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Summary  

The rapid increase of global mean temperature and the regular occurrence of “once in a century” events 

such as heatwaves, highlights the necessity to heat proofing buildings. In this respect, thermal comfort 

in residential buildings is of primary importance because 80% of a people life is spent in their home.  

High indoor temperatures can be prevented by increasing the fabric’s thermal mass and using air-

conditioning. A high thermal mass passively reduces temperature fluctuations and air-conditioning 

reduces the discomfort probability providing any desirable thermal condition. In practice both strategies 

have their limitations: thermal mass cooling efficacy depends on climate and occupant behaviour; air-

conditioning is energy and carbon intensive and reduces the thermal adaptability of occupants. 

Scientific literature lacks empirical observations of cooling extent of high thermal mass buildings 

compared/or combined with AC, of the interference of these heat-proofing with people’s thermal 

adaptive processes and behaviours in homes located in Csa climate.   Therefore, this PhD thesis 

addresses this gap in the literature through a field study on indoor temperature, thermal comfort and 

occupant behaviour in homes characterized by different levels of thermal mass and air-conditioning 

presences/absence. 

100 rooms and 72 residents in 32 homes in Catania (Csa), Italy, were monitored from June to September 

2019, during which time 5 heat health warnings and 2 heatwaves occurred [1]. The rooms were 

categorized into four groups, labelled: ACTM2, ACTM1, NVTM2, NVTM1. The TM2 and TM1 refer 

to respectively high and medium thermal mass (areal heat capacities of 436.86 and 162.4 JK-1m-2, 

response factors of 4.32 and 1.79). The main difference is due to the load-bearing internal/external 

volcanic stone walls in TM2. The NV and AC indicate naturally ventilated or air-conditioning 

retrofitted rooms respectively. The methodology is divided into three main stages: longitudinal 

monitoring and survey campaign of indoor temperature, thermal comfort, and occupant’s behaviour; 

statistical modelling of thermal comfort and window, shading and AC use with environmental 

parameters; comparative analysis of the parameters grouped by the thermal mass levels and AC 

presence/absence in the rooms. The significance of TM2 and TM1 temperature difference was assessed 

by a year-long monitoring campaign of an unoccupied sub-sample of rooms; and - prior to this PhD - 
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by dynamic simulation modelling of a room whose external wall was changed from TM2 and TM1 

thermal mass levels, and simple schedule-based occupant behaviour scenarios were applied. 

The results of this thesis showed that the difference in thermal mass and air-conditioning 

presence/absence have a small effect on thermal conditions limited in time. The ACTM2 rooms did 

result in the lowest indoor air temperature during the first heatwave in July and the TM2 room 

temperatures were observed being relatively the highest across room-groups at the end of the summer. 

In the hottest months, the thermal comfort analysis showed that: the people in NVTM1 rooms have the 

lowest thermal sensitivity to the rise of operative temperature; and regardless of AC presence/absence, 

the people in TM2 rooms are the least accepting of predicted mean vote (PMV) values higher than 1. 

At high outdoor temperatures, the occupant behaviour analysis showed that: the windows are most 

likely closed in AC and open in NV, and in particular those windows in NVTM1 have the highest 

probability of being open; and also the shadings are likely to be closed as the outdoor temperature rises, 

regardless of room group. Finally, the air-conditioning use was found to be affected by thermal mass 

difference: the TM2 air-conditioners were used for shorter duration at lower set-points in June than ACs 

in TM1; while, towards the end of the summer, the ACs in TM2 increased were used for longer and 

switched off at higher indoor air temperatures.  

The overall findings show the limitations of the heat-proofing strategies performing during 

exceptionally hot summers. Their long-term effects on occupant thermal perceptions and heat 

acceptability should not be minimized since they are the driving factors to use AC in homes and they 

are responsible for heat related health risks. In the view of indoor heat prevention without heavily air-

conditioned indoor spaces, occupant heat adaptation and education to use passive heat-proofing 

strategies is the priority.  
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focus, ma anche la pasienza, l’errore e la scomessa che c’e’ l’avresti fatta. C’e’ un percorso da compiere 

per ogni obiettivo. Quando te lo poni non sai quanto tempo o quante energie ci vogliono. Quindi sii 

paziente con te stessa e credi nelle tue scelte. Per ogni premio ci sono almeno dieci sconfitte quindi non 

aver paura degli errori o fallimenti. Se ci sono significa che stai facendo muddica! Tutto normale per 

chi e’ goloso dell vita con te e i tuoi alleati. Non svalutare il tuo progresso seppur piccolo; d’altronde 

questo dottorato e’ stato fatto di piccoli passi con disciplina, focus e determinazione. L’azione, il gioco 

e la condivisione con i tuoi amici sono stati la chiave per liberarti delle tue paure. Infine, continua 

sognare ed investi sempre in te stessa, non hai sbaglito a farlo ed il tuo dottorato ne e’ la prova. 
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1. Introduction 

Nowadays, people all over the world suffer in unprecedented extreme heat driven by climate change. 

Excess deaths and hospitalizations were recorded following the heatwaves of 1995 in Chicago, (USA) 

[2], 2003 in Western Europe [3], and 2010 in Ahmedabad, (India) [4]. More recently, two major 

heatwaves in the summer of 2019 in Europe, exceeded the highest historical maximum daily 

temperatures in the main cities of France, Germany Netherlands, and the United Kingdom [5]. The 

vulnerability of people to heat is greater in cities because of the urban heat island effect. [6] predicts 

that for each degree of temperature rise above 21.5 °C, the mortality rate is likely to be 3.34% higher 

in cities.  

Further concerns have arisen over indoor thermal conditions because measured indoor temperatures in 

summer have been observed to regularly exceed comfort limits and in extreme cases the safe thresholds 

for heat-stress [7]. The exposure of people to high indoor air temperature under summertime conditions 

and heatwaves is not well understood and few empirical observations are found in scientific literature. 

On the other hand, research has widely investigated the cause for indoor overheating and the 

performance of heat proofing strategies, using energy simulation tools of building under future weather 

scenarios. For example the work of [8] compares different heat-proofing strategies such as increasing 

thermal mass of the fabric, optimized shading patterns, etc. to find the extent of overheating mitigation 

under future climatic scenarios. This methodology, indeed, helps to build a pair-wise comparison 

between heat proofing strategies, but underestimate the occupant interaction with the building which 

can lead to great discrepancies between the predicted and monitored performance [9]. Therefore 

measurements of indoor temperatures and thermal comfort especially when heat-proofing strategies are 

present, are important as they show the real exposure of occupants indoors in summertime and whether 

their exposure is minimized because of heat-proofing strategies. 
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There are a number of heat-proofing strategies that can limit heat load and exposure in buildings which 

include increasing thermal mass and mechanical air-conditioning. Their importance is recognized by 

the World Health Organization (WHO) which listed them among the factors that reduce heat-mortality 

risk and related illnesses during a heatwave [10]. The thermal mass is the heat storage property of the 

building fabric in transient conditions. This property is responsible for reducing the fluctuations of 

indoor air temperature by storing and progressively releasing the heat absorbed after an initial excitation 

(such as the diurnal temperature variation). Furthermore, high thermal mass is considered advantageous 

relative to energy intensive cooling strategies such as air-conditioning. Thermal mass depends on the 

building material’s density, heat capacity and conductivity; since most construction materials have a 

heat capacity within a narrow range of 0.8–1.8 kJkg-1K-1 [11], thermal mass of a building is simply 

associated with their weight. Therefore, it is often argued that increasing thermal mass in the building 

is a heat-proofing strategy, implying that increasing the weight of the fabric would stabilise indoor 

temperature.  

The dampening effect of high thermal mass reaches its maximum potential when combined with night 

ventilation in hot-dry climates. Here, the diurnal temperature swing is between 15-20 °C which ensures 

that the heat stored during daytime can be dissipated at night via natural ventilation [12]. For hot-humid 

climates, the diurnal temperature swing can reach a minimum of 7 °C [13]. However, due to the urban 

heat island effect and heatwaves, the diurnal swing can decrease, and backup cooling strategies might 

be required to discharge the excess heat that has been accumulated at night (i.e. AC). Without purge 

ventilation or air-conditioning, it is most likely that the dynamic cooling effect of high thermal mass 

would be reduced, and indoor overheating might occur. Moreover, even in optimal climatic conditions 

for ventilation and high thermal mass to be effective cooling practices, occupant behaviour can strongly 

affect the thermal performance and cause overheating phenomena. Therefore, the cooling effectiveness 

of high thermal mass buildings is limited by the climate and the occupants’ behaviour of window, 

shading, air-conditioning, and other systems to control the environment. 

The historical or vernacular buildings in the Mediterranean context have been referred to and studied 

as examples of high thermal mass buildings [14].  Here, the dwellings have been constructed with 
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massive envelopes - large amounts of stone, clay, or earth materials assembled in thick walls and 

ceiling/roofs; and they are mostly protected by local authorities for their historical importance, which 

limits any improvement of the building fabric for energy efficiency – such as insulation of the envelope. 

Therefore, they mostly rely on high thermal mass to reduce the cooling loads. The studies of [15,16] 

have shown through longitudinal measurements and energy modelling that the vernacular buildings in 

Alberobello and Matera (Southern Italy – Mediterranean climate) were in the comfort ranges without 

the need for air-conditioning. By comparing three homes in Spain, two built with clay and adobe and 

one with prefabricated wood, the study of [17] found that the clay and adobe houses were characterized 

by small fluctuations of indoor air temperature and that their thermal performance were within the 

comfort range, in contrast with the wood house. Moreover, the work of [18–20] accounted for the effects 

of increased thermal mass given by massive external and internal walls of basalt stone over indoor air 

temperature in summertime. Noteworthy are the results of [18] which show that replacing one external 

wall of basalt stone with hollow brick construction with same U-value, the room thermal performance 

was worsened with an increase of about 0.7 °C and a maximum of 0.5 °C in respectively free running 

and natural ventilation operational mode, in a typical summer day in Catania, Italy. In summary, high 

thermal mass buildings have high heat capacity which can dampen the outdoor daily peak temperatures. 

It follows that people in high thermal mass buildings might be exposed to less fluctuation in indoor 

temperature. Despite this being a well-known effect, no empirical evidence about the cooling potential 

during a heatwave, and when AC is present in a residential building in the Mediterranean climate has 

ever been recorded. High thermal mass cooling effect has also never been compared in real settings to 

active cooling in this type of building; and the interference of high thermal mass with the adaptive 

processes or cooling practices of the occupants has never been investigated.  

Air-conditioning has a direct cooling effect on indoor temperature and is supposed to improve thermal 

comfort. However, this strategy needs electricity to be used and therefore has a high carbon impact 

derived from its primary energy generation. Despite its lowering of the discomfort probability which is 

important for heatwave mitigation [21], people’s thermal perception, expectation and preference were 

observed to narrow with air-conditioning use [22]. This raises the question of whether prolonged use of 
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air-conditioning would cause a reduction in thermal adaptability. However, the duration of exposure to 

indoor air-conditioned environments is determined by users; therefore, it is questionable how the 

presence of air-conditioning affects people’s choices of behaviour surrounding thermal comfort.  

Mediterranean regions represent an opportunity to test the boundaries of the cooling potential of high 

thermal mass and air-conditioning in real settings. Here, people have adapted to local climates through 

a complex system of behavioural and physical factors which also includes the traditional building style. 

This is characterized by massive stone walls which equip the buildings with higher thermal capacity 

than modern construction of reduced thickness and density [14,23]; and by mechanical air-conditioning 

retrofits which are chosen in this climatic context to face summer overheating [24]. This region is likely 

to experience urban-heat island effect due to its high-density urban settlements alongside its hot 

summers, which during a heatwave can increase the heat exposure of residents people. Since the 

dwellings are diversified in construction age and environmental practices (AC retrofits) it is possible to 

test the effectiveness of various heat-proofing strategies in real settings.  

