the 30 years of analysis and investment cost in all the 
simulations conducted. ........................................................................................ 154 

 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

171 
 

LIST OF TABLES 

Table 1. Methodological phases to evaluate climate change impacts on building 
performance, adapted from the writer's work [16]. .................................................. 23 
Table 2. Comparison between energy consumptions of school buildings, from the 
writer's work [48]. Abbreviations: TC (total consumption), GC (gas consumption), OC 
(oil consumption), EC (electricity consumption), HC (heating consumption), EUI 
(energy intensity use). Values with * refer to median and not to mean values. ......... 35 
Table 3. List of extrapolated data. (1Calculated data) ............................................... 47 
Table 4. List of extracted parameters related to the methodological framework. n.g. 
stands for not-given. From the writer’s work [16]. ................................................... 53 
Table 5. Summary of synthetic descriptive indices related to the overall dataset. From 
the writer’s work [16]. ............................................................................................ 57 
Table 6. Pearson’s r coefficients. From the author’s work [16]. .............................. 61 
Table 7. Spearman rho coefficients. From the author’s work [16]. .......................... 62 
Table 8. Distribution of educational buildings by provinces in the Apulia Region in the 
validated and in the full sample. .............................................................................. 75 
Table 9. Clusters identified, with the number of schools, the main features of the cluster 
and of its centroid. ................................................................................................. 81 
Table 10. Reference buildings for each cluster with their main features. .................. 86 
Table 11. Distribution of educational buildings by provinces in the Apulia Region and 
distribution of school-aged population. NG stands for Not Given. ............................. 91 
Table 12. Data summary indexes referred to gas consumption (kWh/m2). Pth stands 
for percentile. ......................................................................................................... 96 
Table 13. Data summary indexes referred to electricity consumption (kWh/m2). Pth 
stands for percentile. .............................................................................................. 99 
Table 14. Data summary indexes referred to total source energy consumption 
(kWh/m2). Pth stands for percentile. ..................................................................... 101 
Table 15. Geometrical characteristics of the representative schools. ..................... 118 
Table 16. Source of uncertainty, independent variable that determines uncertainty and 
its range of variation, for all the representative buildings. ....................................... 123 
Table 17. Source of uncertainty: optimised values. ............................................... 132 
Table 18. Envelope features in compliance with the Italian legislation [216]. ......... 143 
Table 19. Range of variation of retrofit alternatives for the three climatic zones, with the 
indication of the parameters of variation. ............................................................... 150 

 



Ludovica Maria Campagna | XXXVI cycle 

172 
 

  



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

173 
 

 

LIST OF ABBREVIATIONS 

AHC Agglomerative Hierarchical Clustering 

AR Assessment Report 

ARERA Regulatory Authority for Energy, Networks and Environment 

ARES Regional Register of School Buildings  
(Anagrafe Regionale dell’Edilizia Scolastica in italian) 

ARPA Regional Environmental Protection Agency 

ASHRAE 
American Society of Heating, Refrigerating and Air-Conditioning  
Engineers 

BPS Building Performance Simulation 

CDDs Cooling Degree Days 

CMIP Coupled Model Intercomparison Project 

CV(RMSE) Coefficient of Variation of the Root Mean Square Error 

D.Lgs Legislative Decree 

D.M. Ministerial Decree 

DPR Decree of the President of the Republic 

EPBD Energy Performance of Buildings Directive 

EPW Energy Plus Weather 

EU European Union 

FWG Future Weather Generator 

GA Genetic Algorithm 

GCMs General Circulation Models (or Global Climate Models) 

GHGs Greenhouse gases 

GIS Geographic Information Systems 

HDDs Heating Degree Days 



Ludovica Maria Campagna | XXXVI cycle 

174 
 

HVAC Heating Ventilation and Air Conditioning 

IDF Input Data File 

IPCC Intergovernmental Panel of Climate Change 

LCC Life Cycle Cost 

NMBE Normalized Mean Bias Error 

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

RCMs Regional Climate Models 

RCPs Representative Concentration Pathways 

RQ Research Question 

SHGC Solar Heat Gain Coefficient 

SNAES 
National Register of School Buildings  
(Anagrafe Nazionale dell’Edilizia Scolastica in italian) 

SRES Special Report of Emission Scenarios 

SSPs Shared Socioeconomic Pathways scenarios 

TMY Typical Meteorological Year 

U Thermal transmittance 

UNFCCC United Nations Framework Convention on Climate Change 

UNI Italian National Unification 

WG IPCC Working Group 

λ Thermal conductivity 

 

  



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

175 
 

ANNEX A 

Dataset for meta-analysis (Chapter 3) 
 

List of reviewed studies selected for the quantitative analyses, in order of year of publication. Corresponding 
building type, location, climate zone, reference period, emission scenario, downscaling technique, future time 
slice, and target are reported. N.A. stands for “not available”; EC stands for “energy consumption”, EU stands 
for “energy use”, ED stands for “energy demand”, H stands for “heating”; C stands for “cooling”.  
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20
18

 

[2
91

] Resi-
dential 

Curitiba Cfb 
1961

-
1990 

886 305 

A2 
Morph-

ing 
2020, 

2050, 2080 
ED 

20
16

 

Floria-
nópolis 

Cfa 250 1077 

Belem Af 0 2896 

[2
02

] Office 
Resi-
dential 

Philadel-
phia 

Cfa 
1961

-
1990 

2787 602 

A1F1, 
A2 

Morph-
ing 

2040-2069 
H and C 

EU 20
17

 

Chicago Dfa 3557 431 

Phoenix Bwh 628 2280 

Miami Am 64 2369 

[1
94

] Resi-
dential 

Santa 
Rosa 

Cfa 
2011

-
2014 

N.A. N.A. RCP4.5 Others 2015-2039 
EC of gas 
and elec-

tricity 20
17

 

[2
92

] Resi-
dential 

London Cfb 2011 N.A. N.A. A2 
Morph-

ing 
2020, 

2050, 2080 
Yearly EC 

20
17

 

[2
03

] Resi-
dential 

Hong 
Kong 

Cwa 1983
-

2005 

202 2064 
Rec-
orded 
data 

RCP4.5, 
RCP8.5 

Other 
2006-2014 
2015-2044 

Yearly ED 

20
17

 

Seoul Dwa 2782 560 

Tokyo Cfa 2311 508 

[2
93

] 

Office 

Seoul Dwa 
1961

-
1990 

2925 658 

A2 
Morph-

ing 
2020, 

2050, 2080 
C EC 

20
17

 

Tokyo Cfa 1730 846 
Hong 
Kong 

Cwa 215 2004 

[2
94

] Resi-
dential Kaunas Dfb 

1980
-

1999 
4137 71 

RCP2.6, 
RCP8.5 

Morph-
ing 

2020, 
2050, 2080 

Primary 
EC 20

17
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[2
95

] 
Resi-

dential, 
restau-
rant, 

hospi-
tal, ho-
tel, of-
fice, 

outpa-
tient, 

school, 
retail, 
mall, 

super-
mar-
ket, 

ware-
house 

Different 
locations 

in US 

Dif-
fer-
ent 
cli-
mat
e 

zone
s 

1991
-

2005 
N.A. N.A. 

A1B, 
A2, B1 

Offset 
method 

2040, 2090 
Change in 

EC % 20
16

 

[2
96

] 

Office 

Sapporo Dfb 1981
-

2000 

3578 236 

A2 
Dynam-

ical 
2040, 2090 

Energy 
loads 20

16
 

Tokyo Cfa 2311 508 

Naha Cfa 226 1969 

[1
95

] Resi-
dential 

Tokyo Cfa 2005 N.A. N.A. RCP4.5 
Dynam-

ical 
2029 

Heat 
loads in 
August 20

16
 

[2
97

] Resi-
dential 

Taipei Cfa 
1993

-
2014 

N.A. N.A. 
A2, B2, 

A1B 
Morph-

ing 
2020, 

2050, 2080 
Yearly C 

EC 20
16

 

[2
05

] Resi-
dential 

Vaxjo Cfb 
1961

-
1990 

4174 38 

Rec-
orded 
data 

RCP4.5, 
RCP8.5 

Morph-
ing 

1996-2005 
2050, 2090 

H/C de-
mand 20

16
 

[2
98

] Resi-
dential 

Qatar BWh 
1961

-
1990 

101 3253 A2 
Morph-

ing 
2080 

Yearly pri-
mary EU 20

16
 

[2
99

] 

School Milan Cfa 
1951

-
1970 

1767 906 A2 
Morph-

ing 
2020, 

2050, 2080 

H and C 
energy 
needs 20

16
 



Ludovica Maria Campagna | XXXVI cycle 

182 
 

[1
96

] Resi-
dential 

Tokyo Cfa 
2006

-
2010 

1492 1029 RCP4.5 
Dynam-

ical 
2031-2035 

Heat 
loads in 
August 20

15
 

[3
00

] 

Resi-
dential, 
office, 
ware-
house 
com-

mercial 

Florida Cfa 

2004 N.A. N.A. A2 
Statisti-

cal 
2052 
2089 

Change in 
EC % 20

15
 

Louisi-
ana 

Cfa 

Minne-
sota 

Dfb 

Missouri Dfa 
New 
York 

Dfa 

Virginia Cfa 

[3
01

] Day-
care 

centre 

Copen-
hagen 

Cfb 
1975

-
1989 

3563 29 A1B 

Hourly, 
monthly 
and an-
nual off-

set 
method 

2021-2050 
Yearly 

H/C de-
mand 20

15
 

[3
02

] 

Office 

Sydney Cfa 

1982
-

1999 

687 634 

A2 
Morph-

ing 

2020, 
2050, 2080 

 
EC 

20
14

 

Mel-
bourne 

Cfb 1733 210 

Canberra Cfb 2120 195 

Adelaide Csb 1122 479 

Darwin Aw 0 3355 

[1
80

] Resi-
dential 

Tianjin Dwa 
1971

-
2010 

2735 867 
B1 

A1B 
PCA 

2011-2050 
2051-2100 

H/C loads 

20
14

 

[1
93

] 

Office Vienna Cfb 
1961

-
1990 

3156 201 

Rec-
orded 
data 
A1B 

Rec-
orded 
data 

Dynam-
ical 

1980-2009 
2011-2040 
2036-2065 

Yearly ED 

20
14

 

[1
81

] 

Office Tianjin Dwa 

1961
-

1970 
1971

-
2010 

2735 867 

Rec-
orded 
data 
B1 

A1B 

Rec-
orded 
data 
PCA 

2001-2010 
2051-2100 

Heating 
loads (%) 20

13
 

[3
03

] Resi-
dential 

Singa-
pore 

Af 1990 0 3454 N.A. 
Offset 

method 
+0,5  +1,3 

+2,4 
Cooling 

loads (%) 20
13
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[3
04

] 

Office 
Hong 
Kong 

Cwa 
1961

-
1990 

215 2004 
A1B 
B1 

Morph-
ing 

2011-2030 
2046-2065 
2080-2099 

Change in 
EC (%) 20

13
 

[3
05

] 

Office Ningbo Cfa 
1990

-
2009 

N.A. N.A. A2 
Morph-

ing 

2010-2039 
2040-2069 
2070-2099 

ED 

20
12

 

[3
06

] Resi-
dential 

Montreal Dfb 
1961

-
1990 

3578 254 A2 
Morph-

ing 
2011-2040 
2041-2070 

Electricity 
consump-

tion 20
12

 

[1
82

] 

Office 

Harbin 
Dwa

, 
Cfa, 
Cwb

, 
Cwa 

1971
-

2000 

N.A. N.A. 

B1, A1B PCA 
2001-2100 
2009-2100 

H and C 
EU 20

12
 

Beijing N.A. N.A. 

Shanghai N.A. N.A. 

Kunming N.A. N.A. 
Hong 
Kong 

202 2064 

[3
07

] 

Office 
Burkina 

Faso 
BSh 

1977
-

2010 
N.A. N.A. 

A1, A2, 
B2, B1 
(aver-
age) 

N.A. 
2010-2029 
2030-2049 
2060-2079 

Yearly C 
loads 20

12
 

[1
39

] Office 
School 

Crete Cfa 

1961
-

1990 

774 1026 

A1B, 
A2, B2 

Other 
2041-2050 
2091-2100 

H and C 
EU 

(kWh/m2) 

2012 

West 
Central 

Macedo-
nia 

Csa 1801 915 

Cyclades Csa 778 820 
Eastern 
Central 
Greece 

BSh N.A. N.A. 

[3
08

] Office 
Resi-
dential 

Hong 
Kong 

Cwa 
1979

-
2003 

202 2064 B1, A1B 
Morph-

ing 

2011-2030 
2046-2065 
2080-2099 

A/C EC 

20
11

 

[6
4]

 Resi-
dential 

Darwin Aw 

N.A. 

0 3355 

+6 
Offset 

method 
N.A. 