In summary, indoor heat exposure in high thermal mass and air-conditioner retrofitted buildings lacks 

empirical evidence; no research studies were found that focused on their effects on thermal comfort and 

occupant behaviour of windows, shadings and air-conditioning under summer outdoor temperature; and 

moreover, the size of their effect is not clear when compared against reduced thermal mass and absence 

of air-conditioning. AC and high thermal mass have not been compared in terms of extent of cooling in 

real settings, and their interference with adaptive processes and alternative cooling practices represent 

all unsolved questions for residential buildings. At present, investigating heat-proofing strategies and 

their performance in real settings is key to ensuring that thermal comfort is enhanced and therefore their 

usefulness is supported by empirical evidence.  
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1.1. Research aims and questions 

In this thesis the aim is to determine the effects of high thermal mass and the presence of air-

conditioning on the summertime thermal performance, occupant subjective thermal comfort and 

behaviour in residential settings in a Mediterranean climate.  

In the hot conditions of summer 2019 in Catania (a Mediterranean city in Southern Italy), where: five 

heat health warnings were issued and two heatwaves were experienced; traditional and modern 

buildings vary in thermal mass - TM2 which refers to high thermal mass homes built with traditional 

fabric (areal heat capacity of 436.86 JK-1m-2, response factor of 4.32) and TM1 reduced thermal mass 

fabric built in modern era (areal heat capacity of 162.4 JK-1m-2, response factor of 1.79); and when  air-

conditioning units (AC) are likely to be used when present and when absent rooms are operated in the 

natural ventilation mode (NV); the aim is achieved by addressing three Research Questions (RQs), 

which are: 

(RQ1) To what extent do indoor air temperature and thermal comfort differ between ACTM2, 

ACTM1, NVTM2, NVTM1 rooms?  

Assuming that the main driver for occupant behaviour in summer might be indoor overheating 

mitigation:  

(RQ2) To what extent does window and shading use differ between ACTM2, ACTM1, NVTM2, 

NVTM1 rooms?  

If RQ1 shows that the indoor air temperature and thermal comfort are affected by the difference between 

TM2 and TM1: 

(RQ3) To what extent does air-conditioning use differ between the TM2 and TM1?  
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The key research objectives were: 

1) To conduct a longitudinal monitoring and survey campaign of internal air temperatures, 

occupant thermal comfort and behaviour in homes during summertime high outdoor 

temperature.  

2) To quantify the relative effect of high thermal mass (TM2) and AC presence on the 

indoor air temperature, thermal comfort and window, shading, air-conditioning use by 

comparison with other scenarios (TM1, NV).  

3) To test the outcome of comfort analysis against the occupant’s gender and age and the 

ASHRAE 55-2020 [25] model of adaptive comfort.  

4) To model the occupant behaviour using stochastic methods to account for multiple 

explanatory variables (categorical variables such room groups, and continuous variables 

such as outdoor and indoor temperatures). 

These objectives were achieved by conducting one longitudinal monitoring campaign and survey of 

indoor air temperature, thermal comfort and window, shading and air-conditioning use in the summer 

of 2019 in Catania. Linear and logistic regression methods were used to derive the relationships between 

the indoor and occupant perception and behaviour.  

Moreover, an attempt to validate the assumption that the difference in thermal mass in the studied 

buildings has the biggest impact over indoor air temperature was carried out in three preliminary studies. 

Two studies used an energy simulation model developed in the master’s thesis of the PhD candidate 

[26]. The outcome of the first test was further published in [18]. The third study involved a monitoring 

campaign of one year of free-running rooms characterized by the same construction as the buildings 

studied.  
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1.2. Thesis outline  

The thesis is divided into six chapters, including this introduction to the research.  

Chapter 2 reviews the literature on field studies of summertime indoor temperatures, thermal comfort 

and windows and air-conditioning use in residential settings. Research focusing on the effects of high 

thermal mass buildings and the presence of AC units on the parameters is discussed in detail.  

Chapter 3 presents the methodology adopted. The sample characteristics, preliminary studies and 

sample designed size, the physical longitudinal and spot measurements and survey design, the pre-

processing of the data recorded, statistical analysis and linear and logistic regression methods are all 

discussed here.  

Chapter 4 presents the results. The chapter is divided into eight sections. The first three target hourly, 

daily and monthly average indoor air temperatures differences across room groups. The next three 

sections develop the thermal comfort analysis by calculating neutral temperature, percentage of 

unacceptability and the ASHRAE 55-2020 adaptive model comparison [25]. The last two sections 

present the window, shading and air-conditioning use analysis which includes the frequency of use, 

duration, self-reported action/inaction triggers, and lastly the window, shading and air-conditioning use 

stochastic models.   

Chapter 5 discusses the findings referencing the relevant literature, and the study’s limitations.  

Chapter 6 concludes the thesis by summarising the main outputs of the research, identifying the key 

contributions as well as limitations, and makes recommendations for future work. 

Appendices 1-4 contain the thermal properties of the building components, thermal diary, and summary 

of surveyed data that were not used in the main analysis and the [18] journal publication made in 

collaboration with the University of Catania which provided supporting evidence on the assumption 

that the thermal mass difference in this field settings has a significant effect on indoor temperature – 

the first research question of this PhD.  
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2. Background 

This chapter reviews the state of the art regarding studies on thermal performance, comfort and window 

and air-conditioning occupant behaviour of residential buildings in summertime. The review focuses 

on the effects of high thermal mass and mechanical air conditioning on summertime indoor temperature, 

thermal comfort and window and air-conditioning related occupant behaviour. No field studies are 

found in the literature that target these four areas of effect simultaneously in residential buildings in the 

Mediterranean region.   

This chapter is divided into three main sections: 2.1) Monitoring studies of summertime temperature in 

homes; 2.2) Summertime thermal comfort in homes; 2.3) Occupant behaviour in homes. 

The first section comprises three subsections: Section 2.1.1 and 2.1.2 which discuss climate and social-

behavioural factors and aims and methods in monitoring studies of air temperature; Section 2.1.3 

discusses the effects of thermal mass and air-conditioning on summertime air temperature. This last 

section is further divided into two sub-sections: 2.1.3.1 discusses the correlation of indoor and outdoor 

temperature in air-conditioned\mix-mode spaces; 2.1.3.2 the building thermal mass, night ventilation 

and air-conditioning which is further divided into three subsections. They are centred around the 

monitoring thermal performance, correlation between indoor and outdoor air temperatures, and 

parametric studies of the wall thermal mass (2.1.3.2.1, 2.1.3.2.2, 2.1.3.2.3).  

The second section comprises four subsections. Section 2.2.1 describes the thermal comfort models. 

Section 2.2.2 describes the climate and building context where the thermal comfort field-studies were 

performed. Section 2.2.3 describes the methods used for data collection and comfort metrics. Section 

2.2.4 focuses on the effect of high thermal mass and mechanical cooling on thermal comfort. This 

section is further divided into two subsections, covering the thermal comfort in air-conditioned spaces 

(Section 2.2.4.1) and high thermal mass buildings (Section 2.2.4.2). Moreover, Section 2.2.4.1 is 

divided into two subsections which explore the thermal adaptation to indoor temperature in highly 

conditioned spaces (2.2.4.1.1) and the mixed-mode comfort standard (Section 2.2.4.1.2).  
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Finally, the third section is divided into three subsections. Section 2.3.1 reports on modelling studies of 

windows use in homes; Section 2.3.2 on modelling studies of air-conditioning use in homes; and Section 

2.3.3 on the effects of air-conditioning and high thermal mass on occupant behaviour. Sections 2.3.1 

and 2.3.2 contain three subsections each, discussing: the climate and building context (Section 2.3.1.1, 

Section 2.3.2.1), modelling and data collection methods and predictors (Section 2.3.1.2, Section 2.3.1.3, 

Section 2.3.2.2).  
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2.1 Monitoring studies of summertime temperature in homes 

In this review the most relevant field studies that monitor the summertime thermal performance of 

homes are discussed. In general, longitudinal measurements enable an understanding of dynamic 

performance of dwellings when post-built and post-occupied. Research centred around residential 

building’s measured thermal performance in summer was mostly based on large sample sizes (i.e. 200 

and 46 homes respectively in [24] and [25]) and only one study which targeted natural ventilated social 

housing was found under a heatwave in this Csa Koppen climate  [29].  

 

2.1.1 Climate, socio-demographic and behavioural factors 

In general, besides construction age, the dwellings share some common features when monitored such 

as: climate [30] and weather conditions [29], location [31], building style features [29], control type 

[32] and demographic, society and income diversity. The most recent studies targeted summer thermal 

performance in large sample sizes of homes located in China (Nanning and Shenzhen – Cwa Koppen 

Climate) [31] and USA (Elisabeth – Cfa Koppen Climate, Phoenix - Bwh Koppen Climate) [32,33]. 

Only one study recorded the thermal performance in homes in a Mediterranean Region (Athens – Csa 

Koppen Climate) [29]. This is also the only study that recorded the thermal performance of homes 

during a heatwave in a Csa climate.  

The demographic and social diversity effects on indoor temperature is often explored alongside thermal 

comfort assessment. This information about the residents is obtained through questionnaire surveys in  

[32,34–37]. The low-income and vulnerable people are the population targeted in most of the reviewed 

studies [27,30,32,37–39].  

The most recent study that uses sensors to record occupancy, windows and air-conditioning use in detail 

alongside indoor temperature is [34]. Patterns of behaviour are often observed through interviews or 

questionnaires and used to interpret the results [23,31,32].  
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2.1.2 Aims and data collection methods of the monitoring studies 

Longitudinal measurements are commonly used in studies to account for the seasonal effect on indoor 

temperature and whether these conditions provide thermal comfort according to the standard for natural 

ventilated buildings [40] or determine overheating in summer [20]. The findings on thermal comfort 

using this methodology are discussed in Section 2.1.4. [12,23,41] attempted to further describe the 

relationship between the indoor and outdoor environment by modelling the indoor – outdoor 

temperature relationship using regression methods in free-running buildings and [31,32,42] in serviced 

buildings. Alongside monitoring, energy simulation is often integrated in the studies in order to predict 

the dynamic performance if retrofit measures were to be installed or to validate the energy model 

[23,27,43,44]. In this case, the outdoor and indoor environment and envelope thermal performance are 

measured in so-called “test days” which are characterized by free-running conditions with no occupancy 

[23,41].   

Large-sample sizes were commonly found in research studies which target residential buildings. For 

example: in [27] more than 200 homes in one month were monitored in the UK; 46 dwellings during 

one year in China [31]; 24 flats in three buildings in the USA (two conventional and one LEED - 

Leadership in Energy and Environmental Design) [34]. The most monitored parameter alongside air 

temperatures is relative humidity. The indoor air temperature and relative humidity were measured for 

long periods, typically between a couple of months covering a season [32,34] to years [31,38]. In 

[15,43–46], the mean radiant temperature (Tr) and also air velocity (Va) were monitored to assess 

thermal comfort. Some studies measure the surface temperature and use heat-flux meters to monitor the 

free running performance of the walls [45]. 
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2.1.3 Indoor temperatures - effects of air-conditioning and high thermal 

mass buildings 

This section describes the studies that focus on the effects of Air-Conditioning (AC) and high thermal 

mass buildings over summertime thermal performance. They aim to correlate the indoor thermal 

performance with the outdoor temperature when the buildings are used. The correlations were 

characterized by a small R2 (less than 50%) for homes equipped with AC and for high thermal mass 

homes when unoccupied. In order to improve the predictive power of outdoor temperatures, AC and 

natural ventilation use should be recorded alongside temperature. The boundary conditions – natural 

ventilation practices in [47] - were proven to hide the effect of high thermal mass on indoor temperature. 

In case of high thermal mass buildings, the studies also tend to assess through field monitoring the 

thermal performance of vernacular dwellings built with massive construction. They use adaptive 

comfort model to assess that the indoor temperatures are inside the comfort boundaries in traditional 

buildings. However, the applicability of these findings is limited by the case study approach (small 

number of houses) and the short period of measurement (most of the studies record “typical days” over 

a season) when houses are not occupied. This last feature is fundamental for the assessment of actual 

cooling performance of traditional buildings - when homes are occupied, the internal gains and lack of 

proper natural ventilation would increase the risk of overheating indoors. Therefore the question 

whether the high thermal mass has a beneficial effect on building thermal performance in summer is 

not well satisfied by the literature. Finally, parametric studies are discussed. They account for the effect 

of thermal mass in the building, which were found abundant but mostly focusing on the thermal mass 

of the external walls. Their aim is to quantify the extent of cooling potential of high thermal mass on 

buildings thermal performance via comparison with other heat proofing solutions (insulating the 

envelope, air-conditioning retrofit, etc.). Even though the energy models account for the boundary 

conditions interference on the thermal performance (weather, orientations, internal gains, etc.); they 

still rely on simple occupant behaviour models which might result in great discrepancies with the real-

world scenario. Furthermore, they do not account for the role of whole fabric thermal mass which might 
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be beneficial in the containment of cooling loads. Finally, no field studies were found that account for 

both the air-conditioning use and high thermal mass on indoor thermal conditions in homes. 

 

2.1.3.1 Correlation indoor and outdoor temperature in air-conditioned spaces 

In the last ten years, only three studies were found that develop indoor-outdoor air temperature 

correlations from longitudinally monitoring of temperature and AC use in residential buildings in 

climates characterized by hot (arid) summer [31,32,34]. These studies are summarized in Table 1 and 

described in this section.  

Table 1  Longitudinal field studies on thermal performance of homes equipped with air-conditioning which include at least 

one summer month/season. 

Ref. Location 

Control 

type 

Measured 

Parameters 

 

N 

homes 

Period Comment 

[32] USA MM Ta TC/OB* 46 1 M 

* self-reported – thermal perception and 

air-conditioning use 

[34] USA MM Ta OB* 24 6 M 

* measurements of occupancy, window 

and air-conditioning use 

[31] China MM Ta, RH, OB* 46 1 Y 

* self-reported - window and air-

conditioning use 

Cooling type: Air-Conditioning, Natural-Ventilation, Mixed-Mode; Measured Parameters: Occupant Behaviour, Thermal Comfort. Period: Year, 

Months, Weeks, Days. 

 

[31] targets the thermal environment and adaptive behaviours in a large-scale and longitudinal 

monitoring study of homes in different cities in China in five climatic zones. The research develops 

correlations between indoor and outdoor temperature and humidity for 46 homes with split-type air 

conditioners. They are used for 40% of monitored time for locations that recorded above 28 °C monthly 

mean air temperature. They found that indoor air temperature have strong positive correlation with 

outdoor air temperature in spring and summer; however, when outdoor air temperature rises above 30 

°C, the use of AC increases and the indoor air temperature profile assumes a horizontal trend and its 

mean does not exceed 30 °C. In these conditions, the lowest mean indoor air temperature recorded 
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relative to the summer conditions and each city, was found for hot summer climates (Nanning - Cwa) 

which suggests lower preferred temperatures (about 27 °C) and more intense use of AC. 

[32] examines the summertime indoor air temperature in Phoenix Arizona (USA) in 46 homes 

controlled by central AC. This location is characterized by a hot arid climate and ACs are commonly 

found in homes. The use of mechanical cooling is observed through questionnaires; the residents rate 

their frequency about the time air conditioning is on. This parameter has an average of 0.92 ± 0.22% in 

this sample. The study analyses: (A) the correlation between indoor air temperature and outdoor air 

temperature; (B) heterogeneity of indoor temperatures across households; (C) relationship between 

indoor temperature and income. (A) results show a low indoor-outdoor temperature correlation 

coefficient (r < 40%) averaged across households which is attributed to the use of AC. [42] attempted 

to study (A) objective in Texas where the percentage of homes using AC is very high (60%), and found 

a similar value as the Phoenix study which is r = 44.4%. However, this study does not account or record 

the difference in cooling use within homes. Indeed, the analysis of (B) showed that the indoor air 

temperature distributions across the sample results are heterogeneous despite the AC presence. Finally, 

analysis of (C) shows that the difference in indoor air temperature is not attributable to the income or 

electric bills diversity, but to comfort and preferred thermal conditions. It is also noticeable that among 

the explanatory variables to indoor air temperature variety, the researchers tested masonry against non-

masonry building types and found no significant difference; for this sample, therefore, the construction 

had no effect on indoor air temperature.  

[34] also described the relationship between indoor and outdoor temperature in 24 homes in 3 sites in 

Elisabeth, NJ, USA. They are characterized by various means of environmental control: windows, 

blinds, AC split units, mechanical ventilation. The magnitude of the indoor-outdoor air temperature 

correlation is weak, indicating that other parameters aside from outdoor temperature, are more 

important in explaining indoor thermal variations. Individual behaviours such as window and AC use 

have the strongest influence on the indoor temperature and their coefficients show that they explain 

much of its variation.   
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2.1.3.2 Building thermal mass, night ventilation and air-conditioning  

The thermal performance indicator of the building fabric under steady state conditions is the thermal 

transmittance (U-value). By introducing time in the heat-balance calculation of the building, the 

thermodynamic problem becomes more complex, but more representative of the in-use conditions. 

Materials absorb, store and release heat depending on the density, heat capacity, conductivity, and the 

duration and intensity of the thermal gradient across their surfaces. The thermal storage capacity of the 

fabric in a building is called thermal mass (or inertia) [48]. The effect of thermal mass of the building 

is the reduction of the fluctuation of indoor temperature by delaying the heat absorbed by the fabric 

after an initial excitation (for example, the diurnal outdoor air temperature fluctuations in hot summer 

climates).  

There are two main ways to account for the thermal effect of constant levels of mass in the fabric: (1) 

via the thermal admittance using the response factor [48]; or (2) the internal heat capacity [49]. 

(1) The thermal admittance method was first introduced in the 60s by [50] and integrated in the standard 

[49]. In essence, it is an analytical solution to the heat transfer problem in transient conditions which 

considers a sinusoidal excitation on one side of the envelope as a first order approximation of the 

real world diurnal outdoor temperature swing. Under these conditions, the thermal mass response 

is characterized by the variables: decrement factor (DF), time lag (TL), admittance (Y) and response 

factor (fr). The DF represents the change in the amplitude of the sinusoidal curve propagating 

through a building component; the TL is the time that takes for the peak of the sinusoidal curve to 

be manifested on the other side of the surface; the Y is the ratio of the heat flux of the sinusoidal 

excitation at the external surface of the building component to the variation of surface temperatures. 

The thermal mass of a space is accounted via the response factor which is the ratio between the sum 

of the total weighted admittance of a space with ventilation conductance, and the sum of the total 

weighted transmittance of a space with ventilation conductance.  

(2) The internal heat capacity is presented in the ISO 52016-1:2017 standard, and it focuses on the 

effective thermal mass that has a thermal zone, thus making it popular for simple energy 

consumption analyses. Here, the monthly energy calculation allows to account for thermal mass 
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using the thermal mass parameter (TMP) which is the multiplication of the internal heat-capacity 

(k) value with the surface area of the building component. The k accounts for the heat capacity of 

the building element that is thermally active in a 24-hour cycle. Thus, it only accounts for the 

thermal mass in the first 10 cm of the building envelope, measured from indoors to outdoors, or up 

to where the thermal insulation layer is placed (whichever is the smallest value). The sum of heat 

capacities of all building elements which are in direct contact with the indoor air, is the internal 

effective heat capacity of the thermal zone.  

These metrics account approximately for the transient property of the building and have been often used 

to provide a general qualitative classification for the thermal mass levels of any building. These methods 

assume that the thermal zone is subject to a sinusoidal excitation and internal gains are kept constant; 

however, in real settings these assumptions might not be met, therefore dynamic simulation tools for 

the thermal performance of buildings or/and real world measurements on test cells or real buildings are 

often used to represent rigorously the thermal exchanges across an envelope [51,52].  

Night ventilation is mostly associated with the thermal mass since it helps to discharge the excess heat 

released by the building fabric. This practice has been successfully implemented in buildings using both 

theoretical and experimental approaches [53,54]. Respectively using night ventilation, in [54] the 

cooling load was reduced by above 80% in offices with high thermal mass; in [53], through measured 

energy data, the total cooling load was reduced by 12-40 kWhm-2y-1 for residential buildings.  

Givoni [12,55] suggested that the cooling potential of night ventilation is maximized in desert and arid 

regions with a summer diurnal temperature fluctuation of 15–20 °C, and a maximum daytime 

temperature between 30 and 36 °C. Shaviv et al. [71] studied the interaction between high thermal mass 

and night ventilation on the peak indoor temperature in summer in the hot and humid climate of Israel 

(Nahariya, Geva Carmel, Tel Aviv and Gaza). The results showed that even in humid climates where 

the diurnal variation is lower (about 7 °C), the combination of night ventilation and thermal mass is an 

effective strategy for passive cooling - a decrease of from 3 to 6 °C in indoor temperature was achieved 

without air conditioning. However, extreme weather events and urban heat island effect minimize the 

diurnal temperature swing, which is required for night ventilation, therefore additional mitigation 
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measures must be coupled with high thermal mass and night ventilation to avoid indoor overheating. 

Another barrier to the efficacy of night ventilation and high thermal mass is that if this strategy is not 

operated correctly to discharge the heat stored by the thermal mass of the fabric then the building is 

likely to experience significant and long-term overheating caused by occupant behaviour [56]. This 

implies that the occupant plays an important role in the activation of the thermal mass cooling effect. 

Kubota et al. [57] demonstrated via survey in residential settings, that only around 10% of participants 

opened their windows during night-time because of the intrusion of insects (38%), security (35%), rain 

(22%), dust (18%), and air-conditioners (13%).  

Whenever the building is equipped with AC, the conditioning of the thermal zone air also conditions 

the thermal mass which can be “charged or discharged” at the convenience of the occupant. However, 

this effect of conditioning from thermal mass is not instantaneous and careful cooling load management 

and further cooling by natural means must be practised to avoid increasing the total cooling load [58]. 

Moreover, this process might be impractical for residential buildings. Indeed, the conditioned space is 

smaller compared to office buildings, and the activity types and occupancy differences might constrain 

the operational settings for cooling thermal mass. No examples of longitudinal measurements of high 

thermal mass with AC in residential buildings were found in field-settings.    

 

2.1.3.2.1 Monitoring studies of high thermal mass buildings  

In general, there are conflicting opinions surrounding the effects of thermal mass of the building on 

indoor air temperature. Thermal mass is a complex phenomenon, and its impact is affected by the 

boundary conditions such as the local climate and occupant behaviour. However, some researchers 

argue that increasing thermal mass in the building would reduce overheating risk. This argument is 

supported by numerous monitoring studies that target thermal comfort of massive buildings. They are 

vernacular buildings characterized by massive constructive elements (walls, roofs) in hot dry/mild 

summer climates that function as a heat-proofing strategy [14].  

In the literature, the studies that target massive vernacular buildings are either centred around the 

thermal performance of a single building component, which in most cases is the thermal mass of the 
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walls  [15,20,59]; or monitoring of post-occupied case-studies of vernacular  domestic buildings with 

high thermal mass [17,23,44,47]. Table 2 collects the studies published in the last ten years on thermal 

performance of vernacular homes with massive walls which include a measurement campaign in real 

settings under high outdoor temperature (summertime). The other studies that are referenced are either 

reviews or they cover two out of key features: residential buildings, summer season, high thermal mass, 

monitoring. 

In general, the studies have used small sample sizes and are set in European countries of Csa and Cfb 

Koppen climates [15,16,23,60,61], with one case study in Aw/As climate in India [47]. For example, 

[23] studies in detail each of eleven differently constructed buildings in France (Csa), [15] two 

dwellings in Italy (Csa), and  [47] two vernacular buildings in India(Aw/As).  

Indoor air temperature and relative humidity are the parameters that all studies have monitored. The 

period of measurements is usually limited to weeks or days for each season under typical weather 

conditions and unoccupied [16,62]. All the buildings studied were operated with passive measures of 

environmental control (natural ventilation, cross ventilation, etc.) or unoccupied. No case study was 

found that covers the measurements of vernacular buildings after being retrofitted with air-conditioning 

units (AC). Those studies that targeted the thermal performance of high thermal mass external 

envelopes under summertime conditions, included the measurements of the external and internal surface 

temperatures of the walls [15,16,23,43]. The most common wall-fabric materials found in literature are: 

brick [27,61], and stone and earth walls [16,20,44,59]. 

All the buildings in Table 2 are characterized by massive walls  and ceilings/roofs (label HW in table 

2) except those in [23,44] which are characterized by massive walls and wooden ceilings/roofs (label 

LW in table 2). In the studies of massive buildings (walls and ceilings/roof), the indoor air temperatures 

were lower when compared to other constructions with reduced thermal mass taken as a reference. The 

comparison is not performed under the same boundary conditions, therefore conclusions about the 

extent of the thermal mass effect are limited. The thermal performance was also compared to the 

adaptive comfort model for natural ventilated buildings to highlight that temperatures were in comfort 

ranges [16,17]. In the [44] study two rooms in the same building at different floor levels were compared. 
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The room beneath the roof was observed to overheat while the lower floor preserved temperatures inside 

the comfort ranges. Here, the boundary conditions of the room affected the thermal performance of the 

room and therefore reduced the effect of thermal mass. 