H and C 
loads 20

11
 

Brisbane Cfa 329 1061 
Alice 

Springs 
Bwh 665 1816 

Mildura Bsh 1160 769 

Sydney Cfa 687 634 
Mel-

bourne 
Cfb 1733 210 

Hobart Cfb 2073 52 
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Cabra-
murra 

Cfb 3586 49 

[3
09

] Resi-
dential 

Dhaka Aw 
1961

-
1990 

10 2853 A2 
Morph-

ing 

2020 
2050 
2080 

Cooling 
ED 20

11
 

[1
83

,3
10

] 

Office 
Hong 
Kong 

Cwa 
1979

-
2008 

202 2064 
B1 

A1B 
PCA 2009-2100 

H and C 
loads 

& 
Yearly EU 

20
11

 

[1
91

] Resi-
dential 

Athens Csa 1983
-

1992 
N.A. N.A. 

Rec-
orded 
data 

Rec-
orded 
data 

1993-2002 
Energy re-

quire-
ments 20

10
 

Thessa-
loniki 

Cfa 

[2
06

] Resi-
dential 

Alice 
Springs 

Bwh 

1990 

665 1816 

550ppm 
Morph-

ing 
2050 

Energy re-
quire-
ments 

(MJ/m2) 

20
10

 Darwin Aw 0 3355 

Hobart Cfb 2073 52 
Mel-

bourne 
Cfb 1733 210 

Sydney Cfa 687 634 

[3
11

] Resi-
dential 

Ljubljana 

Cfb 
1961

-
1990 

3208 201 +1°C 
+3°C 
Rec-
orded 
data 

Offset 
method 

Rec-
orded 
data 

2050, 2003 EU 

20
10

 

Portoroz 1829 577 

[3
12

] Resi-
dential 

Al-Ain Bwh 
1961

-
1990 

61 577 

+1,6°C, 
+2,9°C, 
+2,3 , 
+5,9°C 

Rec-
orded 
data 

Offset 
method 

2050 
2100 

H, C, 
Fans, 

Electricity 20
09

 

[3
13

] 

Office 

London 

Cfb 2005 N.A. N.A. 
Me-

dium-
high 

Morph-
ing 

2010-2040 
H and C 

EU 20
08

 

Cardiff 
Birming-

ham 
Man-

chester 
Edin-
burgh 

[3
14

] Resi-
dential 
Office 

Zurich–
Kloten 

Dfb 
1961

-
1990 

3643 85 
+0,7°C, 

+1, 
+4,4 

Offset 
method 

1984-2003 
2050-2100 

Yearly ED 

20
05

 

Algarve Csa 979 669 gga2 2080-2100 
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[3
15

] Resi-
dential 

South 
Inland 

Csa 

1961
-

1990 

1475 796 

Sto-
chastic 

H and C 
loads 20

02
 

Lisbon Csa 1059 608 
Centre 
Littoral 

Csb 1297 271 

Centre 
Inland 

Csb 1735 667 

North 
Littoral 

Cfb 1632 317 

North 
Inland 

Csb 2546 426 
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ANNEX B  

Dataset for Life Cycle Cost analysis (Chapter 7) 

 

Range of variation of retrofit alternatives for the three climatic zones, with the 
indication of the parameters of variation and the investment cost (Δcost) calcu-
lated as the difference between the initial investment costs of alternative option j 
and the initial investment cost of the reference option (alternative 0). 
Inter-
ven-
tion 

Parameter of  
variation 

Alternatives Value Δcost (€) 

Climatic zone C 

G 
U windows 
(W/m2K)  

G0 2.2 0 
G1 1.8 14774 
G2 1.4 21193 
G3 1.0 25370 

SR 
Solar Heat Gain  
Coefficient  

SR0 g 0.35 (TL 60%) 0 
SR1 g 0.28 (TL 51%) 2984 
SR2 g 0.22 (TL 40%) 5963 

W 
Insulation thickness 
(m) 
 

W0 0.08  0 
W1 0.10  10369 
W2 0.12  20761 
W3 0.14  31153 

R Insulation thickness 
(m) 

R0 0.08  0 
R1 0.10  7397 
R2 0.12  14793 
R3 0.14  22190 

S 
Insulation thickness 
(m) 

 

S0 0.06  0 
S1 0.08  6116 
S2 0.10  12115 
S3 0.12 18654 

I 
Global efficiency 
(heating; cooling) 

I0 0.77 ; 2.05 0 
I1 3.16 ; 2.71 253437 
I2 3.13; 2.68 114394 
I3 1.95 ; 2.05 139171 
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Climatic zone D 

G 
U windows 
(W/m2K) 
 

G0 1.8 0 
G1 1.4 14774 
G2 1.0 21193 
G3 0.8 25370 

SR 
Solar Heat Gain  
Coefficient  

SR0 g 0.35 (TL 60%) 0 
SR1 g 0.28 (TL 51%) 2984 
SR2 g 0.22 (TL 40%) 5963 

W 
Insulation thickness 
(m) 
 

W0 0.10 m 0 
W1 0.12 m 10392 
W2 0.14 m 20784 
W3 0.16 m 31153 

R 
Insulation thickness 
(m) 

R0 0.10 m 0 
R1 0.12 m 7397 
R2 0.14 m 14793 
R3 0.16 m 22190 

S 
Insulation thickness 
(m) 
 

S0 0.08 m 0 
S1 0.10 m 5999 
S2 0.12 m 12538 
S3 0.14 m 18756 

I 
Global efficiency 
(heating; cooling) 

I0 0.77 ; 2.05 0 
I1 3.16 ; 2.71 253437 
I2 3.13; 2.68 114394 
I3 1.95 ; 2.05 139171 

Climatic zone E 

G 
U windows 
(W/m2K) 
 

G0 1.4 0 
G1 1.2 6420 
G2 1.0 6420 
G3 0.8 10597 

SR 
Solar Heat Gain  
Coefficient  

SR0 g 0.35 (TL 60%) 0 
SR1 g 0.28 (TL 51%) 2984 
SR2 g 0.22 (TL 40%) 5963 

W 
Insulation thickness 
(m) 
 

W0 0.10 m 0 
W1 0.12 m 10392 
W2 0.14 m 20784 
W3 0.16 m 31153 
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R 
Insulation thickness 
(m) 

R0 0.13 m 0 
R1 0.15 m 7397 
R2 0.17 m 14793 
R3 0.19 m 22190 

S 
Insulation thickness 
(m) 

S0 0.10 m 0 
S1 0.12 m 6539 
S2 0.14 m 12757 
S3 0.16 m 18362 

I 
Global efficiency 
(heating; cooling) 

I0 0.77 ; 2.05 0 
I1 3.16 ; 2.71 253437 
I2 3.13; 2.68 114394 
I3 1.95 ; 2.05 139171 

 

  



Ludovica Maria Campagna | XXXVI cycle 

190 
 

 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

191 
 

BIBLIOGRAPHY 

1.  Intergovernmental Panel on Climate Change (IPCC) Climate Change: The IPCC 
Scientific Assessment; Cambridge University Press, 1990; 

2.  Intergovernmental Panel on Climate Change (IPCC) Climate Change 2022 – Im-
pacts, Adaptation and Vulnerability; Cambridge University Press, 2023; ISBN 
9781009325844. 

3.  IPCC Climate Change 2022: Mitigation of Climate Change. Contribution of 
Working Group III to the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change; Cambridge, UK and New York, NY, USA, 2022; 

4.  IEA Tracking Clean Energy Progress 2023; Paris, 2023; 
5.  IEA; IRENA; UN Climate Change High Level Champions Breakthrough Agenda 

Report 2023; Paris, 2023; 
6.  Moazami, A.; Nik, V.M.V.M.; Carlucci, S.; Geving, S. Impacts of Future Weather 

Data Typology on Building Energy Performance – Investigating Long-Term Pat-
terns of Climate Change and Extreme Weather Conditions. Appl Energy 2019, 
238, 696–720, doi:10.1016/j.apenergy.2019.01.085. 

7.  Yang, L.; Yan, H.; Lam, J.C. Thermal Comfort and Building Energy Consumption 
Implications – A Review. Appl Energy 2014, 115, 164–173, 
doi:10.1016/J.APENERGY.2013.10.062. 

8.  Picard, T.; Hong, T.; Luo, N.; Lee, S.H.; Sun, K. Robustness of Energy Perfor-
mance of Zero-Net-Energy (ZNE) Homes. Energy Build 2020, 224, 110251, 
doi:10.1016/j.enbuild.2020.110251. 

9.  United Nations Paris Agreement to the United Nations Framework Convention 
on Climate Change; 

10.  Stagrum, A.E.; Andenæs, E.; Kvande, T.; Lohne, J. Climate Change Adaptation 
Measures for Buildings-A Scoping Review. Sustainability (Switzerland) 2020, 
12, doi:10.3390/su12051721. 

11.  Yang, Y.; Javanroodi, K.; Nik, V.M. Climate Change and Energy Performance of 
European Residential Building Stocks – A Comprehensive Impact Assessment 
Using Climate Big Data from the Coordinated Regional Climate Downscaling Ex-
periment. Appl Energy 2021, 298, 117246, doi:10.1016/j.apen-
ergy.2021.117246. 

12.  Verichev, K.; Zamorano, M.; Carpio, M. Effects of Climate Change on Variations 
in Climatic Zones and Heating Energy Consumption of Residential Buildings in 
the Southern Chile. Energy Build 2020, 215. 

13.  Yildiz, Y. Impacts of Climate Change on Heating and Cooling Loads in Residential 
Buildings. Gazi University Journal of Science 2016, 29, 27–34. 



Ludovica Maria Campagna | XXXVI cycle 

192 
 

14.  Wang, L.; Liu, X.; Brown, H. Prediction of the Impacts of Climate Change on 
Energy Consumption for a Medium-Size Office Building with Two Climate Mod-
els. Energy Build 2017, 157, 218–226, doi:10.1016/j.enbuild.2017.01.007. 

15.  Cellura, M.; Guarino, F.; Longo, S.; Tumminia, G. Climate Change and the Build-
ing Sector: Modelling and Energy Implications to an Office Building in Southern 
Europe. Energy for Sustainable Development 2018, 45, 46–65, 
doi:10.1016/j.esd.2018.05.001. 

16.  Campagna, L.M.; Fiorito, F. On the Impact of Climate Change on Building Energy 
Consumptions: A Meta-Analysis. Energies (Basel) 2022, 15, 354, 
doi:10.3390/en15010354. 

17.  European Union (EU) Directive (EU) 2018/844 of the European Parliament and 
of the Council of 30 May 2018 Amending Directive 2010/31/EU on the Energy 
Performance of Buildings and Directive 2012/27/EU on Energy Efficiency 2018. 

18.  European Council Fit for 55 Available online: https://www.consilium.eu-
ropa.eu/en/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/ 
(accessed on 15 December 2023). 

19.  Akkose, G.; Meral, C.; Gursel, I. Educational Building Retrofit under Climate 
Change and Urban Heat Island Effect. Journal of Building Engineering 2021, 40, 
102294, doi:10.1016/j.jobe.2021.102294. 

20.  Almeida, R.M.S.F.; de Freitas, V.P.; Delgado, J.M.P.Q. School Buildings Reha-
bilitation: Indoor Environmental Quality and Enclosure Optimization; Springer-
Briefs in Applied Sciences and Technology, 2015; 

21.  Pagliano, L.; Carlucci, S.; Causone, F.; Moazami, A.; Cattarin, G. Energy Retrofit 
for a Climate Resilient Child Care Centre. Energy Build 2016, 127, 1117–1132, 
doi:10.1016/j.enbuild.2016.05.092. 

22.  Zomorodian, Z.S.; Tahsildoost, M.; Hafezi, M. Thermal Comfort in Educational 
Buildings: A Review Article. Renewable and Sustainable Energy Reviews 2016, 
59, 895–906, doi:10.1016/j.rser.2016.01.033. 

23.  Katafygiotou, M.C.; Serghides, D.K. Thermal Comfort of a Typical Secondary 
School Building in Cyprus. Sustain Cities Soc 2014, 13, 303–312, 
doi:10.1016/j.scs.2014.03.004. 

24.  Bluyssen, P.M. Health, Comfort and Performance of Children in Classrooms – 
New Directions for Research. Indoor and Built Environment 2017, 26, 1040–
1050, doi:10.1177/1420326X16661866. 

25.  Ecosistema Scuola Legambiente XXII Rapporto Nazionale Sulla Qualità Degli 
Edifici e Dei Servizi Scolastici (in Italian); 2023; 

26.  European Commission The European Green Deal; 2019; 
27.  IEA Buildings - Tracking Report; Paris, 2022; 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

193 
 

28.  A Renovation Wave for Europe—Greening Our Buildings, Creating Jobs, Improv-
ing Lives. Available online: https://eur-lex.europa.eu/resource.html?uri=cel-
lar:0638aa1d-0f02-11eb-bc07-01aa75ed71a1.0003.02/DOC_1&format=PDF 
(accessed on 3 March 2022). 

29.  National Recovery and Resilience Plan Available online: 
https://www.politicheeuropee.gov.it/media/5651/pnrr-definitivo.pdf (accessed 
on 9 March 2022). 

30.  Liang, Z.; Shen, H.G. Determining Sample Size for Building Energy Consumption 
Surveys Using Statistical Theory. Energy Build 2012, 47, 533–539, 
doi:10.1016/J.ENBUILD.2011.12.023. 

31.  European Commission 2012a. Commission Delegated Regulation (EU) No 
244/2012 of 16 January 2012 Supplementing Directive 2010/31/EU of the Eu-
ropean Parliament and of the Council on the Energy Performance of Buildings 
by Establishing a Comparative Methodolog. 

32.  Filogamo, L.; Peri, G.; Rizzo, G.; Giaccone, A. On the Classification of Large 
Residential Buildings Stocks by Sample Typologies for Energy Planning Pur-
poses. Appl Energy 2014, 135, 825–835, doi:10.1016/J.APEN-
ERGY.2014.04.002. 

33.  Elkhapery, B.; Kianmehr, P.; Doczy, R. Benefits of Retrofitting School Buildings 
in Accordance to LEED V4. Journal of Building Engineering 2021, 33, 101798, 
doi:10.1016/J.JOBE.2020.101798. 

34.  Decreto Legislativo 16 Aprile 1994, n. 297 - Testo Unico Delle Disposizioni Leg-
islative Vigenti in Materia Di Istruzione, Relative Alle Scuole Di Ogni Ordine e 
Grado.; 

35.  Arambula Lara, R.; Pernigotto, G.; Cappelletti, F.; Romagnoni, P.; Gasparella, A. 
Energy Audit of Schools by Means of Cluster Analysis. Energy Build 2015, 95, 
160–171, doi:10.1016/j.enbuild.2015.03.036. 

36.  Vaisi, S.; Firouzi, M.; Varmazyari, P. Energy Benchmarking for Secondary School 
Buildings, Applying the Top-Down Approach. Energy Build 2023, 279, 112689, 
doi:10.1016/J.ENBUILD.2022.112689. 

37.  Chung, W. Review of Building Energy-Use Performance Benchmarking Method-
ologies. Appl Energy 2011, 88, 1470–1479, doi:10.1016/j.apen-
ergy.2010.11.022. 

38.  Brady, L.; Abdellatif, M. Assessment of Energy Consumption in Existing Build-
ings. Energy Build 2017, 149, 142–150, doi:10.1016/j.enbuild.2017.05.051. 

39.  Ouf, M.M.; Issa, M.H. Energy Consumption Analysis of School Buildings in Man-
itoba, Canada. International Journal of Sustainable Built Environment 2017, 6, 
359–371, doi:10.1016/J.IJSBE.2017.05.003. 



Ludovica Maria Campagna | XXXVI cycle 

194 
 

40.  Droutsa, K.G.; Kontoyiannidis, S.; Balaras, C.A.; Lykoudis, S.; Dascalaki, E.G.; 
Argiriou, A.A. Unveiling the Existing Condition and Energy Use in Hellenic School 
Buildings. Energy Build 2021, 247, 111150, 
doi:10.1016/J.ENBUILD.2021.111150. 