Worth mentioning but not included in the table, are: [27,60] which are two large sample size studies 

that included dwellings built before 1945 in UK, with 300mm brick masonry external/internal walls 

and concrete slab; and additionally [61] targeted dwellings built before 1919 in Belgium, with 215mm 

brick masonry external\internal walls and wood frame ceiling/roof. In these three studies, lower indoor 

air temperatures were found in summer which were attributed to the increased thermal mass compared 

to other construction types with reduced thermal mass of the internal/external walls.  

This review highlights the lack of monitoring studies centred on the thermal performance of residential 

buildings equipped with high thermal mass which can answer whether the thermal mass is really the 

dominant factor over indoor temperatures. Moreover, the studies that approach this topic use small 

sample sizes which limit the applicability of any finding.   

 

Table 2 Monitoring studies on thermal performance of  high thermal mass buildings (all vernacular homes with massive 

walls), which include a measurement campaign in real settings under high outdoor temperature (summertime). 

Ref. Location 
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f Measured  

Parameters 

Energy 

Modelling 

N 

homes 

Period Comment 

[23] France LW* 

Ta, RH, Top, Ts, 

Tout 

 11 1 Y 

Comparative study – 1 modern building as reference: 

observed lowest amplitude of daily variation of temperatures 

in summer for building with thickest walls;  highest 

correlation coefficients between indoor and outdoor 

temperatures for vernacular buildings (60% R2) and lowest 

for the modern case (10%). 

*Wooden floors\roof 

[47] India HW Ta, RH, Lux, Tout  2 1 Y 

Correlation indoor-outdoor temperatures in occupied high 

thermal mass buildings used to extend the thermal comfort 

zone to higher temperatures (upper limit 40.9 °C at 1 m/s).  
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[44] Italy LW Ta, Tr, RH, Va  2 rooms 6 M 

Observed temperatures in comfort range in the mid-floor; 

overheating in the top room (roof) due to the reduced thermal 

mass of the roof.  

*Wooden floors\roof 

[17] Spain HW Ta, Tout  3 4 M 

Comparative study – wooden house reference: observed lower  

indoor air temperatures and stronger linear correlation 

between indoor and outdoor temperature, temperatures within 

comfort ranges in higher thermal mass homes  

[43] China HW Ta, Ts, Tout  1 2 D 

Observed reduced draft rate and quasi-constant seasonal 

indoor temperature  

[20] 

Italy 

(Catania) 

HW Ta, Ts  2 rooms 17 D 

Observed overheating mitigation in high thermal mass rooms 

with sun-shading and night ventilation 

[15] Italy HW Ta, Tr, RH, Va Y 2 15 D 

Observed quasi-constant seasonal indoor temperature and 

within the comfortable ranges in summer.  

[63] Italy HW Ta, Ts Y 2 rooms 15 D 

Parametric study – increasing the insulation in high thermal 

mass settings, increases the overheating hours  

[64] Italy HW Ta, Ts Y 2 rooms 1 W 

Parametric study – increasing the thermal mass of the external 

wall reduces the overheating hours (high internal gains). 

[18] 

Italy 

(Catania) 

HW Ta, Ts Y 1 room 4 M 

Parametric study – reducing the thermal mass of the external 

wall increases the peak indoor daily temperature. 

Ceiling/roof thermal mass: HeavyWeight, LightWeight.. Period: Year, Months, Weeks, Days. 

 

2.1.3.2.2 Correlation indoor and outdoor temperature in high thermal mass buildings  

[17,47] studies have targeted the correlation between hourly indoor and outdoor temperatures using 

longitudinal measurements in high thermal mass buildings. This is an alternative method to predict the 

indoor temperature in high thermal mass buildings using longitudinal measurements. This approach 

was introduced first by [12] that investigated the effect of thermal mass through experimental chambers, 

and was adopted here for real-world settings.  

[17] monitored longitudinally the thermal environment of one prefabricated and two vernacular 

buildings in Spain. They were all monitored for about 15 days per season, the vernacular buildings were 

characterized by adobe (thickness 0.40 m, U-value 1.35 Wm-2K-1) and stone (thickness 0.50 m, U-value 

0.91 Wm-2K-1) and the prefabricated building was characterized by timber construction (thickness 0.05 
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cm, 2.38 Wm-2K-1). Only the timber building was occupied during the time of the measurements. The 

measurements show that thermal mass influences the indoor air temperature which was computed by 

the ratio of internal diurnal temperature fluctuation and the outdoor diurnal temperature fluctuation. It 

was found that the timber building had an average diurnal amplitude of indoor air temperature three 

times greater than traditional houses which is explained as an effect of the greater thermal mass of the 

stone/adobe buildings. Moreover, the relationship between the indoor and outdoor air temperature was 

computed for different rooms for each house; the traditional adobe and stone buildings were 

characterized by a weak correlation between indoor and outdoor temperature (R = 0.44 - adobe house, 

R = 0.28 - stone house). While for the timber house with occupants operating in natural ventilation 

conditions, outdoor air temperature was a relatively stronger predictor to indoor thermal environment 

(R = 0.75 - timber house). The traditional buildings were unoccupied during measurements; therefore, 

the comparison is not made under similar conditions and cannot indicate the relative advantage of 

heavier fabric on temperatures compared to the lightweight fabric. Indeed, as shown in [47], practices 

of natural ventilation might contribute negatively to the thermal performance of high thermal mass 

buildings. This study moreover did not account for the infiltration or difference in volume/geometry of 

the buildings, which might lead to false conclusions about the thermal inertia as the main character 

affecting indoor air temperature. Traditional buildings have greater ventilation volumes which help to 

reduce the cooling load by also the mean of air thermal stratification [23].  

[47] attempted to predict the indoor air temperature in two naturally ventilated stone walled (thickness 

= 0.34 m, 2.761 Wm-2K-1) and brick walled (thickness 0.30 m, 2.064 Wm-2K-1), both with concrete slabs 

as ceilings/roofs, residential buildings in India, knowing the simultaneous outdoor air temperature. The 

correlations were positive and characterized by strong R2 values (above 90%). The effect of thermal 

mass on indoor air temperature was found in hourly profiles where the amplitude of outdoor air 

temperature was reduced. Here, the increased R2 compared to [17] might have occurred since the 

buildings are operated with natural ventilation which hides the role of thermal mass on indoor 

temperatures. Moreover, the predictions of indoor air temperature were used to calculate the comfort 

zone for the composite climate of India where these constructions are widely used. It was found that for 
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these buildings the comfort zone extended to higher temperatures under the same air velocity (40.9 °C 

for 1 ms-1). The small sample size of the study and no occupant behaviour data does limit the 

applicability of the predictions and the relationship between indoor and outdoor temperature cannot be 

fully explained. In conclusion, by comparing the interaction between indoor and outdoor environments 

in buildings of different thermal mass, it is shown that natural ventilation might interfere with the 

cooling effect of thermal mass on indoor temperature peak reduction and delay. 

 

2.1.3.2.3 Parametric studies of wall thermal mass 

Parametric studies are carried out in order to compare the effect on temperatures of different thermal 

mass levels under same boundary conditions. Three recent studies have attempted to account for the 

extent of overheating mitigation by introducing more thermal mass in the building fabric [2,53,54]. 

[53,54] studies have modelled existing buildings with massive envelopes as a reference case. [53] 

proposed energy-efficient retrofit measures that preserve the summertime cooling effect of high thermal 

mass envelopes for Mediterranean climates [53] and tested them under high indoor thermal loads [54]. 

They both found that the retrofit scenario with the least number of overheating hours compared to the 

reference case (high thermal mass scenario) were those buildings with the mass exposed to the indoor 

air temperatures (insulated on the external layer of the envelope).  

Lastly, [18] tested the extent of thermal mass difference in an south-facing external wall between a 

massive basalt stone (thickness = 0.7 cm, U-value = 1.69 W K-1m-2 , DF = 0.02, TL = 18.69 h, Y = 5.18 

W K-1m-2) and hollow clay brick constructions (thickness = 0.3 cm, U-value = 1.019 W K-1 m-2 , DF = 

0.52, TL = 7.37 h, Y = 3.34 W K-1 m-2). The boundary conditions were set constant and the U-value 

kept constant (1.019 W K-1m-2) by introducing a layer of insulation which was placed on the inner 

surface and on the outer surface of the basalt wall. The hourly indoor air and surface temperatures were 

evaluated by comparison of the three scenarios (brick wall, internal and external insulated basalt walls) 

for a typical summer day in Catania, Italy. The hourly indoor air temperature of the basalt stone scenario 

with outer layer insulation was observed 0.7 °C less than the brick wall and between 0 to 0.5 °C less 

than the brick wall when the windows were opened at night. These findings show that the relatively 

higher thermal mass has a beneficial effect over indoor air temperature when compared to a brick wall 
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room. This is solely the contribution of one wall, while in real settings, the thermal mass of the fabric 

is greater given by the internal partitions and floor/ceiling exposed mass, which then might result in 

even greater air temperature difference. 

Worth mentioning is the simulation study of [8] where a residential building with low thermal mass 

was used as a reference. The fabric comprised a single block wall, insulated floor and steel-frame roof. 

A high thermal mass scenario was introduced by increasing the thickness of each building element and 

by exposing the mass to indoor air (maintaining the same transmittance as the reference case). The high 

thermal mass scenario was observed to have slightly higher mean indoor air temperature (0.27 °C) and 

significantly lower maximum indoor air temperature (about 3 °C) than the low thermal mass scenario.  

However, the characterization of the thermal mass in any type of building is more complex than just 

accounting for the wall contributions, therefore both approaches (field-monitoring and simulation tools) 

must be used.  

 

2.2 Summertime thermal comfort in homes 

In this section the field studies on thermal comfort in homes are described. Only recently have 

residential settings been explored to assess the validity of thermal comfort models. Moreover, hot 

summer climates and heatwave conditions have been explored in few field studies. Summertime 

conditions are solely explored in reference to the seasonal adaptation, however, tests under a heatwave 

condition and/or in a shorter than a season (monthly) timeframe that could assess the adaptive potential 

to sudden weather change or heatwaves have to date has not been performed. It follows that the 

longitudinal research design is more prevalent than the cross-sectional approach in literature.  

 

2.2.1 Thermal comfort models 

Thermal comfort is defined as the condition of the mind that expresses satisfaction with the thermal 

environment and is assessed by subjective evaluation [25]. Thermal comfort models are helpful for the 
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definition of the range of environmental properties at which people are most likely to feel comfortable 

in a building.  There are two main approaches to model human thermal comfort:  

1. the steady state approach by Fanger, developed in the 1960s [65];  

2. the adaptive approach by Nicol and Humphreys, developed in the 1970s [66].  

[65] studied the heat balance of the human body in climate chambers and defined an index - the 

Predicted Mean Vote (PMV) - which measures the mean thermal sensation vote of a population. When 

the index is applied to set the building design and operation, it generally results in narrow thermal 

conditions. Therefore, it has been mostly applied in conditioned spaces. 

Initially elaborated by Auliciems [67], the adaptive model was derived from two important experimental 

studies: ASHRAE’s RP 884 [68–70] and the European Scats Project.[66,71,72]. This model introduced 

the physiological (acclimatisation), behavioural (adjustment) and psychological adaptation (habituation 

and expectation) characters to the definition of thermal comfort. They demonstrated that people in 

buildings operated with natural ventilation are comfortable within a much wider range of temperatures 

than those predicted with the Fanger model. Therefore, given enough adaptive opportunities such as 

window interaction or clothing adjustments, a band of comfortable temperatures is more appropriate to 

derive the conditions at which an occupant feels thermally comfortable. The model predicts the comfort 

bands via a linear relationship with the prevailing outdoor air temperature, weighted averaged over 

recent days. The adaptive model is integrated into ASHRAE 55-2020 [25] standard and the European 

standards ISO EN 10551-2019 [73] and 16798:2019 [74].  