41.  Corgnati, S.P.; Fabrizio, E.; Ariaudo, F.; Rollino, L. Report RSE/2010/190: Edifici 
Tipo, Indici Di Benchmark Di Consumo per Tipologie Di Edificio, Ad Uso Sco-
lastico (Medie Superiori e Istituti Tecnici) Applicabilità Di Tecnologie Innovative 
Nei Diversi Climi Italiani; 2010; 

42.  Li, X.; Wen, J. Review of Building Energy Modeling for Control and Operation. 
Renewable and Sustainable Energy Reviews 2014, 37, 517–537. 

43.  Chong, A.; Gu, Y.; Jia, H. Calibrating Building Energy Simulation Models: A Re-
view of the Basics to Guide Future Work. Energy Build 2021, 253, 111533, 
doi:10.1016/j.enbuild.2021.111533. 

44.  CIBSE TM54:2022 Evaluating Operational Energy Use at the Design Stage; 
CIBSE, 2022; ISBN 9781914543197. 

45.  ASHRAE Guideline 14 -2014: Measurement of Energy, Demand, and Water 
Savings; 2014; 

46.  Moazami, A.; Carlucci, S.; Geving, S. Critical Analysis of Software Tools Aimed 
at Generating Future Weather Files with a View to Their Use in Building Perfor-
mance Simulation. Energy Procedia 2017, 132, 640–645, 
doi:10.1016/j.egypro.2017.09.701. 

47.  Araújo, C.; Almeida, M.; Bragança, L.; Barbosa, J.A. Cost-Benefit Analysis 
Method for Building Solutions. Appl Energy 2016, 173, 124–133, 
doi:10.1016/j.apenergy.2016.04.005. 

48.  Campagna, L.M.; Fiorito, F. On the Energy Performance of the Mediterranean 
School Building Stock: The Case of the Apulia Region. Energy Build 2023, 293, 
113187, doi:https://doi.org/10.1016/j.enbuild.2023.113187. 

49.  United Nations United Nations Framework Convention on Climate Change. 
50.  Intergovernmental Panel on Climate Change Climate Change 2021: The Physical 

Science Basis. Contribution of Working Group I to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change.; Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, 2023; ISBN 
9781009157896. 

51.  Kiehl, J.T.; Trenberth, K.E. Earth’s Annual Global Mean Energy Budget. Bull Am 
Meteorol Soc 1997, 78, 197–208, doi:10.1175/1520-
0477(1997)078<0197:EAGMEB>2.0.CO;2. 

52.  [Masson-Delmotte, V.; Zhai, P.; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.; 
Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M.I.; et al. IPCC: Climate Change 2021: 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

195 
 

The Physical Science Basis. Cambridge University Press. In Press. 2021, Sixth 
Asse, 42. 

53.  Güneralp, B.; Güneralp, İ.; Liu, Y. Changing Global Patterns of Urban Exposure 
to Flood and Drought Hazards. Global Environmental Change 2015, 31, 217–
225, doi:10.1016/j.gloenvcha.2015.01.002. 

54.  Feng, J.; Gao, K.; Khan, H.; Ulpiani, G.; Vasilakopoulou, K.; Yun, G.Y.; San-
tamouris, M. Overheating of Cities - Magnitude, Characteristics, Impact, Mitiga-
tion and Adaptation and Future Challenges. Annu Rev Environ Resour 2023, 48. 

55.  Cozannet, G. Le; Nicholls, R.J.; Durand, G.; Slangen, A.B.A.; Lincke, D.; Cha-
puis, A. Adaptation to Multi-Meter Sea-Level Rise Should Start Now. Environ-
mental Research Letters 2023, 18, 091001, doi:10.1088/1748-9326/acef3f. 

56.  Alfieri, L.; Cohen, S.; Galantowicz, J.; Schumann, G.J.-P.; Trigg, M.A.; Zsoter, 
E.; Prudhomme, C.; Kruczkiewicz, A.; Coughlan de Perez, E.; Flamig, Z.; et al. A 
Global Network for Operational Flood Risk Reduction. Environ Sci Policy 2018, 
84, 149–158, doi:10.1016/j.envsci.2018.03.014. 

57.  Crausbay, S.D.; Betancourt, J.; Bradford, J.; Cartwright, J.; Dennison, W.C.; 
Dunham, J.; Enquist, C.A.F.; Frazier, A.G.; Hall, K.R.; Littell, J.S.; et al. Unfamiliar 
Territory: Emerging Themes for Ecological Drought Research and Management. 
One Earth 2020, 3, 337–353, doi:10.1016/j.oneear.2020.08.019. 

58.  Guerreiro, S.B.; Dawson, R.J.; Kilsby, C.; Lewis, E.; Ford, A. Future Heat-Waves, 
Droughts and Floods in 571 European Cities. Environmental Research Letters 
2018, 13, 034009, doi:10.1088/1748-9326/aaaad3. 

59.  Andrić, I.; Koc, M.; Al-Ghamdi, S.G. A Review of Climate Change Implications 
for Built Environment: Impacts, Mitigation Measures and Associated Challenges 
in Developed and Developing Countries. J Clean Prod 2019, 211, 83–102, 
doi:10.1016/j.jclepro.2018.11.128. 

60.  Auffhammer, M.; Baylis, P.; Hausman, C.H. Climate Change Is Projected to Have 
Severe Impacts on the Frequency and Intensity of Peak Electricity Demand 
across the United States. Proceedings of the National Academy of Sciences 
2017, 114, 1886–1891, doi:10.1073/pnas.1613193114. 

61.  Fosas, D.; Coley, D.A.; Natarajan, S.; Herrera, M.; Fosas de Pando, M.; Ramallo-
Gonzalez, A. Mitigation versus Adaptation: Does Insulating Dwellings Increase 
Overheating Risk? Build Environ 2018, 143, 740–759, doi:10.1016/j.build-
env.2018.07.033. 

62.  Yassaghi, H.; Hoque, S. An Overview of Climate Change and Building Energy: 
Performance, Responses and Uncertainties. Buildings 2019. 



Ludovica Maria Campagna | XXXVI cycle 

196 
 

63.  Li, D.H.W.; Yang, L.; Lam, J.C. Impact of Climate Change on Energy Use in the 
Built Environment in Different Climate Zones – A Review. Energy 2012, 42, 103–
112, doi:10.1016/j.energy.2012.03.044. 

64.  Ren, Z.; Chen, Z.; Wang, X. Climate Change Adaptation Pathways for Australian 
Residential Buildings. Build Environ 2011, 46, 2398–2412, doi:10.1016/j.build-
env.2011.05.022. 

65.  Castiglia Feitosa, R.; Wilkinson, S.J. Small-Scale Experiments of Seasonal Heat 
Stress Attenuation through a Combination of Green Roof and Green Walls. J 
Clean Prod 2020, 250, 119443, doi:10.1016/j.jclepro.2019.119443. 

66.  Din, A.U.; Brotas, L. The Impacts of Overheating Mitigation within the Life Cycle 
Carbon of Dwellings Under UK Future Climate. Procedia Environ Sci 2017, 38, 
836–843, doi:10.1016/j.proenv.2017.03.169. 

67.  Invidiata, A.; Ghisi, E. Impact of Climate Change on Heating and Cooling Energy 
Demand in Houses in Brazil. Energy Build 2016, 130, 20–32, 
doi:10.1016/j.enbuild.2016.07.067. 

68.  Iles, S.M.; Seddiki, M.; Kadi, L. Assessment of Climate Change Adaptation 
Measures in Tertiary Buildings under the Passivhaus EnerPHit Standard within 
the Mediterranean Context. International Journal of Sustainable Building Tech-
nology and Urban Development 2023, 14, 169–190. 

69.  Fernandes, M.S.; Rodrigues, E.; Gaspar, A.R.; Costa, J.J.; Gomes, Á. The Im-
pact of Thermal Transmittance Variation on Building Design in the Mediterranean 
Region. Appl Energy 2019, 239, 581–597, doi:10.1016/j.apen-
ergy.2019.01.239. 

70.  Gilani, S.; O’Brien, W. Natural Ventilation Usability under Climate Change in Can-
ada and the United States. Building Research & Information 2021, 49, 367–386, 
doi:10.1080/09613218.2020.1760775. 

71.  Al-Masrani, S.M.; Al-Obaidi, K.M.; Zalin, N.A.; Aida Isma, M.I. Design Optimisa-
tion of Solar Shading Systems for Tropical Office Buildings: Challenges and Fu-
ture Trends. Solar Energy 2018, 170, 849–872, 
doi:10.1016/j.solener.2018.04.047. 

72.  Gao, B.; Zhu, X.; Ren, J.; Ran, J.; Kim, M.K.; Liu, J. Multi-Objective Optimization 
of Energy-Saving Measures and Operation Parameters for a Newly Retrofitted 
Building in Future Climate Conditions: A Case Study of an Office Building in 
Chengdu. Energy Reports 2023, 9, 2269–2285, 
doi:10.1016/j.egyr.2023.01.049. 

73.  Osman, M.M.; Sevinc, H. Adaptation of Climate-Responsive Building Design 
Strategies and Resilience to Climate Change in the Hot/Arid Region of Khartoum, 
Sudan. Sustain Cities Soc 2019, 47, 101429, doi:10.1016/j.scs.2019.101429. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

197 
 

74.  Coley, D.; Kershaw, T.; Eames, M. A Comparison of Structural and Behavioural 
Adaptations to Future Proofing Buildings against Higher Temperatures. Build En-
viron 2012, 55, 159–166, doi:10.1016/j.buildenv.2011.12.011. 

75.  Jafarpur, P.; Berardi, U. Effects of Climate Changes on Building Energy Demand 
and Thermal Comfort in Canadian Office Buildings Adopting Different Tempera-
ture Setpoints. Journal of Building Engineering 2021, 42, 102725, 
doi:10.1016/j.jobe.2021.102725. 

76.  Scott, M.J.; Wrench, L.E.; Hadley, D.L. Effects of Climate Change on Commer-
cial Building Energy Demand. Energy Sources 1994, 16, 317–332, 
doi:10.1080/00908319408909081. 

77.  Rosenthal, D.H.; Gruenspecht, H.K.; E.A., M. Effects of Global Warming on En-
ergy Use for Space Heating and Cooling in the United States. The Energy Journal 
1995, 16(2). 

78.  Nguyen, A.T.; Rockwood, D.; Doan, M.K.; Dung Le, T.K. Performance Assess-
ment of Contemporary Energy-Optimized Office Buildings under the Impact of 
Climate Change. Journal of Building Engineering 2021, 35, 
doi:10.1016/j.jobe.2020.102089. 

79.  Ciancio, V.; Salata, F.; Falasca, S.; Curci, G.; Golasi, I.; de Wilde, P. Energy De-
mands of Buildings in the Framework of Climate Change: An Investigation 
across Europe. Sustain Cities Soc 2020, 60, 102213, 
doi:10.1016/j.scs.2020.102213. 

80.  Pérez-Lombard, L.; Ortiz, J.; Pout, C. A Review on Buildings Energy Consump-
tion Information. Energy Build 2008, 40, 394–398, 
doi:10.1016/j.enbuild.2007.03.007. 

81.  Herrera, M.; Natarajan, S.; Coley, D.A.; Kershaw, T.; Ramallo-González, A.P.; 
Eames, M.; Fosas, D.; Wood, M. A Review of Current and Future Weather Data 
for Building Simulation. Building Services Engineering Research and Technol-
ogy 2017, 38, 602–627, doi:10.1177/0143624417705937. 

82.  Nakicenovic N, Alcamo J, Grubler A, Riahi K, Roehrl R, Rogner H-H, et al. Spe-
cial Report on Emissions Scenarios (SRES), a Special Report of Working Group 
III of the Intergovernmental Panel on Climate Change; 2000; 

83.  Contribution of Working Groups I, I. and I. to the F.A.R. of the I.P. on C.C. IPCC 
2014 Climate Change 2014: Synthesis Report.; 2014; ISBN 9781139177245. 

84.  Guan, L. Preparation of Future Weather Data to Study the Impact of Climate 
Change on Buildings. Build Environ 2009, 44, 793–800, doi:10.1016/j.build-
env.2008.05.021. 



Ludovica Maria Campagna | XXXVI cycle 

198 
 

85.  Nik, V.M. Making Energy Simulation Easier for Future Climate – Synthesizing 
Typical and Extreme Weather Data Sets out of Regional Climate Models (RCMs). 
Appl Energy 2016, 177, 204–226, doi:10.1016/J.APENERGY.2016.05.107. 

86.  Botswana, ); Boer, G.J.; Fiore, A.M.; Usa), (; Kimoto, M. Near-Term Climate 
Change: Projections and Predictability. In: Climate Change 2013: The Physical 
Science Basis. Contribution of Working Group I to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change Coordinating Lead Authors: 
Lead . In; 2013. 

87.  Ismail, F.H.F.H.; Shahrestani, M.; Vahdati, M.; Boyd, P.; Donyavi, S. Climate 
Change and the Energy Performance of Buildings in the Future – A Case Study 
for Prefabricated Buildings in the UK. Journal of Building Engineering 2021, 39, 
102285, doi:10.1016/j.jobe.2021.102285. 

88.  Trzaska, S.; Schnarr, E. A Review of Downscaling Methods for Climate Change 
Projections. African and Latin American Resilience to Climate Change (ARCC).; 
United States, 2014; 

89.  NOAA Climate.Gov Climate Models Available online: https://www.cli-
mate.gov/maps-data/climate-data-primer/predicting-climate/climate-models 
(accessed on 10 November 2023). 

90.  GFDL Geophysical Fluid Dynamics Laboratory Climate Modeling Available 
online: https://www.gfdl.noaa.gov/climate-modeling/ (accessed on 10 Novem-
ber 2023). 

91.  Uppala, S.M.; Kallberg, P.W.; Simmons, A.J.; Andrae, U.; Bechtold, V.D.; Fio-
rino, M.; Gibson, J.K.; Haseler, J.; Hernandez, A.; Kelly, G.A.; et al. The ERA-40 
Re-Analysis. Quarterly Journal of the Royal Meteorological Society 2005, 131, 
2961–3012. 

92.  Knutti, R.; Furrer, R.; Tebaldi, C.; Cermak, J.; Meehl, G.A. Challenges in Com-
bining Projections from Multiple Climate Models. J Clim 2010, 23, 2739–2758, 
doi:10.1175/2009JCLI3361.1. 

93.  Leggett, J.; Pepper, W.J.; Swart, R.J.; Edmonds, J.; Filho Meira, L.G.; Mintzer, 
I.; Wang, M.X.; Watson, J. “Emissions Scenarios for the IPCC: An Update”, 
Climate Change 1992: The Supplementary Report to The IPCC Scientific As-
sessment; 1992; 

94.  van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, 
K.; Hurtt, G.C.; Kram, T.; Krey, V.; Lamarque, J.-F.; et al. The Representative 
Concentration Pathways: An Overview. Clim Change 2011, 109, 5–31, 
doi:10.1007/s10584-011-0148-z. 