 

2.2.2 Climate and building context 

Adaptive thermal comfort models are based mainly on data collected from offices (ASHRAE-55-2004 

to 2020 [40]) so their applicability to other building typologies is poorly understood [75]. Among other 

sectors, the residential is especially underrepresented in comfort studies [75]. Domestic buildings have 

a composite character in architectural style, construction, operational mode, and furthermore their 

residents have totally different activities and adjustment possibilities [75].   
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Because the comfort models are derived from a range of mean outdoor temperatures between 10 and 

33 °C [76], field studies in extreme climates have been developed for the last decade to test and extend 

the applicability of the ASHRAE adaptive thermal comfort model [40] to other regions of the world. 

For example, the following studies were set in Australia [77], Iran [78], Libya [79], Nepal [80]. In 

Europe, the location with the hottest climate referenced in the ISO EN 10551-2019 standard is Athens, 

Greece - Csa Koppen reference [66]. The outcomes of each thermal comfort field study have been 

compared with the ASHRAE model. For example, in India (Aw Koppen climate) [81] monitored 

naturally ventilated flats during three months of summer conditions and found that the neutral 

temperature is about 29 °C and the comfort bands are between 26 and 32 °C, which is far higher than 

the limits established by the PMV model, 23-26 °C. In Jordan (Bsh Koppen Climate) [82] is first field 

study in refugee camps that was conducted, which demonstrates that the ASHRAE adaptive model is 

applicable and that the seasonal effect on thermal adaptation in extreme cold and hot-dry conditions is 

included in the comfort bands. Moreover, a study of residential buildings in Sydney (Cfa Koppen 

Climate) equipped with air-conditioning room units [75] showed that the ASHRAE model does 

underestimate the comfort zone for this hot-humid climate. However, all these studies tend to survey 

the occupants during typical weather conditions, no subjective evaluation of comfort conditions under 

prolonged exposure to heat waves were ever observed. This gap in the knowledge was previously found 

in Section 2.1 regarding just the indoor temperature studies. In summary, measured indoor temperature 

and self-assessed thermal comfort conditions are both unknown under heatwave conditions.     

2.2.3 Data collection methods 

The longitudinal data collection design is the most used strategy among thermal comfort field studies 

[83,84]. This technique monitors the same population for a long-time span in order to observe seasonal 

variations of comfort temperature bands and clothing insulation. The alternative design strategy to 

longitudinal surveys is cross-sectional studies which aim to survey wider population at once. They focus 

on the short-term thermal response and adjustments of the occupants [20,85,86]. This type of study has 

been performed in climate chambers and offices [87,88], however, it could be applied in real-settings 

to explain the thermal comfort driver to adaptive actions (e.g. air-conditioning switch, window’s 
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opening, etc.) and the effect of extreme and rapid change of environmental conditions on people’s 

thermal perception [89], or to the long-term exposure to the same environmental conditions [87]. These 

are all the gaps in the thermal comfort knowledge that might stretch the limit of thermal comfort bands. 

Thermal neutrality and acceptability metrics are often included to record the neutral temperature and 

derive the comfort bands from the logistic curve of un-acceptability - PPD (Percentage of People 

Dissatisfied [65]). The neutral temperature can also be derived by thermal preference which can be 

compared with the one derived from thermal sensation for validation purposes [36,76]. The Fanger PPD 

has been shown to under-estimate the acceptability to warm states for a population acclimatized to hot 

summers [90,91]. Therefore, the thermal acceptability vote is often used with the purpose of 

implementing Fanger’s PPD. The variables monitored are mostly temperature, relative humidity, air 

velocity, globe temperature. They are spot measured or alternatively monitored longitudinally as in 

[30,39].  

 

2.2.4 Thermal comfort – effects of air-conditioning and high thermal mass 

buildings 

In this section the most relevant findings in literature regarding the effects on thermal comfort of air-

conditioning and high thermal mass are discussed. AC presence has been associated with high thermal 

satisfaction of the residents. However, the relationship between the grade of satisfaction and the 

setpoints showed great discrepancies [32,34]. Behind this phenomenon, as well as the mismatch 

between neutral and setpoint temperature, is the thermal history of the people. The more people are 

exposed to heat, the more they tend to prefer cooler stimuli than neutrality [87]. Similarly, the [92] 

study has attempted to quantify the discomfort capacity of a person before switching on AC by 

combining temperature and time of exposure to discomfort range of temperatures. The exposure to cool 

environments, is similarly responsible for influencing thermal perception and physiology of the 

subjects. There has been an attempt to assess the change in thermal sensation given by an intense user 

of AC in residential buildings. They found that the sensitivity to temperature is reduced for intense users 
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of AC (more than four hours a day). Similarly, the work of [90] shows that the daily exposition of AC 

conditions affects the acceptability, preference regardless of the duration of use. Lastly, we cite the 

outcomes of the climate chamber experiment of [22], where the physiological response to a heat shock 

event of AC users are less acceptant of rapid change of temperatures. These findings over the adaptive 

processes in an AC controlled environment have not yet been tested in real settings. Here, the hypothesis 

that the different thermal history might affect the thermal perception and AC use can be validated by 

an accurate study of thermal performance alongside thermal comfort in buildings.  

For high thermal mass buildings, one study questioned the interference of thermal mass difference in 

thermal perception [93]. The comparative tests were carried out using SCAT datasets for European 

office buildings which includes a variety of thermal mass levels in the fabric and different cooling 

modes. The thermal mass was found to affect thermal sensation only under a Mediterranean climate 

and with natural ventilation. In this context, high thermal mass and natural ventilation have the highest 

cooling potential and when no other cooling strategies are adopted, it results in higher satisfaction of 

the occupants compared to people in lightweight buildings. However, the building types are all offices 

where the occupancy, activities and environmental control practices are different compared to homes. 

Therefore, a study which addresses the same question in residential settings might inform on the 

interference of high thermal mass with occupant thermal comfort and perceptions.  

 

2.2.4.1 Thermal satisfaction, pleasantness, and discomfort in air-conditioned spaces 

AC strongly influences the thermal quality and therefore comfort of any indoor space. It is 

recommended to use AC under extreme outdoor conditions to decrease the risk of heat-related issues. 

For example, the work of [89] studies the AC use patterns under the 2015 heatwave study in NY. They 

found that the use of AC is indeed associated with high thermal satisfaction under heatwave conditions; 

however, the lowest setpoints in the sample were assessed as no more or less beneficial than higher 

setpoint temperatures. This parameter is highly related to the different thermal acceptability and 

preference that people have when setting the operational mode of AC. For example [32,34] studies in 

typical summertime weather conditions showed that regardless of social and economic background, a 
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great variability in setpoint temperatures across households is found and it is most likely due to the 

users’ diversity in terms of their subjective thermal comfort experience (thermal history). In this regard, 

the [92] attempted to model the discomfort event to trigger AC use. They managed to infer the 

probability using a new metric which accounts for the discomfort intensity and the time of discomfort 

endurance period before AC is switched on. They found out that the comfort restoration is shorter but 

still proportional to the discomfort endurance period, and that the average discomfort capacity was 

found to be 13 °C per minute.  

According to the adaptive comfort theory, the seasonal adaptation to higher outdoor temperature in the 

summertime, results in a higher neutral temperature. When AC is used, the occupant can access to 

cooler temperatures which then can result in discrepancies between the preferred (setpoint) and neutral 

thermal conditions. In this context, the optimal thermal comfort conditions might be determined by the 

pleasantness of a cool stimulus in the summertime. In the rapid process of transitioning from a hot 

thermal stimulus to a cooler one (called thermal steps), which is given by the fall of indoor temperature 

due to the use of air-conditioning, the thermoregulatory load of the subjects is offset or countered. 

According to the work of [94], the subjects experiencing a thermal step in a climate chamber (hot to 

cold), have reported feeling comfortable at cooler than neutral thermal step, which is not adaptation but 

“alliesthesia”. Here, the occupants accepted lower temperatures because they considered them pleasant 

after feeling hot. On the other hand, they found that the exacerbation of the “hot” stimuli results in 

feeling unpleasant, confirming this is alliestehsia and not adaptation phenomena. The parameters that 

characterize the thermal pleasantness are both thermal comfort votes and anthropometric signals such 

as body-core temperature, skin temperature, etc. Furthermore, the empirical evidence in [95,96] 

supports that a pleasant thermal stimuli has spatial and time characteristics : temporal alliesthesia refers 

to a traditional whole-body pleasantness under transient sequential thermal exposure, spatial to in situ 

pleasantness due to local body exposure to a thermal stimuli. In [87], the season was introduced as a 

factor explaining whether it is the thermal history affecting the perception and endurance of cooler 

states. Indeed, they found that in summer the anti-adaptation response is experienced when the subjects 

are exposed to cooler states which are considered pleasant. It follows that if the AC is present in a room, 
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the more the subject is exposed to high temperatures, the longer and more intense (lower set 

temperatures) is the process to comfort restoration; the reason being the pleasantness of choosing cooler 

than optimal states to restore the thermoregulatory load.  

 

2.2.4.1.1 Thermal adaptation to highly air-conditioned spaces 

In general, the long-term exposure to thermal steady-state conditions induced by mechanical systems 

was found to influence the thermal sensitivity of occupants which lead to a shift in neutral temperature 

and narrower comfort bands [39,90,91,97,98]. This topic has been developed mostly for the heating 

season when excessive use of mechanical heating systems has shown to decrease the potential of 

adaptation to local cold climates. It is indeed relevant to mention [97] which studied thermal neutrality 

in a residential setting controlled by central heating, in the cold seasons (winter and spring) in China 

(Harbin – Koppen climate Dwa). They found out that the indoor air temperature was constantly higher 

than the thermal neutrality, therefore the spaces overheated; moreover, as the heating season progresses 

and so the exposure to “non-neutral” indoor air temperature, the thermal neutrality rose and the 

sensitivity dropped. The linear regression with indoor operative temperature shows that the difference 

between the field-data curve with the PMV model for steady-state conditions becomes smaller; the 

comfort bands become narrower. This finding aligns with other literature that focuses on heating season 

in different settings [91,99], which shows that the adaptation to prevailing indoor high temperature leads 

to a loss of adaptive capacity to outdoor thermal conditions, and an increased sensitivity to temperature 

drop.   

The work of [75] suggests that in residential settings where AC is present acclimatization to lower 

indoor temperatures may occur. Here, the comfort standards for Sydney residential buildings are 

assessed and they found out that the same indoor air temperature is perceived differently according to 

the AC use. Indeed, two types of occupants were defined: “intensive user” (above 20% operation ratio 

which is percentage of AC on hours over the total monitored hours) and “medium user” (lower than 

20%). The mean room temperatures corresponding to each thermal sensation vote was found to be 2 °C 

lower for intense users.  However, it is not possible to demonstrate the direction of cause between AC 
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use and cooler temperature exposure since they did not expand the investigation to occupied hours 

which limits any further conclusions on thermal history of the residents. The work in [90] studies 

commercial building settings in Brazil to investigate the effects of mix-mode operational conditions 

over the thermal votes of people with different thermal histories. Here, the difference was not significant 

when thermal sensation was compared across people who spend more than 4 hours a day in highly 

conditioned spaces and not; while the thermal acceptability and preference highly differ across groups. 

[22] demonstrates finally that the different thermal history of people living either in buildings operated 

with natural ventilation (NV - AC use shorter than 2 hours) or AC (more than 10 hours a day), would 

influence the physiological response to short “heat shock” events (thermal steps from 26 °C 45% to 36 

°C 45%, changed in one hour). The heat shock event is built in a climate chamber to investigate the 

resistive capacity that people to rapid changes of temperatures. The NV group resulted in greater ability 

to deal with hot environment than the AC group which was measured with differentials of physiological 

parameters such as skin temperatures, chest-feet differential temperature, etc. are monitored.  

Prolonged exposure to indoor air-conditioned environments affects occupants’ thermal acceptability by 

narrowing tolerance to high thermal states and the preference to cooler conditions (“no change” was 

never voted by subjects with AC history) when tested under mixed-mode operational conditions.   

 

2.2.4.1.2 Mixed-mode comfort standard 

Finally, the thermal comfort standards do not differentiate mixed-mode operational modes from fully 

air-conditioned. The work of [59], which uses the ASHRAE database II, showed instead that the thermal 

comfort conditions derived from mixed mode buildings assume similar trends to natural ventilated ones. 

Moreover, the expectations of the thermal environment were found to be similar to NV conditions 

despite the use of AC [60–62]. Ultimately, the role of the occupant is essential to characterize the 

operational mode of the buildings; either the occupant uses the AC as a last resort to restore comfort 

under extreme conditions or its use has a ramp up progression which affects in the long-term the thermal 

expectation of the users. It is not clear whether this process is reversible, but the promotion of passive 

cooling strategies could be possible and beneficial for energy savings.  
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2.2.4.2 Thermal comfort in high thermal mass buildings  

Thermal mass is found to significantly affect the thermal sensation and overall comfort votes. [93] 

attempts to test this idea using the thermal comfort votes from the SCATs project - the European thermal 

comfort model for free running buildings [66]. The dataset is divided into heavyweight and lightweight 

buildings to address the difference in construction thermal capacity, but it not accounted. Heavyweight 

buildings (HW) are found to be more comfortable than the lightweight buildings (LW) when operated 

with natural ventilated buildings in Mediterranean Climates. Here, the high thermal mass combined 

with night ventilation has the highest potential to reducing peak indoor temperature and provides cooler 

conditions than a LW [13]. Therefore, when the two groups of people are compared those in HW have 

higher thermal satisfaction compared to the LW people. Meanwhile, the AC buildings are not found to 

have a significant difference in thermal comfort due to thermal mass. This hypothesis that the occupants 

might not perceive the dampening effect in buildings without mechanical ventilation and cooling was 

advanced by [93]. This finding is related to the occupant behaviour which is important to restore the 

thermal capacity of the construction in summer otherwise the indoor air temperature is affected 

negatively by thermal mass [56].  

No other study attempted to account for the effect of prolonged exposure to the thermal conditions in 

high thermal mass buildings on occupant’s thermal comfort evaluation and no other relevant studies 

were found in residential settings. 

 

2.3 Introduction to occupant behaviour models in homes  

In this section the research practice on developing occupant behaviour models is summarized. Occupant 

interaction with building environmental control systems is defined as “Occupant Behaviour”, it directly 

influences the energy consumption. The most widespread control systems studied in scientific literature 

for homes are windows, shading, air-conditioning units, and radiators [100]. The current practise of 

building energy modelling typically assumes a fixed operation schedule or simple rule-based models 
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(such as windows opened when the indoor air temperature is higher than 22 °C [101]) for occupancy, 

windows, shading and artificial heating and cooling control to provide indoor comfort, ignoring the 

complexity of occupant action and preference which ultimately falsifies the energy performance 

prediction. In this regard, several studies have focused on developing stochastic models for windows 

and air-conditioning use and have implemented it in building performance simulations. 

Fixed schedules are a simple way to input the building performance simulation with occupant behaviour 

data. The schedules are created from the analysis of measured data; the clustering analysis is a method 

that for example has been used to identify typical patterns of heating behaviour in [102,103].  

Simple and multivariate logistic regression models are recurrent techniques used in rule-based models. 

They are able to model the complex (often simultaneous) relationships between occupant behaviour, 

time and environmental conditions [100]. This relationship has a probability S-shaped curve whose 

regression coefficients’ sign, size and scale evaluate the strength of the correlation and the hierarchy of 

effects which each predictor has over the outcome. However, rule-based models are not able to create 

new patterns of behaviour because they have the limitation of dependence on the original dataset 

[100,104,105]. In general, the application of stochastic models of occupant behaviour in building 

performance simulations reduces the gap between real and simulated settings and therefore predictions 

[106,107]. 

Monitoring and modelling the occupant behaviour in residential buildings is more complex than in 

offices due to the diversity of occupancy hours and activities of people [100]. Despite most studies’ on 

occupant behaviour focus on office buildings, the higher behavioural variety in residential buildings 

given by the diverse environmental control systems and strategies, has the potential to explore a wider 

range of explanatory variables and to improve the accuracy of the building performance simulation 

inputs.  

 

2.3.1 Modelling studies - window use in homes 

In this section the stochastic models of windows use in homes were discussed. A few gaps in literature 

were found regarding the windows use models: firstly, the climatic context where they were developed 
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is today very limited to north European countries and few studies in Asia (India and China [108–110]); 

secondly the house diversity is not contemplated as a predictor since all the studies were characterized 

by similar building contextual conditions. The operational mode and thermal mass diversity were 

discussed in Section 2.3.3. Table 3 shows the most relevant studies developed in the last 10 years which 

targeted windows use modelled with logistic regression using measurements or surveyed data of 

residential buildings, whose period of measurements includes one summer. The other studies that are 

referenced are either reviews or they cover two out of three of the key features of the current review: 

residential buildings, summer season, logistic model of stochastic behaviour.  

 

 

 

Table 3 Modelling studies using logistic regression to represent window use in homes; the used data is recorded via a 

monitoring/survey campaign in real settings which includes at least one summer. 

Ref. Location 

Cooling 

mode 

Modelled 

Behaviour 

Predictors  Used Data Period 

[109] China MM opening/closing 

Tout, RHout, Wind 

Speed and 

Direction, Ta, RH,  

CO2, PM2.5 

Time of the 

day, Season 

19 dwellings 1 Y 

[105] Denmark NV opening/closing Tout, Ta, CO2  15 dwellings 8 M 

[104] Germany NV opening/closing Tout, Ta, CO2, RH 

Time of the 

day 

60 flats 

 

4 Y 

[111] UK NV opening/closing 

Tout, RHout, Wind 

Speed, Solar 

Radiation, Ta, RH 

Time of the 

day, Season 

7 bedrooms 

 

1 Y 

[102] China MM position Ta, RH, CO2  10 homes 1 Y 

[110] India MM position Ta, Tr,RH, Va, Tout  107 households 20 D 

[112] India MM position Ta, Tout 

Time of the 

day 

45 flats 4 M 

Cooling mode: Air-Conditioning, Natural-Ventilation, Mixed-Mode; Period: Year, Months, Weeks, Days. 
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2.3.1.1 Climate and building context 

In general, data collected in residential buildings used for window models are set in northern European 

countries [104,107,111] characterized by cool summer climates, and most recently [102,103,109] were 

set in Cfa, Dwa, Dfb climatic zones of China and [112] in India which are characterized by tropical 

summer (Aw). It follows that window use behaviour models in residential settings do not reference hot 

summer climates such as the Mediterranean (Csa).  

A few cases of air-conditioned spaces were found in literature: [108,112] model AC use alongside 

windows and in [102,109,110,113] AC is present but not monitored or studied. Moreover, no study 

covered high thermal mass buildings. Section 2.3.3 discusses the effect of air-conditioning and high 

thermal mass on window use.   

 

2.3.1.2 Data collection and modelling methods 

There are two types of window predictions that can be modelled through probabilistic techniques: 

position (opened/closed) such those in [103,107,112]; action (opening and closing) such as those in 

[88,89,92,93]. The difference between position and action of a window is that the position is the 

concurrent state of window when recorded, the action is the instant when a window is opened or closed. 

Both simple and multivariate logistic regression techniques can be used to model the interaction of the 

occupant with windows. Opening and closing predictions are usually implemented via a Markov 

Process into simulation tools. This stochastic process allows the relationship of the current state to the 

previous one to be modelled, thereby modelling the window interaction as a dynamic process [114].  

Two types of data collection methods are used in this type of study: cross-survey data or longitudinal 

monitoring of windows. The window position models are derived from cross-survey data while the 

opening and closing models for windows are derived from longitudinal measurements. The period of 

monitoring varies from days [103,110] to years [102,115]. The minimum sampling rate of window state 

recording has been 5 minutes for a maximum of one state per season [102]. The minimum sample size 

is 10 windows, one per bedroom, monitored for one year in [111]. The maximum sample size found 

was in [104] which monitored 300 windows in 60 flats over a four year period. 
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The strength of the logistic models relates to its method which is able to include different event triggers 

which are separate from environmental factors. The sign of their relationship is either positive or 

negative, and the coefficients describe how the variation of the predictor influences the probability and 

the interrelation between predictors. Moreover, this approach creates the opportunity to compare 

different behaviour models and realistic operational modes in simulation tools; and replace the survey-

based models that are limited to representing an average occupant while the stochastic models can 

account for occupant diversity [61]. However, this method is highly dependent on the monitored range 

of the predictors therefore it is best to adopt longitudinal monitoring of the windows behaviour and to 

expand the field studies to different climates. Another weakness of these methods is their reliance on 

the occupancy assumption. Occupancy is extremely complex to monitor but setting a fixed occupancy 

schedule might affect the prediction by forecasting an event when nobody is at home [84]. The 

alternative methods to infer occupancy use sensing systems for CO2 concentration [105], radio 

frequency identification tags (RFID) and/or motion detectors sensors (PIR – passive infrared) [111]. 

However, these methods may raise privacy concerns and have been found sensitive to electromagnetic 

interference as reported in [114]. 

 

2.3.1.3 Predictors  

The parameters used to predict the window opening behaviour are indoor and outdoor temperature 

[34,91,97], air quality (CO2 and PM2.5 levels), relative humidity and illuminance levels 

[91,98,99,116]. The most influential predictors for window use are indoor and outdoor temperature and 

air quality. Moreover, outdoor temperature is preferred to predict the windows’ interaction since it is 

not directly affected by the use of windows [81]. Two studies were found [102,110] in the last 10 years 

where outdoor temperature was not a predictor to windows state or somehow correlated to the 

probability of opening and closing events. In the work of [102] the AC is likely to be used to mitigate 

indoor air temperature; indoor air quality is the most significant explanatory variable found for opening 

and closing events. Moreover, [110] shows with simple logistic regression that the most important 

parameter for determining the status of windows is the relative humidity and not the indoor or outdoor 



37 

 

temperature. The reason behind this is that the indoor relative humidity is the variable that affects 

thermal comfort in the particular climatic context of the study (Aw – Tropical Savanna Climate) and 

that the high indoor temperature and relative humidity are controlled by the use of ceiling fans or air-

conditioning.  

The time of the day [109,111,115] and the season [109,111] are the contextual variables most used as 

predictors in windows’ behaviour models. The time of the day is measured in hours and the season is 

treated as a categorical factor (“summer”, “winter”, etc.).  

Personal preferences for window operations are often included in models of offices. Users are usually 

categorized as “active”, “medium” and “passive” in their personal preferences according to the 

frequency and/or duration of opening [117–120]. In residential buildings instead, there is no 

differentiation of households in terms of their interaction frequency with windows. The quality of the 

environment (comfort metrics such as satisfactions and sensation) was questioned alongside the 

observations of window state in survey-centred data collection studies, but not used as a predictor 

[83,121].  

 

2.3.2 Modelling studies - air-conditioning use in homes 

This section discusses the most recent and relevant models of air conditioning use (switching off and 

on) in homes. These models target the predictive limits of energy simulation programs that currently 

assume fixed schedules and operating temperatures. The actions of switching on and off and the setpoint 

adjustments are the interactions least modelled and implemented in building energy simulations. No 

models of setpoint adjustments are found today for residential settings and a few cases represent the 

stochastic behaviour for cooling use which are described in this section. Table 4 summarises the key 

features of the air conditioning switching on/off probability models derived from residential buildings, 

including summer season. The other studies that are referenced are either reviews or they cover two out 

of three of the key features of the current review: residential buildings, summer season, logistic model 

of stochastic behaviour. 
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Table 4 Regression-based models of occupants’ interaction with AC in homes. 

Ref. Location 

Modelled 

Behaviour 

Predictors Used Data Comment 

[122] China 
Switch on/off * 

Ta, Occupancy, 

Activity 

3 households 

2 M 

* conditional 

probability 

[123] China Switch on/off Ta, Time of the day 

1 household 

2 M 

 

[124] Japan On status Tout* 

1 household 

1Y 

* Mean of the 

foregoing night 

[92] Korea On status Index* 11 flats 

* thermal dis-comfort 

capacity [K min] 

[125] Japan 

On status*,  

Switch On 

Tout, Ta 

5 households 

1 Summer 

* Probability shifting 

from on to on 

[126] Japan On status Tout, Ta 

120 households 

4 Y 

 

[127] Australia On status Tout 

42 households 

2 Y 

 

[112] India On-status Tout 

45 flats 

4 M 

 

Measured Parameters: Occupant Behaviour, Thermal Comfort. Period: Year, Months, Weeks, Days. 