95.  Riahi, K.; van Vuuren, D.P.; Kriegler, E.; Edmonds, J.; O’Neill, B.C.; Fujimori, S.; 
Bauer, N.; Calvin, K.; Dellink, R.; Fricko, O.; et al. The Shared Socioeconomic 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

199 
 

Pathways and Their Energy, Land Use, and Greenhouse Gas Emissions Impli-
cations: An Overview. Global Environmental Change 2017, 42, 153–168, 
doi:10.1016/j.gloenvcha.2016.05.009. 

96.  O’Neill, B.C.; Kriegler, E.; Riahi, K.; Ebi, K.L.; Hallegatte, S.; Carter, T.R.; Mathur, 
R.; van Vuuren, D.P. A New Scenario Framework for Climate Change Research: 
The Concept of Shared Socioeconomic Pathways. Clim Change 2014, 122, 
387–400, doi:10.1007/s10584-013-0905-2. 

97.  Trzaska, S.; Schnarr, E. A Review of Downscaling Methods for Climate Change 
Projections 2014. 

98.  Belcher, S.E.; Hacker, J.N.; Powell, D.S. Constructing Design Weather Data for 
Future Climates. Building Services Engineering Research and Technology 2005, 
26 (1), 49–61, doi:10.1191/0143624405bt112oa. 

99.  van Paassen, AHC., Luo, QX. Weather Data Generator to Study Climate Change 
on Buildings. Building Services Engineering Research & Technology: an inter-
national journal 2002, 23(4), 251–258. 

100.  Adelard L, Boyer H, Garde F, G.JC. Detailed Weather Data Generator for Building 
Simulations. Energy Build 2000, 31 (1), 75–88. 

101.  Jentsch, M.F.; James, P.A.B.; Bourikas, L.; Bahaj, A.B.S. Transforming Existing 
Weather Data for Worldwide Locations to Enable Energy and Building Perfor-
mance Simulation under Future Climates. Renew Energy 2013, 55, 514–524, 
doi:10.1016/j.renene.2012.12.049. 

102.  Weather Shift Available online: https://weathershift.com/ (accessed on 15 No-
vember 2023). 

103.  Rodrigues, E.; Fernandes, M.S.; Carvalho, D. Future Weather Generator for 
Building Performance Research: An Open-Source Morphing Tool and an Appli-
cation. Build Environ 2023, 233, doi:10.1016/j.buildenv.2023.110104. 

104.  Meteotest Meteonorm Global Meteorological Database. 
105.  MEF Patrimonio Della PA. Rapporto Annuale Rapporto Sui Beni Immobili Delle 

Amministrazioni Pubbliche. 2018. 
106.  EACEA National Policies Platform - Italy Overview Available online: 

https://eacea.ec.europa.eu/national-policies/eurydice/content/italy_en (ac-
cessed on 10 March 2022). 

107.  Legge 11 Gennaio 1996, n. 23. Norme per l’edilizia Scolastica. 
108.  Italian Parliament. Law 13 July 2017, n.17. Riforma Del Sistema Nazionale Di 

Istruzione e Formazione e Delega per Il Riordino Delle Disposizioni Legislative 
Vigenti. Gazzetta Ufficiale: Rome, Italy, 2017. (in Italian); 

109.  Regione Puglia Anagrafe Regionale Edilizia Scolastica Available online: 
https://www.ediliziascolastica.regione.puglia.it/. 



Ludovica Maria Campagna | XXXVI cycle 

200 
 

110.  Ministero dell’Istruzione dell’Università e della Ricerca Portale Unico Dei Dati 
Della Scuola Available online: https://dati.istruzione.it/opendata/opendata/cat-
alogo/elements1/?area=Edilizia Scolas-
tica&&pk_vid=30f1bbe64c192bb31636632270d7a4ea. 

111.  Zinzi, M.; Agnoli, S.; Battistini, G.; Bernabini, G. Deep Energy Retrofit of the T. 
M. Plauto School in Italy—A Five Years Experience. Energy Build 2016, 126, 
239–251, doi:10.1016/j.enbuild.2016.05.030. 

112.  Dimoudi, A.; Kostarela, P. Energy Monitoring and Conservation Potential in 
School Buildings in the C′ Climatic Zone of Greece. Renew Energy 2009, 34, 
289–296, doi:10.1016/j.renene.2008.04.025. 

113.  Ecosistema Scuola Legambiente XXI Rapporto Sulla Qualità Dell’edilizia Scolas-
tica e Dei Servizi.; 2021; 

114.  Santamouris, M.; Mihalakakou, G.; Patargias, P.; Gaitani, N.; Sfakianaki, K.; Pa-
paglastra, M.; Pavlou, C.; Doukas, P.; Primikiri, E.; Geros, V.; et al. Using Intelli-
gent Clustering Techniques to Classify the Energy Performance of School Build-
ings. Energy Build 2007, 39, 45–51, doi:10.1016/J.ENBUILD.2006.04.018. 

115.  Gaitani, N.; Lehmann, C.; Santamouris, M.; Mihalakakou, G.; Patargias, P. Using 
Principal Component and Cluster Analysis in the Heating Evaluation of the 
School Building Sector. Appl Energy 2010, 87, 2079–2086, 
doi:10.1016/J.APENERGY.2009.12.007. 

116.  Raatikainen, M.; Skön, J.P.; Leiviskä, K.; Kolehmainen, M. Intelligent Analysis of 
Energy Consumption in School Buildings. Appl Energy 2016, 165, 416–429, 
doi:10.1016/J.APENERGY.2015.12.072. 

117.  Salvalai, G.; Malighetti, L.E.; Luchini, L.; Girola, S. Analysis of Different Energy 
Conservation Strategies on Existing School Buildings in a Pre-Alpine Region. 
Energy Build 2017, 145, 92–106, doi:10.1016/J.ENBUILD.2017.03.058. 

118.  Marrone, P.; Gori, P.; Asdrubali, F.; Evangelisti, L.; Calcagnini, L.; Grazieschi, G. 
Energy Benchmarking in Educational Buildings through Cluster Analysis of En-
ergy Retrofitting. Energies (Basel) 2018, 11, 1–20, doi:10.3390/en11030649. 

119.  Dias Pereira, L.; Raimondo, D.; Corgnati, S.P.; Gameiro Da Silva, M. Energy 
Consumption in Schools - A Review Paper. Renewable and Sustainable Energy 
Reviews 2014, 40, 911–922, doi:10.1016/j.rser.2014.08.010. 

120.  Almeida, R.M.S.F.; Ramos, N.M.M.; Simões, M.L.; Freitas, V.P. de Energy and 
Water Consumption Variability in School Buildings: Review and Application of 
Clustering Techniques. Journal of Performance of Constructed Facilities 2014, 
29, 04014165, doi:10.1061/(ASCE)CF.1943-5509.0000663. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

201 
 

121.  Chung, W.; Yeung, I.M.H. A Study of Energy Consumption of Secondary School 
Buildings in Hong Kong. Energy Build 2020, 226, 110388, 
doi:10.1016/J.ENBUILD.2020.110388. 

122.  Derenski, J.; Porse, E.; Gustafson, H.; Cheng, D.; Pincetl, S. Spatial and Tem-
poral Analysis of Energy Use Data in Los Angeles Public Schools. Energy Effic 
2018, 11, 485–497, doi:10.1007/S12053-017-9580-X/FIGURES/9. 

123.  Antunes, L.N.; Ghisi, E. Water and Energy Consumption in Schools: Case Stud-
ies in Brazil. Environ Dev Sustain 2020, 22, 4225–4249, doi:10.1007/S10668-
019-00380-X/METRICS. 

124.  Daly, D.; Roth, J.; Kokogiannakis, G.; McDowell, C.; Tibbs, M.; Cooper, P. En-
ergy Consumption in Australian Primary Schools: Influences and Metrics. En-
ergy Build 2022, 277, 112549, doi:10.1016/J.ENBUILD.2022.112549. 

125.  Kim, T.-W.; Lee, K.-G.; Hong, W.-H. Energy Consumption Characteristics of the 
Elementary Schools in South Korea. Energy Build 2012, 54, 480–489, 
doi:10.1016/j.enbuild.2012.07.015. 

126.  Park, B.; Kang, B.U.; Park, D.Y. Developing Energy Based Benchmark Model and 
Detailed Energy Analysis through School Statistical Data and Field Surveys. Heli-
yon 2022, 8, doi:10.1016/J.HELIYON.2022.E10958. 

127.  Kim, T.W.; Kang, B.J.; Kim, H.; Park, C.W.; Hong, W.H. The Study on the Energy 
Consumption of Middle School Facilities in Daegu, Korea. Energy Reports 2019, 
5, 993–1000, doi:10.1016/J.EGYR.2019.07.015. 

128.  Sekki, T.; Airaksinen, M.; Saari, A. Measured Energy Consumption of Educa-
tional Buildings in a Finnish City. Energy Build 2015, 87, 105–115, 
doi:10.1016/J.ENBUILD.2014.11.032. 

129.  Dimoudi, A. Analysis of Energy Performance and Conservation Measures of 
School Buildings in Northern Greece. Advances in Building Energy Research 
2013, 7, 20–34, doi:10.1080/17512549.2012.740904. 

130.  Desideri, U.; Proietti, S. Analysis of Energy Consumption in the High Schools of 
a Province in Central Italy. Energy Build 2002, 34, 1003–1016, 
doi:10.1016/S0378-7788(02)00025-7. 

131.  Corgnati, S.P.; Corrado, V.; Filippi, M. A Method for Heating Consumption As-
sessment in Existing Buildings: A Field Survey Concerning 120 Italian Schools. 
Energy Build 2008, 40, 801–809, doi:10.1016/j.enbuild.2007.05.011. 

132.  Dall’O, G.; Sarto, L. Potential and Limits to Improve Energy Efficiency in Space 
Heating in Existing School Buildings in Northern Italy. Energy Build 2013, 67, 
298–308, doi:10.1016/J.ENBUILD.2013.08.001. 

133.  Rospi, G.; Cardinale, N.; Intini, F.; Negro, E. Analysis of the Energy Performance 
Strategies of School Buildings Site in the Mediterranean Climate: A Case Study 



Ludovica Maria Campagna | XXXVI cycle 

202 
 

the Schools of Matera City. Energy Build 2017, 152, 52–60, 
doi:10.1016/j.enbuild.2017.07.018. 

134.  Epa, U.S.; Jahromi, B.- Energy Performance of Windows under Climate Change 
in Turkey. 2015, 168. 

135.  Simulation, B. MODELLING THE IMPACTS OF NEW UK FUTURE WEATHER 
DATA ON A SCHOOL BUILDING Hu Du , Jerry Edge , Chris Underwood Newcas-
tle upon Tyne , United Kingdom. 2011, 14–16. 

136.  Berardi, U.; Jafarpur, P. Assessing the Impact of Climate Change on Building 
Heating and Cooling Energy Demand in Canada. Renewable and Sustainable 
Energy Reviews 2020, 121, doi:10.1016/j.rser.2019.109681. 

137.  Zheng, Y.; Weng, Q. Modeling the Effect of Climate Change on Building Energy 
Demand in Los Angeles County by Using a GIS-Based High Spatial- and Tem-
poral-Resolution Approach. Energy 2019, 176, 641–655, doi:10.1016/j.en-
ergy.2019.04.052. 

138.  Jiang, A.; Zhu, Y.; Elsafty, A.; Tumeo, M. Effects of Global Climate Change on 
Building Energy Consumption and Its Implications in Florida. Int J Constr Educ 
Res 2018, 14, 22–45, doi:10.1080/15578771.2017.1280104. 

139.  Asimakopoulos, D.A.; Santamouris, M.; Farrou, I.; Laskari, M.; Saliari, M.; Zanis, 
G.; Giannakidis, G.; Tigas, K.; Kapsomenakis, J.; Douvis, C.; et al. Modelling the 
Energy Demand Projection of the Building Sector in Greece in the 21st Century. 
Energy Build 2012, 49, 488–498, doi:10.1016/j.enbuild.2012.02.043. 

140.  Luo, X.J.; Oyedele, L.O. Forecasting Building Energy Consumption: Adaptive 
Long-Short Term Memory Neural Networks Driven by Genetic Algorithm. Ad-
vanced Engineering Informatics 2021, 50, 101357, 
doi:10.1016/j.aei.2021.101357. 

141.  Baglivo, C. Dynamic Evaluation of the Effects of Climate Change on the Energy 
Renovation of a School in a Mediterranean Climate. 2021. 

142.  Baba, F.M.; Ge, H.; Zmeureanu, R.; Wang, L. Optimizing Overheating , Lighting 
, and Heating Energy Performances in Canadian School for Climate Change Ad-
aptation : Sensitivity Analysis and Multi-Objective Optimization Methodology. 
Build Environ 2023, 237, 110336, doi:10.1016/j.buildenv.2023.110336. 

143.  Grassie, D.; Korolija, I.; Mumovic, D. Energy Retrofit and Passive Cooling : Over-
heating and Air Quality in Primary Schools. 2022, 3, 204–225, 
doi:10.5334/bc.159. 

144.  Zhuang, C.; Choudhary, R.; Mavrogianni, A. Uncertainty-Based Optimal Energy 
Retrofit Methodology for Building Heat Electrification with Enhanced Energy 
Flexibility and Climate Adaptability. Appl Energy 2023, 341, 121111, 
doi:10.1016/j.apenergy.2023.121111. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

203 
 

145.  Aram, K.; Taherkhani, R. Multistage Optimization toward a Nearly Net Zero En-
ergy Building Due to Climate Change. 2022. 

146.  Heracleous, C.; Michael, A.; Savvides, A.; Hayles, C. Climate Change Resilience 
of School Premises in Cyprus: An Examination of Retrofit Approaches and Their 
Implications on Thermal and Energy Performance. Journal of Building Engineer-
ing 2021, 44, 103358, doi:10.1016/j.jobe.2021.103358. 

147.  Ashrafian, T. Enhancing School Buildings Energy Efficiency under Climate 
Change : A Comprehensive Analysis of Energy , Cost , and Comfort Factors. 
Journal of Building Engineering 2023, 80, 107969, 
doi:10.1016/j.jobe.2023.107969. 