 

2.3.2.1 Climate and building context 

The context of the AC modelling studies is mostly offices [100,114]; Table 4 collects the eight studies 

where the air conditioning usage was observed and modelled in homes. Two studies were set in China 

[122,123], three in Japan [124–126], one in Korea [92], one in Australia [127] and India [112];. None 

of the studies reported in the table come from a high thermal mass building; and no European examples 

were found that target air-conditioning use models in the last 10 years. Moreover, the hot Mediterranean 
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summer is a climatic condition that is driving air conditioning units’ retrofits in homes [24], but no 

relevant models are found in literature. 

 

2.3.2.2 Data collection, predictors and modelling methods 

The general hypothesis is that the probability of air conditioning being switched on rises with 

temperature. Indeed, the most used predictors are indoor temperature [122,123,125] and outdoor 

temperature [124–127]. [92,122] includes the subjective evaluation of thermal comfort as a predictor.  

The studies that model AC switch off probabilities are [122,125]. [122] relates switch off events to 

indoor air temperature and family ID. Therefore, the probability of a switch off increases with indoor 

temperature differently across family units which associate the action to a specific activity or sensation. 

This is the only model found that relates the action to indoor temperature. [125] models the AC switch 

off probability using the outdoor air temperature instead of indoor air temperature. This is due to the 

fact that the AC on state directly influences the indoor air temperature, therefore it is not an independent 

variable.   

The Weibull cumulative function is used by [122] to create a conditional probability model. However, 

this strategy needs to set a reference case which is: 0 probability of switch on event given when the 

indoor temperature is below 29 °C. This method, as argued by [123], is far from depicting realistic air 

conditioning use because it does not represent its thermal acceptability variation [92] and ignores the 

stochastic nature of the event. Therefore, [123] translates the logistic regression seen for windows and 

blinds usage to air conditioning switches and investigates the set point of air conditioning by a normal 

probability plot since the range of variation of recorded setpoints was very narrow. This single model 

was then introduced with a new methodology into an energy simulation programme to predict energy 

consumption resulting from occupant behaviour. The other switch on/off models of air-conditioning are 

based on simple logistic regression with either indoor or outdoor air temperature. The multinomial 

logistic regression model is found only in [125]. It is noticeable that whenever the proportion of ACs 

used was small, step-response functions were used to describe the correlation with outdoor air 
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temperature. Moreover, [125] applied the state transition probability function to predict switching on 

behaviour as an alternative to logistic modelling.  

The sample sizes were relatively small compared to window models and mostly adopted questionnaire-

based data collection. Three out of six studies were found to develop air conditioning models based on 

one household longitudinal monitoring [123,124,128]. The other studies observed the air-conditioning 

status in more than 5 homes; for example: 42 homes in [127], 11 in [92], 30 in [122], and 120 in [126]. 

Only two cases have monitored air conditioning use for one year (including heating), otherwise a 

minimum of three months were recorded [102]. The sampling rate of the longitudinal recordings using 

sensors was between 1 minute (using power meters) [122] and 15 minutes (using air temperature sensor 

located at outlet fan) [129]. [102,124] did not measure directly the use of AC but inferred it on either 

the indoor air temperature temporal gradient, or via the difference between indoor and outdoor 

temperature and absolute humidity. However, this method does not cover events occurring for a period 

of less than 15 minutes. The other studies used questionnaire-based data collection with a high 

frequency of acquisitions such as twice a day [127], and 5-min intervals [92]. Other building control 

systems are usually not monitored alongside the air-conditioning use. Only recently, the study of [126] 

proposed a model which predicts simultaneously AC and window’s state. For example, the 

[112,124,127] studies either model all control systems available using the same predictor or do monitor 

but do not use them. 

 

2.3.3 Thermal control - effects of air-conditioning and high thermal mass 

buildings  

This section describes the studies that focus on air-conditioning presence in occupant behaviour 

stochastic models. No studies were found that examine occupant behaviour in high thermal mass homes. 

For mixed mode spaces, no models were developed using the state of other thermal control systems as 

contextual predictors. The co-existence of other thermal control systems in the same space is not used 

as a predictor; however, when they are all monitored simultaneously the approach is to predict each of 
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them with the same independent variable. For example some works [108,112,126] predict the use 

ceiling fans, air-coolers and air-conditioners and they are found to be used in place of windows at high 

outdoor temperatures. However, this approach does not show how the magnitude of the correlation 

changes against the presence or absence of alternatives measured. This is especially important when the 

buildings are equipped with AC. The [113] indeed attempted to validate the window model developed 

in a Japanese University in a Switzerland building [113]. This has shown that the model is not 

transferable to the Swiss building and this might be caused by the air conditioning use in Japanese 

homes that affects the interaction with windows.   

The building construction characteristics were never used or tested as predictors in the models of 

occupant behaviour. These characteristics highly influence the indoor temperature and thermal comfort 

therefore among the main drivers to the use of windows and mostly air-conditioning. However, there 

are still no studies that consider a variety of building construction characteristics, such as high thermal 

mass and highly insulated buildings. Finally, no studies were found on high thermal mass buildings, 

regardless of control strategy.  
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2.4 Conclusion 

Climate change and extreme weather hazards have caused deaths due to heat related health issues across 

the world. People spend almost 80% of their time in homes which must preserve indoor thermal quality 

regardless of the outdoor environmental conditions. Among the strategies that prevent high indoor air 

temperature in summer are high thermal mass and air-conditioning. Occupant behaviour and climate  

are significant in influencing the effectiveness of these cooling strategies to preserve indoor thermal 

quality. Therefore, this review investigates summertime thermal performance, comfort and occupant 

behaviour in homes focusing on the effects of high thermal mass and air-conditioning.  

The review is divided in three macro sections: 2.1, 2.2, 2.3. In Sections 2.1 the most relevant literature 

and practice to study indoor temperature in homes in summer are summarized, and Section 2.1.4 further 

expands this review by focusing on the effects of high thermal mass and air-conditioning use on indoor 

air temperature. Here, it was found that indoor temperature in locations such as Southern Europe, which 

are characterized by hot summer conditions and are extremely urbanized and varied in building features 

are missing in the literature. The residential building centred studies are infrequent and lack longitudinal 

measurements, especially under heatwaves. Moreover, no study has targeted the effects of high thermal 

mass and air-conditioning units on indoor temperature in monitoring studies in this type of location. 

First, studying the effects of high thermal mass and AC is essential to assess the performance of  post-

occupied buildings using real-world experiments; secondly, they are extremely widespread in southern 

Europe therefore it is important to characterize the indoor temperature to provide further understanding 

on the relationship between outdoor and indoor thermal environments.  

Sections 2.2 describes the research findings on field studies of thermal comfort in homes; and Section 

2.2.4 focuses on the role of thermal mass and air-conditioning on thermal comfort. In Sections 2.3, 

2.3.1, 2.3.2 and 2.3.3, occupant behaviour modelling of window and air-conditioning use and finally 

the effects of air-conditioning and thermal mass on occupant behaviour are discussed.  

The residents’ thermal comfort adaptive capacity might be important to reduce cooling load under 

sudden changes of weather conditions or heatwaves; however, high frequency surveying of people 
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during a single season and/or under a heatwave to target the undergoing adaptive processes, is a novel 

area of study. The presence of AC was found to have no effect over the thermal comfort evaluation 

(whenever its performance is similar to naturally ventilated buildings), at the same time others authors 

have reported a significantly increase in the sensitivity to temperature rise/drop and narrowing the 

thermal preference and acceptability. This ambiguity is due to the lack of longitudinal measurements of 

temperatures and occupancy (thermal history) alongside thermal comfort survey data. The high thermal 

mass is not studied in residential settings.  

Moreover, the occupants’ behaviours in these settings are not characterized in terms of their adaptive 

adjustments using windows, shading and AC. No research has been developed to model the occupant 

behaviour in Mediterranean climate of windows and air-conditioners. Finally, the impact of high 

thermal mass and AC presence/absence over both thermal comfort and adjustments are untested in 

residential settings.  

Alongside health issues, climate change shift of temperature is most likely to negatively affect the heat-

proofing strategies’ effectiveness and increase the rate of AC retrofits and energy consumption for 

cooling globally. The condition of urban environments in Southern Europe presents an opportunity to 

investigate the combination of heat-proofing strategies, AC retrofit and people adjustments to provide 

thermal comfort, driven by high outdoor temperature.  
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3. Methodology  

 

This chapter is divided into seven macro sections. The first three sections describe the methods used in 

the data collection campaigns and the last four sections describe the methods used in the data analysis. 

The data collection campaign consisted of a longitudinal monitoring and survey campaign of the indoor 

environment, thermal comfort and occupant adaptive behaviour during the summer season in Italian 

residential settings. The campaign was completed in the period between 07/06/2019 and 19/09/2019, 

which includes the five heat health warnings and two heatwaves that occurred in the summer of 2019 

in Catania, Italy.       
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3.1. Ethics 

Before the study commenced, the EIRA form (Ethical Implications of Research Activity) was 

completed and approved by the research ethics committee of the Department of Architecture and Civil 

Engineering at the University of Bath. All participants signed a consent form at the beginning of the 

data collection (June 2019), where they were informed on the aim and tasks that the researcher would 

perform in respect of their privacy and security and agreed that their data would be confidential and 

stored in accordance with the Data Act 1998. It was stated clearly in the consent that they would be 

entitled not to answer any questions against their will and be free to withdraw from the study at any 

point.  

  

3.2. Sample, preliminary studies, sampling method, and 

instruments 

The population for this study consists of a set of 100 rooms all located in Catania, Italy. They belong to 

32 households distributed in 22 different blocks of flats. The urban settlement (Figure 1) where the 

buildings used in the study are placed, was built from 1890 to 1980. The construction techniques used 

differ in this time span. Before the 1960s the main construction material for internal and external walls 

was basalt stone. Later buildings were made with concrete structural frames and prefabricated clay 

hollow bricks assembled into walls. The rooms are categorized according to the construction character 

of the building’s they belong to. We can indeed distinguish two construction types: load bearing basalt 

stone walls (TM2); concrete frame with external and internal walls in hollow clay bricks (TM1). The 

ceiling/floors construction technique is hollow clay pot slab for both constructions; however, it is 

noticeable that the TM2 ceiling is covered with a false vault in gypsum and bamboo. Further details 

about the sample envelope thermal properties are described in Section 3.1.2. 
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Figure 1 Distribution of the monitored buildings in the urban area of Catania, Italy. 

 

The total number of rooms and flats for each construction group is 46 rooms in 14 flats in 15 TM2 

buildings and 54 rooms in 18 flats in 7 buildings TM1.  

 

Table 5 Sample 

Thermal 

mass 

N 

Flats 

N 

Residents 

Flat Area 

 (m2) 

Wall 

Thickness 

(m) 

Partitions 

thickness 

(m) 

Glazing 

ratio 

Usable 

floor room 

area 
Height  

(m) 

N Rooms 

(%) 

(m2) 
A

C 

N

V 

TM2 14 42 126.15 ±18.19 0.70±0.15 0.40±0.15 
0.15 25±1.51 

4.36±0.64 14 32 

TM1 18 35 103.57±19.85 0.30±0.05 0.08±0.05 
0.20 20±1.33 

3.10±0.08 29 25 

 

The average total flat floor area of TM2 is slightly higher than the TM1 group (Table 5). The standard 

deviation is similar across groups and is about the size of one bedroom (20 m2). The floor height for 

TM2 flats is 4.36±0.64 m, the ceiling is vault-type therefore the height of the key point in the vault is 

taken as the reference height. The floor height for TM1 flats is lower than the TM2, at about 3.10±0.08 

m, and the ceiling is flat. The thickness of external walls is 0.70±0.15 m for TM2 and 0.30±0.05 m for 

TM1 flats. The internal walls are load bearing structures for TM2 and their thickness is 0.40±0.15 m, 
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while those in TM1 have space-partitioning function and their thickness is 0.08±0.05 m. The flats are 

on the middle or top floors of 4 to 7 story buildings, and oriented “South-North” or “East-West”. The 

first floors were excluded since they were shielded by the trees, affecting the heating/cooling of the 

flats. The ratio of the glass area over the external wall gross surface is 0.15 in TM2 and 0.20 in TM1. 