148.  Jo, H.H.; Nam, J.; Choi, J.; Yang, S.; Kang, Y.; Kim, S. Building Retrofit Tech-
nology Strategy and Effectiveness Evaluation for Reducing Energy Use by Indoor 
Air Quality Control. Build Environ 2022, 216, 108984, doi:10.1016/j.build-
env.2022.108984. 

149.  Garshasbi, S.; Haddad, S.; Paolini, R.; Santamouris, M.; Papangelis, G.; Dandou, 
A.; Methymaki, G.; Portalakis, P.; Tombrou, M. Urban Mitigation and Building 
Adaptation to Minimize the Future Cooling Energy Needs. Solar Energy 2020, 
204, 708–719, doi:10.1016/j.solener.2020.04.089. 

150.  Geraldi, M.S.; Bavaresco, M.V.; Gnecco, V.M.; Ghisi, E. Impact of Implementing 
Air-Conditioning Systems on the School Building Stock in Brazil Considering Cli-
mate Change Effects : A Bottom-up Benchmarking Michele Fossati1 Abstract 
Key Innovations. 2021, 183–190. 

151.  Campagna, L.M.; Carlucci, F.; Russo, P.; Fiorito, F. Energy Performance As-
sessment of Passive Buildings in Future Climatic Scenarios: The Case of Study 
of the Childcare Centre in Putignano (Bari, Italy). J Phys Conf Ser 2021, 2069. 

152.  Mendell, M.J.; Heath, G.A. Do Indoor Pollutants and Thermal Conditions in 
Schools Influence Student Performance? A Critical Review of the Literature. In-
door Air 2005, 15, 27–52, doi:10.1111/j.1600-0668.2004.00320.x. 

153.  Montazami, A.; Nicol, F. Overheating in Schools: Comparing Existing and New 
Guidelines. Building Research and Information 2013, 41, 317–329, 
doi:10.1080/09613218.2013.770716. 

154.  Jenkins, D.P.Ã.; Peacock, A.D.; Banfill, P.F.G. Will Future Low-Carbon Schools 
in the UK Have an Overheating Problem ? 2009, 44, 490–501, 
doi:10.1016/j.buildenv.2008.04.012. 

155.  Mavrogianni, A.; Mumovic, D. On the Use of Windcatchers in Schools: Climate 
Change, Occupancy Patterns, and Adaptation Strategies. Indoor and Built Envi-
ronment 2010, 19, 340–354, doi:10.1177/1420326X09341507. 



Ludovica Maria Campagna | XXXVI cycle 

204 
 

156.  Mutasim, F.; Haj, M.; Saleh, S.; Baba, M.; Awad, J. Mitigating Undercooling and 
Overheating Risk in Existing Desert Schools under Current and Future Climate 
Using Validated Building Simulation Model. Build Environ 2023, 245, 110871, 
doi:10.1016/j.buildenv.2023.110871. 

157.  Heracleous, C.; Michael, A. Assessment of Overheating Risk and the Impact of 
Natural Ventilation in Educational Buildings of Southern Europe under Current 
and Future Climatic Conditions. Energy 2018, 165, 1228–1239, 
doi:10.1016/j.energy.2018.10.051. 

158.  Sengupta, A.; Breesch, H.; Al Assaad, D.; Steeman, M. Evaluation of Thermal 
Resilience to Overheating for an Educational Building in Future Heatwave Sce-
narios. International Journal of Ventilation 2023, 22, 366–376, 
doi:10.1080/14733315.2023.2218424. 

159.  Baba, F.M.; Ge, H.; Wang, L.L.; Zmeureanu, R. Assessing and Mitigating Over-
heating Risk in Existing Canadian School Buildings under Extreme Current and 
Future Climates. Energy Build 2023, 279, 112710, 
doi:10.1016/j.enbuild.2022.112710. 

160.  Sengupta, A.; Al, D.; Breesch, H. Impact of Heatwaves and System Shocks on 
a Nearly Zero Energy Educational Building : Is It Resilient to Overheating ? 2023, 
234, doi:10.1016/j.buildenv.2023.110152. 

161.  Guan, L. Implication of Global Warming on Air-Conditioned Office Buildings in 
Australia. Building Research and Information 2009, 37, 43–54, 
doi:10.1080/09613210802611025. 

162.  Yassaghi, H.; Hoque, S. An Overview of Climate Change and Building Energy: 
Performance, Responses and Uncertainties. Buildings 2019. 

163.  Li, Y.; Wang, W.; Wang, Y.; Xin, Y.; He, T.; Zhao, G. A Review of Studies Involving 
the Effects of Climate Change on the Energy Consumption for Building Heating 
and Cooling. 2020, doi:10.3390/ijerph18010040. 

164.  Li, D.H.W.; Yang, L.; Lam, J.C. Impact of Climate Change on Energy Use in the 
Built Environment in Different Climate Zones - A Review. Energy 2012, 42, 103–
112, doi:10.1016/j.energy.2012.03.044. 

165.  Page, M.J.; Mckenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, 
C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Brennan, S.E.; et al. The PRISMA 
2020 Statement: An Updated Guideline for Reporting Systematic Reviews., 
doi:10.1136/bmj.n71. 

166.  Zhu, J.; Liu, W. A Tale of Two Databases: The Use of Web of Science and Sco-
pus in Academic Papers. Scientometrics 2020, 123, 321–335, 
doi:10.1007/s11192-020-03387-8. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

205 
 

167.  aghaei chadegani, A.; Salehi, H.; Yunus, M.; Farhadi, H.; Fooladi, M.; Farhadi, 
M.; Ale Ebrahim, N. A Comparison between Two Main Academic Literature Col-
lections: Web of Science and Scopus Databases. Asian Soc Sci 2013, 9, 18–
26, doi:10.5539/ass.v9n5p18. 

168.  Mongeon, P.; Paul-Hus, A. The Journal Coverage of Web of Science and Sco-
pus: A Comparative Analysis. Scientometrics 2015, 106, doi:10.1007/s11192-
015-1765-5. 

169.  Zhao, X.; Zuo, J.; Wu, G.; Huang, C. A Bibliometric Review of Green Building 
Research 2000–2016. Archit Sci Rev 2019, 62, 74–88, 
doi:10.1080/00038628.2018.1485548. 

170.  Peel MC, Finlayson BL, M.T. Updated World Map of the Köppen-Geiger Climate 
Classification. Hydrol. Earth Syst. Sci. 2007, 11, 1633–1644. 

171.  U.S. Department of Energy’s (DOE). Energy Plus Weather Data Available online: 
https://energyplus.net/weather. 

172.  IPCC Climate Change 2001: The Scientific Basis. Contribution of Working Group 
I to the Third Assessment Report of the Intergovernmental Panel on Climate 
Change; [Houghton, J.T.,Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden, 
X. Dai, K. Maskell, and C.A. Johnson (eds.)]. Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 2001; 

173.  Meinshausen, M.; Nicholls, Z.R.J.; Lewis, J.; Gidden, M.J.; Vogel, E.; Freund, 
M.; Beyerle, U.; Gessner, C.; Nauels, A.; Bauer, N.; et al. The Shared Socio-
Economic Pathway (SSP) Greenhouse Gas Concentrations and Their Extensions 
to 2500. Geosci Model Dev 2020, 13, 3571–3605, doi:10.5194/gmd-13-3571-
2020. 

174.  OriginLab Corporation Origin. 
175.  Borenstein, M.; Hedges, L. V.; Higgins, J.P.T.; Rothstein, H.R. Introductionto 

Meta-Analysis; John Wiley & Sons: Chichester, West Sussex, PO19 8SQ, United 
Kingdom, 2009; 

176.  Higgins, J.P.T.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring Incon-
sistency in Meta-Analyses. BMJ 2003, 327, 557–560, 
doi:10.1136/bmj.327.7414.557. 

177.  Berardi, U.; Jafarpur, P. Assessing the Impact of Climate Change on Building 
Heating and Cooling Energy Demand in Canada. Renewable and Sustainable 
Energy Reviews 2020, 121, doi:10.1016/j.rser.2019.109681. 

178.  Huang, J.; Gurney, K.R. The Variation of Climate Change Impact on Building 
Energy Consumption to Building Type and Spatiotemporal Scale. Energy 2016, 
111, 137–153, doi:10.1016/j.energy.2016.05.118. 



Ludovica Maria Campagna | XXXVI cycle 

206 
 

179.  Li, M.; Cao, J.; Xiong, M.; Li, J.; Feng, X.; Meng, F. Different Responses of Cool-
ing Energy Consumption in Office Buildings to Climatic Change in Major Climate 
Zones of China. Energy Build 2018, 173, 38–44, 
doi:10.1016/j.enbuild.2018.05.037. 

180.  Li, M.; Guo, J.; Tian, Z.; Shi, J.; Xiong, M.; Xiang, C. Future Climate Change and 
Building Energy Demand in Tianjin, China. Building Services Engineering Re-
search and Technology 2014, 35, 362–375, doi:10.1177/0143624413498245. 

181.  Xiang, C.; Tian, Z. Impact of Climate Change on Building Heating Energy Con-
sumption in Tianjin. Frontiers in Energy 2013, 7, 518–524, 
doi:10.1007/s11708-013-0261-y. 

182.  Wan, K.K.W.; Li, D.H.W.; Pan, W.; Lam, J.C. Impact of Climate Change on Build-
ing Energy Use in Different Climate Zones and Mitigation and Adaptation Impli-
cations. Appl Energy 2012, 97, 274–282, doi:10.1016/j.apen-
ergy.2011.11.048. 

183.  Wan, K.K.W.; Li, D.H.W.; Lam, J.C. Assessment of Climate Change Impact on 
Building Energy Use and Mitigation Measures in Subtropical Climates. Energy 
2011, 36, 1404–1414, doi:10.1016/j.energy.2011.01.033. 

184.  Sustainable Energy Research Group Climate Change World Weather File Gener-
ator for Worldwide Weather Data Available online: http://www.en-
ergy.soton.ac.uk/ccworldweathergen. 

185.  WeatherShift Available online: www.weathershift.com. 
186.  Chakraborty, D.; Alam, A.; Chaudhuri, S.; Başağaoğlu, H.; Sulbaran, T.; Langar, 

S. Scenario-Based Prediction of Climate Change Impacts on Building Cooling 
Energy Consumption with Explainable Artificial Intelligence. Appl Energy 2021, 
291, 116807, doi:10.1016/j.apenergy.2021.116807. 

187.  Marion, W.; Urban, K. User’s Manual for TMY2s (Typical Meteorological Years) 
- Derived from the 1961-1990 National Solar Radiation Data Base. United 
States.; United States, 1995; 

188.  Wilcox, S.; Marion, W. Users Manual for TMY3 Data Sets; 2008; 
189.  Thevenard, D.J.; Brunger, A.P. The Development of Typical Weather Years for 

International Locations: Part I, Algorithms. ASHRAE Trans 2002, 108, 376–383. 
190.  Soutullo, S.; Giancola, E.; Jiménez, M.J.; Ferrer, J.A.; Sánchez, M.N. How Cli-

mate Trends Impact on the Thermal Performance of a Typical Residential Build-
ing in Madrid. Energies (Basel) 2020, 13, 237, doi:10.3390/en13010237. 

191.  Papakostas, K.; Mavromatis, T.; Kyriakis, N. Impact of the Ambient Temperature 
Rise on the Energy Consumption for Heating and Cooling in Residential Build-
ings of Greece. Renew Energy 2010, 35, 1376–1379, 
doi:10.1016/j.renene.2009.11.012. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

207 
 

192.  Nematchoua, M.K.; Yvon, A.; Kalameu, O.; Asadi, S.; Choudhary, R.; Reiter, S. 
Impact of Climate Change on Demands for Heating and Cooling Energy in Hos-
pitals: An in-Depth Case Study of Six Islands Located in the Indian Ocean Re-
gion. Sustain Cities Soc 2019, 44, 629–645, doi:10.1016/j.scs.2018.10.031. 

193.  Berger, T.; Amann, C.; Formayer, H.; Korjenic, A.; Pospichal, B.; Neururer, C.; 
Smutny, R. Impacts of Urban Location and Climate Change upon Energy De-
mand of Office Buildings in Vienna, Austria. Build Environ 2014, 81, 258–269, 
doi:10.1016/j.buildenv.2014.07.007. 

194.  Filippín, C.; Ricard, F.; Flores Larsen, S.; Santamouris, M. Retrospective Analy-
sis of the Energy Consumption of Single-Family Dwellings in Central Argentina. 
Retrofitting and Adaptation to the Climate Change. Renew Energy 2017, 101, 
1226–1241, doi:10.1016/j.renene.2016.09.064. 

195.  Arima, Y.; Ooka, R.; Kikumoto, H.; Yamanaka, T. Effect of Climate Change on 
Building Cooling Loads in Tokyo in the Summers of the 2030s Using Dynami-
cally Downscaled GCM Data. Energy Build 2016, 114, 123–129, 
doi:10.1016/j.enbuild.2015.08.019. 

196.  Kikumoto, H.; Ooka, R.; Arima, Y.; Yamanaka, T. Study on the Future Weather 
Data Considering the Global and Local Climate Change for Building Energy Sim-
ulation. Sustain Cities Soc 2015, 14, 404–413, 
doi:10.1016/j.scs.2014.08.007. 

197.  Hasan, A.; Bahadori-Jahromi, A.; Mylona, A.; Ferri, M.; Tahayori, H. Investigat-
ing the Potential Impact of Future Climate Change on Uk Supermarket Building 
Performance. Sustainability (Switzerland) 2021, 13, 1–24, 
doi:10.3390/su13010033. 

198.  P.Tootkaboni, M.; Ballarini, I.; Zinzi, M.; Corrado, V. A Comparative Analysis of 
Different Future Weather Data for Building Energy Performance Simulation. Cli-
mate 2021, 9, 1–16, doi:10.3390/cli9020037. 

199.  Rodríguez, M.V.; Cordero, A.S.; Melgar, S.G.; Andújar Márquez, J.M. Impact of 
Global Warming in Subtropical Climate Buildings: Future Trends and Mitigation 
Strategies. Energies (Basel) 2020, 13, doi:10.3390/en13236188. 

200.  Pérez-Andreu, V.; Aparicio-Fernández, C.; Martínez-Ibernón, A.; Vivancos, J.L. 
Impact of Climate Change on Heating and Cooling Energy Demand in a Residen-
tial Building in a Mediterranean Climate. Energy 2018, 165, 63–74, 
doi:10.1016/j.energy.2018.09.015. 

201.  Hosseini, M.; Tardy, F.; Lee, B. Cooling and Heating Energy Performance of a 
Building with a Variety of Roof Designs; the Effects of Future Weather Data in a 
Cold Climate. Journal of Building Engineering 2018, 17, 107–114, 
doi:10.1016/j.jobe.2018.02.001. 



Ludovica Maria Campagna | XXXVI cycle 

208 
 

202.  Shen, P. Impacts of Climate Change on U.S. Building Energy Use by Using 
Downscaled Hourly Future Weather Data. Energy Build 2017, 134, 61–70, 
doi:10.1016/j.enbuild.2016.09.028. 

203.  Spandagos, C.; Ng, T.L. Equivalent Full-Load Hours for Assessing Climate 
Change Impact on Building Cooling and Heating Energy Consumption in Large 
Asian Cities. Appl Energy 2017, 189, 352–368, doi:10.1016/j.apen-
ergy.2016.12.039. 

204.  Shibuya, T.; Croxford, B. The Effect of Climate Change on Office Building Energy 
Consumption in Japan. Energy Build 2016, 117, 149–159, 
doi:10.1016/j.enbuild.2016.02.023. 

205.  Dodoo, A.; Gustavsson, L. Energy Use and Overheating Risk of Swedish Multi-
Storey Residential Buildings under Different Climate Scenarios. Energy 2016, 
97, 534–548, doi:10.1016/j.energy.2015.12.086. 

206.  Wang, X.; Chen, D.; Ren, Z. Assessment of Climate Change Impact on Residen-
tial Building Heating and Cooling Energy Requirement in Australia. Build Environ 
2010, 45, 1663–1682, doi:10.1016/j.buildenv.2010.01.022. 

207.  Pierangioli, L.; Cellai, G.; Ferrise, R.; Trombi, G.; Bindi, M. Effectiveness of Pas-
sive Measures against Climate Change: Case Studies in Central Italy. Building 
Simulation 2017 10:4 2017, 10, 459–479, doi:10.1007/s12273-016-0346-8. 

208.  Jylhä, K.; Jokisalo, J.; Ruosteenoja, K.; Pilli-Sihvola, K.; Kalamees, T.; Seitola, 
T.; Mäkelä, H.M.; Hyvönen, R.; Laapas, M.; Drebs, A. Energy Demand for the 
Heating and Cooling of Residential Houses in Finland in a Changing Climate. 
Energy Build 2015, 99, 104–116, doi:10.1016/j.enbuild.2015.04.001. 

209.  Central Limit Theorem. In The Concise Encyclopedia of Statistics; Springer New 
York: New York, NY, 2008; pp. 66–68 ISBN 978-0-387-32833-1. 

210.  Altman, D.; Bland, J. Statistics Notes: The Normal Distribution. Bmj 1995, 
310:298. 

211.  Addinsoft XLSTAT: Data Analysis and Statistical Solution for Microsoft Excel 
2021. 

212.  Croux, C.; Dehon, C. Influence Functions of the Spearman and Kendall Correla-
tion Measures. Stat Methods Appt 2010, 19, 497–515. 

213.  Campagna, L.M.; Fiorito, F. On the Clustering of Large Educational Building 
Stock in the Apulia Region. In Proceedings of the Colloqui.AT.e 2022 – Memoria 
e Innovazione; Dassori, E., Morbiducci, R., Eds.; EdicomEdizioni: Monfalcone, 
Italy, 2022; pp. 743–759. 

214.  Thewes, A.; Maas, S.; Scholzen, F.; Waldmann, D.; Zürbes, A. Field Study on 
the Energy Consumption of School Buildings in Luxembourg. Energy Build 
2014, 68, 460–470, doi:10.1016/J.ENBUILD.2013.10.002. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

209 
 

215.  Oh, M.; Jang, K.M.; Kim, Y. Empirical Analysis of Building Energy Consumption 
and Urban Form in a Large City: A Case of Seoul, South Korea. Energy Build 
2021, 245, 111046, doi:10.1016/j.enbuild.2021.111046. 

216.  Decreto Interministeriale 26 Giugno 2015. Applicazione Delle Metodologie Di 
Calcolo Delle Prestazioni Energetiche e Definizione Delle Prescrizioni e Dei Req-
uisiti Minimi Degli Edifici (in Italian). 2015. 

217.  Ledesma, G.; Pons-Valladares, O.; Nikolic, J. Real-Reference Buildings for Ur-
ban Energy Modelling: A Multistage Validation and Diversification Approach. 
Build Environ 2021, 203, 108058, doi:10.1016/J.BUILDENV.2021.108058. 

218.  Sistema Informativo Territoriale (SIT) Regione Puglia Available online: 
http://www.sit.puglia.it/portal/portale_cartografie_tecniche_tematiche/Carto-
grafie tecniche/CTR (accessed on 31 January 2022). 

219.  Han, J.; Kamber, M.; Pei, J. Data Preprocessing; 2012; ISBN 9780123814791. 
220.  AK, J.; MN, M.; PJ, F. Data Clustering: A Review. ACM computing surveys 

(CSUR) 1999, 31, 264–323. 
221.  XLSTAT. Agglomerative Hierarchial Clustering (AHC) Available online: 

https://www.xlstat.com/en/solutions/features/agglomerative-hierarchical-clus-
tering-ahc (accessed on 15 February 2022). 

222.  Ward, J.H. Hierarchical Grouping to Optimize an Objective Function. J Am Stat 
Assoc 1963, 58, 236–244, doi:10.1080/01621459.1963.10500845. 

223.  ISTAT. Italian Institute of Statistics. Open Data Platform. Available online: 
www.istat.it (accessed on 30 September 2022). 

224.  Marrone, P.; Gori, P.; Asdrubali, F.; Evangelisti, L.; Calcagnini, L.; Grazieschi, G. 
Energy Benchmarking in Educational Buildings through Cluster Analysis of En-
ergy Retrofitting. Energies (Basel) 2018, 11, doi:10.3390/EN11030649. 

225.  Italian Parliament Law Number 373, Norme per Il Contenimento Del Consumo 
Energetico per Usi Termici Negli Edifici; Gazzetta Ufficiale: Rome, Italy, 1976. 
(In Italian). 

226.  D.M. 18 Dicembre 1975. Norme Tecniche Aggiornate Relative All’edilizia Sco-
lastica, Ivi Compresi Gli Indici Di Funzionalità Didattica, Edilizia Ed Urbanistica, 
Da Osservarsi Nella Esecuzione Di Opere Di Edilizia Scolastica. 

227.  Campagna, L.M.; Fiorito, F. Energy Efficiency of Apulian Educational Buildings: 
A Field Study on Real Energy Consumptions. In Proceedings of the Colloqui.AT.e 
2023 - in transizione: sfide e opportunità per l’ambiente costruito; Fatiguso, F., 
Fiorito, F., De Fino, M., Cantatore, E., Eds.; EdicomEdizioni: Monfalcone, Italy, 
2023; pp. 709–726. 



Ludovica Maria Campagna | XXXVI cycle 

210 
 

228.  Ministry of Economic Development Ministerial Decree 26/06/2015, Calculation 
Methodologies of the Building Energy Performance and Minimum Require-
ments for Buildings; 2015; pp. 1–8;. 

229.  Italian Regulatory Authority for Energy Networks and Environment Criteri per La 
Quantificazione Dei Valori Di Acconto e Conguaglio Del Costo Evitato Di Com-
bustibile (CEC) Available online: https://www.arera.it/it/operatori/CEC.htm#. 

230.  Sannio, V. Parte 1 : Determinazione Del Fabbisogno Di Energia Termica Dell ’ 
Edificio per La Climatizzazione Estiva Ed Invernale UNI / TS 11300-1 Part 1 : 
Evaluation of Energy Need for Space Heating and Cooling. Evaluation 2010. 

231.  UNESCO Covid-19 Recovery. Education: From School Closure to Recovery 
Available online: https://www.unesco.org/en/covid-19/education-re-
sponse#schoolclosures (accessed on 2 December 2022). 

232.  Decreto Del Presidente Della Repubblica 16 April 2013, n. 74. Regolamento Re-
cante Definizione Dei Criteri Generali in Materia Di Esercizio, Conduzione, Con-
trollo, Manutenzione e Ispezione Degli Impianti Termici per La Climatizzazione 
Invernale Ed Estiva d. 

233.  CIBSE TM46 Energy Benchmarks; CIBSE: London, 2008; ISBN 
9781903287958. 

234.  Hong, S.M.; Godoy-Shimizu, D.; Schwartz, Y.; Korolija, I.; Mavrogianni, A.; 
Mumovic, D. Characterising the English School Stock Using a Unified National 
On-Site Survey and Energy Database. Building Services Engineering Research 
and Technology 2022, 43, 89–112, doi:10.1177/01436244211030667. 

235.  Katafygiotou, M.C.; Serghides, D.K. Analysis of Structural Elements and Energy 
Consumption of School Building Stock in Cyprus: Energy Simulations and Up-
grade Scenarios of a Typical School. Energy Build 2014, 72, 8–16, 
doi:10.1016/j.enbuild.2013.12.024. 

236.  Lourenço, P.; Pinheiro, M.D.; Heitor, T. From Indicators to Strategies: Key Per-
formance Strategies for Sustainable Energy Use in Portuguese School Buildings. 
Energy Build 2014, 85, 212–224, doi:10.1016/j.enbuild.2014.09.025. 

237.  Wang, J.C. A Study on the Energy Performance of School Buildings in Taiwan. 
Energy Build 2016, 133, 810–822, doi:10.1016/J.ENBUILD.2016.10.036. 

238.  UNI UNI/TS 11300-2, Energy Performance of Buildings - Part 2: Evaluation of 
Primary Energy Need and of System Efficiencies Production, for Space Heating 
and Domestic Hot Water; Milan, 2014; 

239.  Bhandari, M.; Shrestha, S.; New, J. Evaluation of Weather Datasets for Building 
Energy Simulation. Energy Build 2012, 49, 109–118, 
doi:10.1016/j.enbuild.2012.01.033. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

211 
 

240.  Chong, A.; Gu, Y.; Jia, H. Calibrating Building Energy Simulation Models: A Re-
view of the Basics to Guide Future Work. Energy Build 2021, 253, 111533, 
doi:10.1016/j.enbuild.2021.111533. 

241.  Big Ladder Software Elements. 
242.  Arpa Puglia Dati Meteo Arpa Puglia Available online: 

http://www.webgis.arpa.puglia.it/meteo/index.php (accessed on 3 May 2022). 
243.  Watanabe, T.; Urano, Y.; Hayashi, T. Procedures for Separating Direct and Dif-

fuse Insolation on a Horizontal Surface and Prediction of Insolation on Tilted 
Surfaces. Trans. Archit. Inst. Jpn. 1983, 330, 96–108. 

244.  Hopfe, C.J. Uncertainty and Sensitivity Analysis in Building Performance Simu-
lation for Decision Support and Design Optimization, PhD, Eindhoven University 
of Technology, 2009. 

245.  Baker, N.; Steemers, K. Daylight Design of Buildings; Routledge: London, 2002; 
ISBN 9781134257348. 

246.  UNI UNI 10355: Walls and Floors. Thermal Resistance Values and Calculation 
Method.; Milan, 1994; 

247.  UNI UNI/TS 11300-1: Energy Performance of Buildings - Part 1: Evaluation of 
Energy Need for Space Heating and Cooling; Milan, 2014; 

248.  D.P.R. n. 412 Del 26 Agosto 1993. 
249.  D.Lgs. 9 Aprile 2008, n. 81: Testo Unico Sulla Salute e Sicurezza Sul Lavoro 

2008. 
250.  Holland, J.H. Adaptation in Natural and Artificial Systems : An Introductory Anal-

ysis with Applications to Biology, Control, and Artificial Intelligence. 1975. 
251.  McCall, J. Genetic Algorithms for Modelling and Optimisation. J Comput Appl 

Math 2005, 184, 205–222, doi:10.1016/j.cam.2004.07.034. 
252.  Malatji, E.M.; Zhang, J.; Xia, X. A Multiple Objective Optimisation Model for Build-

ing Energy Efficiency Investment Decision. Energy Build 2013, 61, 81–87, 
doi:10.1016/j.enbuild.2013.01.042. 

253.  Hamdy, M.; Nguyen, A.-T.; Hensen, J.L.M. A Performance Comparison of Multi-
Objective Optimization Algorithms for Solving Nearly-Zero-Energy-Building De-
sign Problems. Energy Build 2016, 121, 57–71, 
doi:10.1016/j.enbuild.2016.03.035. 

254.  Martínez, S.; Eguía, P.; Granada, E.; Moazami, A.; Hamdy, M. A Performance 
Comparison of Multi-Objective Optimization-Based Approaches for Calibrating 
White-Box Building Energy Models. Energy Build 2020, 216, 109942, 
doi:10.1016/j.enbuild.2020.109942. 



Ludovica Maria Campagna | XXXVI cycle 

212 
 

255.  Crawley, D.; Lawrie, L. Climate.OneBuilding.Org Available online: https://cli-
mate.onebuilding.org/WMO_Region_6_Europe/ITA_Italy/index.html (accessed 
on 12 October 2023). 

256.  Campagna, L.M.; Carlucci, F.; Carlucci, S.; Fiorito, F. Automatic Optimization-
Based Calibration Using Genetic Algorithms: A Case Study of a School Energy 
Model. In Sustainability in Energy and Buildings 2023; Littlewood, J.R., Jain, L., 
Howlett, R.J., Eds.; Springer Singapore, 2024 ISBN 978-981-99-8500-5. 

257.  Ascione, F.; Bianco, N.; Iovane, T.; Mauro, G.M.; Napolitano, D.F.; Ruggiano, A.; 
Viscido, L. A Real Industrial Building: Modeling, Calibration and Pareto Optimi-
zation of Energy Retrofit. Journal of Building Engineering 2020, 29, 101186, 
doi:10.1016/j.jobe.2020.101186. 

258.  Italian National Standards Body UNI EN 15459-1:2018. Energy Performance of 
Buildings - Economic Evaluation Procedure for Energy Systems in Buildings - 
Part 1: Calculation Procedures 2018. 

259.  Italian National Standards Body UNI 13790-2008. 
260.  ARERA Prezzi e Tariffe Elettricità e Gas (in Italian) Available online: 

https://www.arera.it/area-operatori/prezzi-e-tariffe (accessed on 3 November 
2023). 

261.  European Commission; IRENA Renewable Energy Prospects for the European 
Union; 2018; 

262.  Il Sole 24 ore EURIRS Available online: https://mutuionline.24oreborsaonline.il-
sole24ore.com/guide-mutui/irs.asp (accessed on 3 November 2023). 

263.  Regione Puglia Prezzario Regione Puglia, Marzo 2023 (in Italian); 2023; p. 525;. 
264.  Regione Basilicata Tariffa Unificata Di Riferimento Dei Prezzi per l’esecuzione 

Delle Opere Pubbliche - Edizione 2023; 2023; p. 1186;. 
265.  Hasan, A.; Bahadori-Jahromi, A.; Mylona, A.; Ferri, M.; Tahayori, H. Investigat-

ing the Potential Impact of Future Climate Change on Uk Supermarket Building 
Performance. Sustainability (Switzerland) 2021, 13, 1–24, 
doi:10.3390/su13010033. 

266.  Bamdad, K.; Cholette, M.E.; Omrani, S.; Bell, J. Future Energy-Optimised Build-
ings — Addressing the Impact of Climate Change on Buildings. Energy Build 
2021, 231, 110610, doi:10.1016/j.enbuild.2020.110610. 

267.  Ismail, F.H.; Shahrestani, M.; Vahdati, M.; Boyd, P.; Donyavi, S. Climate Change 
and the Energy Performance of Buildings in the Future – A Case Study for Pre-
fabricated Buildings in the UK. Journal of Building Engineering 2021, 39, 
doi:10.1016/j.jobe.2021.102285. 

268.  Nurlybekova, G.; Memon, S.A.; Adilkhanova, I. Quantitative Evaluation of the 
Thermal and Energy Performance of the PCM Integrated Building in the 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

213 
 

Subtropical Climate Zone for Current and Future Climate Scenario. Energy 2021, 
219, 119587, doi:10.1016/j.energy.2020.119587. 

269.  P.Tootkaboni, M.; Ballarini, I.; Zinzi, M.; Corrado, V. A Comparative Analysis of 
Different Future Weather Data for Building Energy Performance Simulation. Cli-
mate 2021, Vol. 9, Page 37 2021, 9, 37, doi:10.3390/CLI9020037. 

270.  Hosseini, M.; Bigtashi, A.; Lee, B. Generating Future Weather Files under Climate 
Change Scenarios to Support Building Energy Simulation – A Machine Learning 
Approach. Energy Build 2021, 230, 110543, 
doi:10.1016/j.enbuild.2020.110543. 

271.  Fabbri, K.; Gaspari, J.; Felicioni, L. Climate Change Effect on Building Perfor-
mance: A Case Study in New York. Energies (Basel) 2020, 13, 
doi:10.3390/en13123160. 

272.  Berardi, U.; Jafarpur, P. Assessing the Impact of Climate Change on Building 
Heating and Cooling Energy Demand in Canada. Renewable and Sustainable 
Energy Reviews 2020, 121, doi:10.1016/j.rser.2019.109681. 

273.  Fathi, S.; Srinivasan, R.S.; Kibert, C.J.; Steiner, R.L.; Demirezen, E. AI-Based 
Campus Energy Use Prediction for Assessing the Effects of Climate Change. 
Sustainability (Switzerland) 2020, 12, 1–22, doi:10.3390/SU12083223. 

274.  Liu, S.; Kwok, Y.T.; Lau, K.K.-L.; Tong, H.W.; Chan, P.W.; NG, E. Development 
and Application of Future Design Weather Data for Evaluating the Building Ther-
mal-Energy Performance in Subtropical Hong Kong. Energy Build 2020, 209, 
doi:10.1016/j.enbuild.2019.109696. 

275.  Soutullo, S.; Giancola, E.; Jiménez, M.J.; Ferrer, J.A.; Sánchez, M.N. How Cli-
mate Trends Impact on the Thermal Performance of a Typical Residential Build-
ing in Madrid. Energies (Basel) 2020, 13, doi:10.3390/en13010237. 

276.  Mangan, S.D.; Koçlar Oral, G. Impacts of Future Weather Data on the Energy 
Performance of Buildings in the Context of Urban Geometry. Cogent Eng 2020, 
7, doi:10.1080/23311916.2020.1714112. 

277.  Picard, T.; Hong, T.; Luo, N.; Lee, S.H.; Sun, K. Robustness of Energy Perfor-
mance of Zero-Net-Energy (ZNE) Homes. Energy Build 2020, 224, 110251, 
doi:10.1016/j.enbuild.2020.110251. 

278.  Rouault, F.; Ossio, F.; González-Levín, P.; Meza, F. Impact of Climate Change 
on the Energy Needs of Houses in Chile. Sustainability (Switzerland) 2019, 11, 
doi:10.3390/su11247068. 

279.  Nematchoua, M.K.; Yvon, A.; Kalameu, O.; Asadi, S.; Choudhary, R.; Reiter, S. 
Impact of Climate Change on Demands for Heating and Cooling Energy in Hos-
pitals: An in-Depth Case Study of Six Islands Located in the Indian Ocean Re-
gion. Sustain Cities Soc 2019, 44, 629–645, doi:10.1016/j.scs.2018.10.031. 



Ludovica Maria Campagna | XXXVI cycle 

214 
 

280.  Dodoo, A.; Ayarkwa, J. Effects of Climate Change for Thermal Comfort and En-
ergy Performance of Residential Buildings in a Sub-Saharan African Climate. 
Buildings 2019, 9, doi:10.3390/buildings9100215. 

281.  Dino, I.G.; Meral Akgül, C. Impact of Climate Change on the Existing Residential 
Building Stock in Turkey: An Analysis on Energy Use, Greenhouse Gas Emis-
sions and Occupant Comfort. Renew Energy 2019, 141, 828–846, 
doi:10.1016/j.renene.2019.03.150. 

282.  Flores-Larsen, S.; Filippín, C.; Barea, G. Impact of Climate Change on Energy 
Use and Bioclimatic Design of Residential Buildings in the 21st Century in Ar-
gentina. Energy Build 2019, 184, 216–229, 
doi:10.1016/j.enbuild.2018.12.015. 

283.  Zhai, Z.J.; Helman, J.M. Implications of Climate Changes to Building Energy and 
Design. Sustain Cities Soc 2019, 44, 511–519, 
doi:10.1016/j.scs.2018.10.043. 

284.  Pérez-Andreu, V.; Aparicio-Fernández, C.; Martínez-Ibernón, A.; Vivancos, J.L. 
Impact of Climate Change on Heating and Cooling Energy Demand in a Residen-
tial Building in a Mediterranean Climate. Energy 2018, 165, 63–74, 
doi:10.1016/j.energy.2018.09.015. 

285.  Suárez, R.; Escandón, R.; López-Pérez, R.; León-Rodríguez, Á.L.; Klein, T.; Sil-
vester, S. Impact of Climate Change: Environmental Assessment of Passive So-
lutions in a Single-Family Home in Southern Spain. Sustainability (Switzerland) 
2018, 10, doi:10.3390/su10082914. 

286.  Cellura, M.; Guarino, F.; Longo, S.; Tumminia, G. Climate Change and the Build-
ing Sector: Modelling and Energy Implications to an Office Building in Southern 
Europe. Energy for Sustainable Development 2018, 45, 46–65, 
doi:10.1016/j.esd.2018.05.001. 

287.  Jiang, A.; Zhu, Y.; Elsafty, A.; Tumeo, M. Effects of Global Climate Change on 
Building Energy Consumption and Its Implications in Florida. Int J Constr Educ 
Res 2018, 14, 22–45, doi:10.1080/15578771.2017.1280104. 

288.  Meng, F.; Li, M.; Cao, J.; Li, J.; Xiong, M.; Feng, X.; Ren, G. The Effects of Cli-
mate Change on Heating Energy Consumption of Office Buildings in Different 
Climate Zones in China. Theor Appl Climatol 2018, 133, 521–530, 
doi:10.1007/s00704-017-2206-6. 

289.  Pierangioli, L.; Cellai, G.; Ferrise, R.; Trombi, G.; Bindi, M. Effectiveness of Pas-
sive Measures against Climate Change: Case Studies in Central Italy. Building 
Simulation 2017 10:4 2017, 10, 459–479, doi:10.1007/S12273-016-0346-8. 

290.  Hosseini, M.; Tardy, F.; Lee, B. Cooling and Heating Energy Performance of a 
Building with a Variety of Roof Designs; the Effects of Future Weather Data in a 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

215 
 

Cold Climate. Journal of Building Engineering 2018, 17, 107–114, 
doi:10.1016/j.jobe.2018.02.001. 

291.  Invidiata, A.; Ghisi, E. Impact of Climate Change on Heating and Cooling Energy 
Demand in Houses in Brazil. Energy Build 2016, 130, 20–32, 
doi:10.1016/j.enbuild.2016.07.067. 

292.  Sajjadian, S.M. Performance Evaluation Ofwell-Insulated Versions of Contem-
porary Wall Systems-a Case Study of London for a Warmer Climate. Buildings 
2017, 7, 1–16, doi:10.3390/buildings7010006. 

293.  Lim, J.H.; Yun, G.Y. Cooling Energy Implications of Occupant Factor in Buildings 
under Climate Change. Sustainability (Switzerland) 2017, 9, 
doi:10.3390/su9112039. 

294.  Sabunas, A.; Kanapickas, A. Estimation of Climate Change Impact on Energy 
Consumption in a Residential Building in Kaunas, Lithuania, Using HEED Soft-
ware. In Proceedings of the Energy Procedia; Elsevier Ltd, September 1 2017; 
Vol. 128, pp. 92–99. 

295.  Huang, J.; Gurney, K.R. The Variation of Climate Change Impact on Building 
Energy Consumption to Building Type and Spatiotemporal Scale. Energy 2016, 
111, 137–153, doi:10.1016/j.energy.2016.05.118. 

296.  Shibuya, T.; Croxford, B. The Effect of Climate Change on Office Building Energy 
Consumption in Japan. Energy Build 2016, 117, 149–159, 
doi:10.1016/j.enbuild.2016.02.023. 

297.  Huang, K.T.; Hwang, R.L. Future Trends of Residential Building Cooling Energy 
and Passive Adaptation Measures to Counteract Climate Change: The Case of 
Taiwan. Appl Energy 2016, 184, 1230–1240, doi:10.1016/j.apen-
ergy.2015.11.008. 

298.  Khalfan, M.; Sharples, S. The Present and Future Energy Performance of the 
First Passivhaus Project in the Gulf Region. Sustainability (Switzerland) 2016, 
8, doi:10.3390/su8020139. 

299.  Pagliano, L.; Carlucci, S.; Causone, F.; Moazami, A.; Cattarin, G. Energy Retrofit 
for a Climate Resilient Child Care Centre. Energy Build 2016, 127, 1117–1132, 
doi:10.1016/j.enbuild.2016.05.092. 

300.  Dirks, J.A.; Gorrissen, W.J.; Hathaway, J.H.; Skorski, D.C.; Scott, M.J.; 
Pulsipher, T.C.; Huang, M.; Liu, Y.; Rice, J.S. Impacts of Climate Change on 
Energy Consumption and Peak Demand in Buildings: A Detailed Regional Ap-
proach. Energy 2015, 79, 20–32, doi:10.1016/j.energy.2014.08.081. 

301.  Cox, R.A.; Drews, M.; Rode, C.; Nielsen, S.B. Simple Future Weather Files for 
Estimating Heating and Cooling Demand. Build Environ 2015, 83, 104–114, 
doi:10.1016/j.buildenv.2014.04.006. 



Ludovica Maria Campagna | XXXVI cycle 

216 
 

302.  Daly, D.; Cooper, P.; Ma, Z. Implications of Global Warming for Commercial 
Building Retrofitting in Australian Cities. Build Environ 2014, 74, 86–95, 
doi:10.1016/j.buildenv.2014.01.008. 

303.  Wong, N.H.; Jusuf, S.K.; Syafii, N.I.; Li, W.H.; Tan, E. Mitigation Methods of 
Climate Change Impact on the Cooling Load of Public Residential Buildings in 
Singapore. Journal of Architectural Engineering 2013, 19, 147–155, 
doi:10.1061/(asce)ae.1943-5568.0000124. 

304.  Chan, A.L.S.; Chow, T.T. Energy and Economic Performance of Green Roof 
System under Future Climatic Conditions in Hong Kong. Energy Build 2013, 64, 
182–198, doi:10.1016/j.enbuild.2013.05.015. 

305.  Chow, D.H.C. The Potential Impact of Climate Change on Heating and Cooling 
Loads for Office Buildings in the Yangtze River Delta. International Journal of 
Low-Carbon Technologies 2012, 7, 234–247, doi:10.1093/ijlct/cts035. 

306.  Robert, A.; Kummert, M. Designing Net-Zero Energy Buildings for the Future Cli-
mate, Not for the Past. Build Environ 2012, 55, 150–158, doi:10.1016/j.build-
env.2011.12.014. 

307.  Ouedraogo, B.I.; Levermore, G.J.; Parkinson, J.B. Future Energy Demand for 
Public Buildings in the Context of Climate Change for Burkina Faso. Build Environ 
2012, 49, 270–282, doi:10.1016/j.buildenv.2011.10.003. 

308.  Chan, A.L.S. Developing Future Hourly Weather Files for Studying the Impact of 
Climate Change on Building Energy Performance in Hong Kong. Energy Build 
2011, 43, 2860–2868, doi:10.1016/j.enbuild.2011.07.003. 

309.  Mourshed, M. The Impact of the Projected Changes in Temperature on Heating 
and Cooling Requirements in Buildings in Dhaka, Bangladesh. Appl Energy 
2011, 88, 3737–3746, doi:10.1016/j.apenergy.2011.05.024. 

310.  Lam, J.C.; Wan, K.K.W.; Lam, T.N.T.; Wong, S.L. An Analysis of Future Building 
Energy Use in Subtropical Hong Kong. Energy 2010, 35, 1482–1490, 
doi:10.1016/j.energy.2009.12.005. 

311.  Dolinar, M.; Vidrih, B.; Kajfež-Bogataj, L.; Medved, S. Predicted Changes in En-
ergy Demands for Heating and Cooling Due to Climate Change. Physics and 
Chemistry of the Earth 2010, 35, 100–106, doi:10.1016/j.pce.2010.03.003. 

312.  Radhi, H. Evaluating the Potential Impact of Global Warming on the UAE Resi-
dential Buildings - A Contribution to Reduce the CO2 Emissions. Build Environ 
2009, 44, 2451–2462, doi:10.1016/j.buildenv.2009.04.006. 

313.  Jenkins, D.; Liu, Y.; Peacock, A.D. Climatic and Internal Factors Affecting Future 
UK Office Heating and Cooling Energy Consumptions. Energy Build 2008, 40, 
874–881, doi:10.1016/j.enbuild.2007.06.006. 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

217 
 

314.  Frank, T. Climate Change Impacts on Building Heating and Cooling Energy De-
mand in Switzerland. Energy Build 2005, 37, 1175–1185, 
doi:10.1016/j.enbuild.2005.06.019. 

315.  Aguiar, R.; Oliveira, M.; Gonçalves, H. Climate Change Impacts on the Thermal 
Performance of Portuguese Buildings. Results of the SIAM Study. Building Ser-
vices Engineering Research and Technology 2002, 23, 223–231, 
doi:10.1191/0143624402bt045oa. 

  
 



Ludovica Maria Campagna | XXXVI cycle 

218 
 

  



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

219 
 

 

CURRICULUM 

 

Ludovica Maria Campagna is a chartered Building Engineer and PhD 
candidate at Polytechnic University of Bari (Italy). After receiving a mas-
ter’s degree in Building Engineering with a thesis on the energy perfor-
mance of passive school buildings in the Mediterranean area, she has 
continued to investigate issues related to school buildings behaviours 
considering future climate scenarios. 
 
Nationality: Italian         Date of Birth: 05/02/1996 
Email address: ludovicamaria.campagna@poliba.it 
ORCID: 0000-0001-6268-7336 
Scopus ID: 57377444100 
Google Scholar Profile: https://scholar.google.com/cita-
tions?user=ocFfmOYAAAAJ&hl=it 

 
CURRENT POSITION  
 February 2024 - ongoing 
 Polytechnic University of Bari, DICATECh department 
 Research Assistant 
 “Assessment of the interaction of air mobility systems with the built environment” 
  
 November 2020 - ongoing 
 PhD candidate in Risk and Environmental, Territorial and Building Development, XXXVI cycle 
 Thesis: “Energy resilience to climate change of the school building stock in the Mediterranean 

area: the case of Apulia Region” 
 Supervisor: Prof. Eng. Francesco Fiorito 
  
RESEARCH ACTIVITIES 2021 - ongoing 

 PUBLICATIONS 
  
 JOURNAL PAPERS 

1. Campagna LM; Fiorito F (2023). On the energy performance of the Mediterranean school 
building stock: The case of the Apulia Region, Energy and Buildings, vol. 293, 113187.  
https://doi.org/10.1016/j.enbuild.2023.113187  

2. Fiorito F; Vurro G; Carlucci F; Campagna LM; De Fino M; Carlucci S; Fatiguso F (2022). Ad-
aptation of Users to Future Climate Conditions in Naturally Ventilated Historic Buildings: Effects 
on Indoor Comfort, Energies, vol. 15, 4984. https://doi.org/10.3390/en15144984  

3. Campagna LM; Fiorito F (2022). On the Impact of Climate Change on Building Energy Con-
sumptions: A Meta‐Analysis, Energies, vol. 15, 354. https://doi.org/10.3390/en15010354  

4. Campagna LM; Carlucci F; Russo P; Fiorito F (2021). Energy performance assessment of 
passive buildings in future climatic scenarios: The case of study of the childcare centre in 

mailto:ludovicamaria.campagna@poliba.it


Ludovica Maria Campagna | XXXVI cycle 

220 
 

Putignano (Bari, Italy), Journal of Physics: Conference Series, vol. 2069, 012146. 
https://doi:10.1088/1742-6596/2069/1/012146  

 PAPER IN CONFERENCE PROCEEDINGS 
5. Campagna LM; Carlucci, F; Carlucci S; Fiorito F (2024), Automatic optimization-based cali-

bration using genetic algorithms: a case study of a school energy model. In Sustainability in 
Energy and Buildings 2023; Littlewood, J.R., Jain, L., Howlett, R.J. Eds; Springer Singapore 
(in print). ISBN 978-981-99-8500-5  

6. Campagna LM; Fiorito F (2023). Efficienza energetica degli edifici scolastici pugliesi: 
un’indagine basata sulla rilevazione dei consumi reali. In Proceedings of the Colloqui.AT.e 
2023 - In Transizione: sfide e opportunità per l’ambiente costruito; Fatiguso, F., Fiorito, F., De 
Fino, M., Cantatore, E. Eds.; EdicomEdizioni: Monfalcone, Italy, 2023, pp. 709-726. ISBN 979-
12-81229-02-0  

7. Campagna LM; Fiorito F (2022). On the clustering of large educational building stock in the 
Apulia Region. In Proceedings of the Colloqui.AT.e 2022 – Memoria e Innovazione; Dassori, 
E., Morbiducci, R., Eds.; EdicomEdizioni: Monfalcone, Italy, 2022; pp. 743–759. ISBN 978-
88-945937-4-7.  

8. Carlucci F; Campagna LM; Fiorito F (2022). Technological and energy assessment of an ori-
gami-based kinetic shading system in typical and future climate scenarios. In Proceedings of 
the Colloqui.AT.e 2022 – Memoria e Innovazione; Dassori, E., Morbiducci, R., Eds.; Edi-
comEdizioni: Monfalcone, Italy, 2022; pp. 1007–1022. ISBN 978-88-945937-4-7.  

  
 PUBLICATIONS ACCEPTED 
  

9. Crespino E; Campagna LM; Carlucci F; Martellotta F; Fiorito F. Indoor environmental condi-
tions in Italian childcare buildings: results from a monitoring campaign (accepted for the In-
door Air 2024: Sustaining the Indoor Air Revolution, Honolulu) 

10. Campagna LM; Carlucci F; Fiorito F. School energy retrofit in a changing climate: optimization 
of retrofit strategies and cost implications. (accepted for the 9th International Building Physics 
Conference 2024, Toronto) 

11. Crespino E; Campagna LM; Carlucci F; Martellotta F; Fiorito F; Impact of stochastic and de-
terministic behaviour on natural ventilation: energy and indoor air quality performances in a 
preschool case study. (accepted for the 9th International Building Physics Conference 2024, 
Toronto)  

12. Campagna LM; Carlucci F; Fiorito F. Climate change impact assessment and evaluation of 
retrofit measures of a representative school in Southern Italy (accepted for the Colloqui.AT.e 
2024 Conference, Palermo) 

13. Crespino E; Campagna LM; Carlucci F; Martellotta F; Fiorito F. Indoor Air Quality in Apulian 
school buildings: the case of J. F. Kennedy pre-schools in Bari (accepted for the Collo-
qui.AT.e 2024 Conference, Palermo) 

  
 MONOGRAPHS 
  

14. Carlucci F; Campagna LM; Fiorito F; Responsive Envelopes and Climate Change: State of the 
Art, Design Strategies, and Future Perspectives for Resilient Buildings. Springer Chamb. 
ISBN 978-3-031-58100-7. (in print, due to 11 August 2024) 



Energy resilience to climate change of the school building stock in the Mediterranean area: 
the case of Apulia Region 

221 
 

  
  
 AWARDS 
 Artec InnovATi 2023 competition for young researchers in the SSD ICAR/10 field - awarded 

2nd place, with the work on “Temporary architecture: challenges and perspectives”  
 Best Paper Award - Colloqui.AT.e 2022 – Memoria e Innovazione, for the work:   

Carlucci, F.; Campagna, L.M.; Fiorito, F. “Technological and energy assessment of an origami-
based kinetic shading system in typical and future climate scenarios”. 

 Artec InnovATi 2021 competition for young researchers in the SSD ICAR/10 field - awarded 
2nd place, with the project entitled: “FACE - FAcade in Changing Environment”. 

  

TEACHING ACTIVITIES 2021 - ongoing 

  
 CO-SUPERVISION OF MASTER’S THESES 

  
 Polytechnic University of Bari, master’s degree in Building Systems Engineering.  

Thesis in High Performance Building Design: 
1. “Energy resilience of school buildings in the province of Foggia” 

Student: Noemi Matera, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 
2. “Passive buildings in the Mediterranean area: performance, technological and energy anal-

yses”. 
Student: Matteo Fiore, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 

3. “Advanced prefabrication systems for hospitals: energy and performance analysis for new 
buildings under future climate scenarios”. 
Student: Ilenia Festa, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 

4. 
 

“Advanced prefabrication systems for hospitals: energy and performance analysis for existing 
buildings under future climate scenarios. the case of the "Chini” Pavilion. 
Student: Simona Parisi, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 

  
 Polytechnic University of Bari, master’s degree in Building Systems Engineering.  

Thesis in Integrated Building Design: 
5. 

 
“Urban heat island and mortality rate in the Apulia region:  a correlation study”.  
Student: Elisa Appio, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna, F. Carlucci 

6. 
 

“Guidelines for Covid-free school design: the case of the ‘Monte San Michele’ school in Bari”.  
Student: Elena Crespino, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 

7. 
 

“Energy refurbishment of the school buildings stock: the case study of the schools ‘San Do-
menico Savio’, ‘Giuseppe Saverio Poli’, ‘Rosa e Carolina Agazzi’”.  
Student: Filomena Germinario, Supervisor: F. Fiorito, Co-supervisor: L.M. Campagna. 

 TEACHING SUPPORT ACTIVITIES 
1. Teaching support activities for the course Integrated Building Design, master’s degree in 

Building Systems Engineering, Prof. Eng. F Fiorito. A.A. 2023/2024. 
2. Teaching support activities for the course High Performance Building Design, master’s de-

gree in Building Systems Engineering, Prof. Eng. F Fiorito. A.A. 2023/2024. 
3. Teaching support activities for the course Integrated Building Design, master’s degree in 

Building Systems Engineering, Prof. Eng. F Fiorito. A.A. 2022/2023. 



Ludovica Maria Campagna | XXXVI cycle 

222 
 

4. Teaching support activities for the course Integrated Building Design, master’s degree in 
Building Systems Engineering, Prof. Eng. F Fiorito. A.A. 2021/2022. 

5. Teaching support activities for the course Building Technology, bachelor’s degree in Building 
Engineering, Prof. Eng. E Conte. A.A. 2021/2022. 

6. Teaching support activities for the course Integrated Building Design, master’s degree in 
Building Systems Engineering, Prof. Eng. F Fiorito. A.A. 2020/2021. 

7. Teaching support activities for the course Building Technology, bachelor’s degree in Building 
Engineering, Prof. Eng. E Conte. A.A. 2020/2021. 

  
EDUCATION  

 April 2023 – July 2023 
 The Cyprus Institute (Nicosia, Cipro), Energy, Environment and Water Research Center 

(EEWRC)  
 PhD visiting (supervisor Prof. Salvatore Carlucci) 
 November 2020 - ongoing 
 Polytechnic University of Bari, DICATECh department 
 PhD candidate in Risk and Environmental, Territorial and Building Development, XXXVI cycle 
 Thesis: “Energy resilience to climate change of the school building stock in the Mediterranean 

area: the case of Apulia Region” 
 Supervisor: Prof. Eng. Francesco Fiorito 
 September 2018 – July 2020 
 Polytechnic University of Bari 
 MSc in building systems engineering - Curriculum Sustainable Buildings [LM-24] 

110/110 cum Laude  
 Defended thesis in High Performance Buildings Design: “Passive school buildings in the Med-

iterranean area: comfort and energy performance with a view to the climate change” 
Supervisor: Prof. Eng. Francesco Fiorito, Co-supervisor: Eng. Pietro Russo. 

  
 Award “Best Graduate Student of the Department of Civil, Environmental, Land, Building and 

Chemical Engineering in 2020," awarded by the Poliba Alumni Association and Bari Polytech-
nic University 

 September 2015 – July 2018 
 Polytechnic University of Bari 

BSc in building engineering [LT-23] 
110/110 cum Laude  

 Defended Thesis in Structural Design: 
“Innovative materials and technologies applied to structural engineering”. 
Supervisor: Prof. Eng. Francesco Porco  

 





Abstract
The growing adverse consequences of the climate crisis
require an increases of studies concerning the relationship
between climate change and the built environment, since the
construction field appears to be among the most impactful
sectors, while showing a high vulnerability to the effects of
climate change. Accordingly, this research field is called
upon to play a crucial role, as policymakers' choices
concerning mitigation and adaptation policies are
significantly influenced by the research advancements of the
scientific community. However, although the body of
literature on the topic has been growing exponentially in
recent years, it still seems limited compared to the breadth
of the problem, remaining associated to specific building
types, such as residential and office buildings, but neglecting
others. This thesis aims to provide scientific advancement in
this field by investigating a building typology that is still
poorly addressed in the literature. Indeed, the present
dissertation aims to explore the energy resilience to climate
change of a school building stock in the Mediterranean area,
starting from a typological and technological classification,
continuing with a field study of the current energy status,
and ending with a predictive investigation of climate change
resilience, based on energy simulations run for
representative buildings, as well as exploring potential
solutions. The whole analysis is focused on the municipally
owned schools (pre-schools, primary and lower secondary
schools) located in the Apulia Region, involving a sample of
buildings never previously explored in the literature. Two
main objectives are pursued in conducting the research. The
former is to provide a comprehensive overview of the current
condition of Apulian school building stock, based on current
actual data. The results obtained will be undoubtedly useful
in helping local municipalities get an overview of the main
features and actual conditions of such heritage, which is a
fundamental basis for planning intervention programs. The
latter is to assess the impact of climate change on schools
at the building level, with the aim of increasing the
policymaker’s awareness of the critical issues related to
changing climatic conditions, drawing attention to the
importance of carefully evaluating retrofit solutions. On the cover: Map of the Apulia Region (Southern Italy), 

showing the school buildings investigated in the thesis,
adapted from Google Earth Pro ©



Abstract

It is to follow a path to research ways of interpretation of

urban form, in order to understand and then communicate,

that can make visible through the graphical representation,

our conscious perception of the shape of the places and its

intangible aspects.

A real and scientific chance to understand the complexity, is

to proceed by addressing its parts, identified by initiating an

structuring operation , which is conscious act that is defined

from time to time in relation to a given purpose.

It is necessary to identify in the complexity, a number of

solutions arising from simplifying processes, typical of

human mind, which take into account past experience and

can anticipate future, which is not emptied the complexity of

the real, but add variables of vision of the problems from a

different point of view.

These processes are used by humans to minimize the

energy, improve and speed the transmission of information,

achieve smart essentiality, which can define the word “Less”
for the drawing.

The object of this experiment is the urban fabric of the

historic town of Ruvo di Puglia – built-up of ancient origin,

located north of Bari - rich in important human evidence, and

more low-value building products, along testimony of human

presence of each historical period.

It is to follow a path to research ways of interpretation of

urban form, in order to understand and then communicate,

that can make visible through the graphical representation,

our conscious perception of the shape of the places and its

intangible aspects.
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