All flats have balconies. The “French window” was the most common window typology in living 

rooms, kitchens and bedrooms. All windows are single-glazed, and the frame is wood for TM2 and 

aluminium for TM1. The shades are the wooden type for TM2 flats and external blinds in coloured 

aluminium for TM1 flats. Each window has curtains which are always kept closed for privacy and to 

mitigate the sunlight. Numbers of residents surveyed were 42 in TM2 flats and 35 in TM1 flats, their 

characteristics are summarized in Table 6.    

 

Table 6 Demographic characteristics of the residents 

 No. Subject Age (years)  

 M F Mean STD 

TM1 15 20 48.9 23.08 

TM2 12 30 42.0 15.95 

 

14 rooms in the TM2 flats and 29 rooms in the TM1 flat are equipped with air-conditioners (AC), as 

shown in Figure 2. The air-conditioning systems are split units and they were installed as post-

occupation retrofit measures to overcome summertime cooling loads. They are alternatively operated 

with mechanical cooling and natural ventilation. 32 rooms for TM2 flats and 25 rooms in TM1flats are 

only operated with natural ventilation.  
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Figure 2 Room example per category of thermal mass (left-TM2, right-TM1), both equipped with AC. 

 

3.1.1 Climate and weather in summer 2019 

The rooms were all located in Catania less than 2 km from the historical city-centre. Catania is a coastal 

Mediterranean city in Sicily (Italy), whose climate is classified "Csa" according to the Köppen Climate 

Classification ("hot dry-summer" - Mediterranean Climate). These climatic conditions are favourable 

for the maximizing of the cooling potential of the combination of night ventilation and high thermal 

mass according to the relationship found by Givoni [12] and Shaziz [13]. For these authors, the 

minimum daily temperature swing is 15-20°Cfor dry hot climates, and 7°Cfor hot humid such those in 

the Mediterranean region. The historical yearly average temperature is 17.5°C. The warmest month is 

August with an historical average temperature of 26.2°C [obtained from Sigonella Airport weather 

station whose data is stored in SIAS - Servizio Informativo Agrometeorologico Siciliano].  The month 

with the least precipitation is July with an historical average of 2.5 mm [Sigonella Airport weather 

station from SIAS]. The city is surrounded by the Etna volcano to the north, for centuries its eruptive 

activity has provided the basalt which is still among the most used construction materials in the Catania 

area. The population of Catania city is 311,584 inhabitants in 182.90 km2[130].  

According to the Civil Protection Institute for Sicily, five heat warnings were issued in summer 2019 

and two of them were heatwaves [131]. A heatwave is defined as a period of at least three consecutive 
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days in which the local heat health warning system forecasts a 2 or 3 level of risk [10]. The heat health 

warnings were issued during the monitoring period over the following dates: 

● Between the 07th and the 11th of June: level 1 of alert, maximum apparent temperature equals 

36°C;  

● Between the 26th and the 29th of June: level 1 of alert, maximum apparent temperature equals 

36°C;  

● Between the 02nd and the 10th of July: 1st heatwave on the 10th of July (level 2 of alert - maximum 

apparent temperature equals 41°C); 

● Between the 24th and the 31st of July: 2nd heatwave on the 27th of July (level 2 of alert – 

maximum apparent temperature equals 38°C); 

● Between the 1st and the 14th of August: level 1 of alert, maximum apparent temperature equals 

39°C;  

The second and the third heat health warnings were recorded across all of Europe as the hottest days of 

2019 [132], which in Sicily were recorded with land surface temperatures above 50 °C [133]. Heatwave 

conditions are a high heat-mortality risk that persist for three or more consecutive days and therefore 

social and health public services must be alerted. The predictions of heatwaves are local, and they are 

based on two models the predicted maximum apparent temperature (combination of temperature, 

humidity, wind speed and radiation absorbed by the human body) and the air mass (atmospheric 

conditions related to extreme heat mortality) models [134–136]. The inputs for these models are the 

meteorological predictions over a couple of days and the mortality relationship with apparent 

temperature. Both models are used to classify the level of risk in four categories: 0 – no risk, 1 – 

meteorological conditions with low risk for the population which may precede level 2 conditions, 2 – 

meteorological conditions associated with a risk for the population, 3- heatwave risk conditions persist 

for three or more days. The Italian national health system defines the heatwave risk in accordance with 

the WMO - world meteorological organization. [1,137] are the two heat advisories related to the two 

heatwaves occurred in summer 2019 issued by the local authorities; they are: “AVVISO DI 

PROTEZIONE CIVILE – RISCHIO INCENDI E ONDATE DI CALORE” N 139 and 159 respectively 
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issued on the 09/07/2019 and 25/07/2019. All heat advisories were emitted between one to three days 

before the forecasted date. 

 

3.1.2 Building thermal properties (transient theoretical behaviour) 

In this section, the thermal mass of the fabric of the studied buildings is assessed according to two 

methods: the admittance and the effective thermal mass and showed in Table 7. The input data for these 

calculations such as U-value, Y-value etc, are reported in Appendix 1. The classifications using the 

admittance [48] and effective thermal mass [74] methods are used to qualitatively describe the 

buildings. The terminology associated with the TM1 case is ambiguous since it refers to both light and 

medium weights, where weight is thermal mass. Consequently, the labels addressing the two 

construction methods and associated thermal masses (TM2 etc.), are used in favour of the 

aforementioned classifications. The only exception is that in this text the “high thermal mass building” 

term would be still adopted just to refer to the TM2 because conversely to the TM1, the classifications 

describe it consistently.  

Table 7 TM2 and TM1 room thermal properties - transient theoretical behaviour 

Buildin

g (1 

Room*) 

Glazin

g 

fraction 

Height 

Usable 

floor 

Area of 

the 

therma

l zone 

U Y 

fr 

 

(CV = 0.011  

W K-1) 

CIBSE GUIDE A 

Response Factor 
DF TL K’space 

ISO 

52016-

1:2017 

Internal 

effective 

heat 

capacity of 

a zone 

 % m m2 

W 

K-1 

m-2 

W 

K-1 

m-2 

  - h 
J K-1 

m-2 
 

TM2 0.15 5 25 
1.3

0 
4.64 4.32 

Slow Response 

Heavyweight 

0.0

4 
15.68 

436.8

6 

Very 

heavy 

TM1 0.20 3 20 
1.9

5 
3.49 1.79 

Fast Response 

 Lightweight 

0.3

8 
3.77 

162.4

0 
Medium 

 

 

Table 7 shows the theoretical transient thermal properties of an average room in TM2 and TM1. An 

average room was used as a reference for the calculation, it has one external wall and it is located in the 

intermediate floor (the ceiling borders another floor). The response factor (fr) and the areal heat capacity 

(k’space) were computed using the formulas 5.19 and 5.14 in [138]. There are two classifications that 

help us to understand the transient behaviour of the buildings. They are based on different levels of 
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thermal mass which are calculated from response factor (equation 5.19) and areal heat capacity 

(equation 5.14). The difference between the two metrics is that the areal heat capacity accounts for the 

effective thermal mass. It is defined regardless of the thermal stress on one surface of the building 

element (response factor), but it accounts for the thermally active depth of a building element - 10 cm 

when 24 h cycle is considered. The value of effective thermal mass does not differ whether the building 

element is exposed to external or internal air. This method is useful when the indoor thermal loads are 

expected to be significant, such as the case of a school; here, the indoor thermal loads would be absorbed 

by the mass exposed indoors which belongs to internal partitions and ceiling/floor [64,139]. 

The TM2 rooms are classified as having a slow thermal response. This implies that the construction 

would theoretically take 15.68 hours (TL) to release the heat stored under half of one 24 h cycle 

heatwave, which is returned with a decrement factor (DF) of 0.04. Moreover, the TM2 rooms have an 

aerial heat capacity which is above the default value for “very heavy” thermal mass (370 kJK-1m-2). 

This is the highest value of effective thermal mass given out of the five classes in ISO 52016-1:2017 

[74].  

 

The TM1 rooms are classified as having a fast-thermal response. This implies that the construction 

would theoretically take 3.77 hours (about four times faster than TM2 construction) to release the heat 

stored under half 24 h cycle heatwave, which is returned with a decrement factor (DF) of 0.38 (about 

nine times higher than that of TM2). Moreover, the TM1 rooms have an aerial heat capacity which is 

about the default value for “medium” thermal mass (165 kJK-1m-2). This is the third class out of five 

classes which implies that the TM1 case is not a truly “lightweight” construction because there are 

buildings with lower thermal mass such as “light” 110 kJK-1m-2 and “very light” 80 kJK-1 m-2 according 

to ISO classes. Here, taking the TM1 rooms as a medium thermal mass construction allows us to 

compare it with different building designs and a relatively broader range of constructions [64]  but it 

still requires the use of the admittance method to describe its behaviour under a rapid fluctuation of 

outdoor temperature, such as a heatwave.    
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3.1.3 Groups and sampling method 

The sample was categorised according to the building fabric thermal mass (TM2, TM1),  

the presence of air-conditioning (AC) or its absence (NV), for a total of four groups:  

ACTM2, ACTM1, NVTM2, NVTM1.  

In this study two types of data are used to evaluate the performance of the rooms: objective data obtained 

using sensors; and subjective data obtained using occupant-surveys. With three measured variables 

which are: room indoor temperature; frequency and duration of windows and shadings being opened 

and closed; and AC use. Two different types of subjective data were collected: thermal perception 

responses; and responses about the use of windows, shadings and air-conditioners with the reasons for 

their use (triggers).  

The sampling method is repeated measurements of the same group of rooms across the studied period. 

The size of the sample was determined by applying the power analysis shown in Table 8. The minimum 

number of data points targeted is 345 for each category which corresponds to a t-test between two 

groups, two tailed, with power 0.8 and small effect size, resulting in 1380 data points in total.  

Table 8 Power analysis - Sample size 

Significance level 0.05 

Power 0.85 

Size of the effect to detect (S) small 

N. of groups 4 

Statistical test 

t-test 

(two-tailed) 

Sample size needed 345 

 

This target number was achieved by involving a minimum of 5 rooms per group, which were studied 

under the same time and temperature conditions. In each room at least one person is recording the 

temperature, thermal sensation vote and occupant behaviour. The experiment is performed over 

summer, considered to consist of four months.  Thus, each room measurement had to be recorded at 

least 69 times in total.  By dividing the necessary number of measurements by the number of days 
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available, a minimum 18 consecutive days per month were established where the subject was living as 

normal in the home, in order to achieve the minimum number of measurements. 

 

3.1.4 Preliminary studies – role of thermal mass on indoor air temperature 

The TM2 and TM1 rooms were chosen based on the assumption that being TM2 constructed with higher 

thermal mass, the indoor air temperature would be significantly different compared with TM1 and 

expectedly lower. Indeed, among the underlined themes of the thesis, the base-line is how the heat-

proofing strategies (high thermal mass and air-conditioning) influence the thermal environment; since 

TM2 has high thermal mass, we would expect lower temperatures from TM2 than TM1. Even in free-

running conditions, this assumption might be invalidated by two factors. Firstly, the dynamics of heat 

exchange in real settings which is induced by a complex balance of heat fluxes which change in time 

and space across the thermal zone. Secondly, by the inherited construction differences of the two 

building types. For example, the TM2 differs from TM1 by: the volume of a room, which is almost two 

times that of TM1 (125 m3 and 65 m3 - Table 7); the cloister vault topping the thermal volume which 

might function as a collector of warm air (buoyancy stack ventilation effect); the infiltration rate which 

can be assumed to be higher for the TM2 because it is older and built with traditional construction 

technique.   

 

Figure 3 Preliminary study sample – nine (grey coloured) rooms longitudinally monitored from April 2018 to May 2019 
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Therefore, the assumption that air temperature differs significantly between TM2 and TM1 in free-

running conditions was targeted by a year-long monitoring campaign of indoor air temperature from 

April 2018 to May 2019. The longitudinal data collection methods are described in the Section 3.2, 

were employed to monitor nine south-facing empty rooms, five per TM2 and four for TM1 (Figure 3). 

The rooms belong to three different buildings which are located in the same street, oriented facing south 

and only the flats above the first floor were considered. The comparison is undertaken with t-test which 

is described in further Section 3.6. 

 

Figure 4 Seasonal distribution of hourly indoor air temperatures of nine free running  

TM2 and TM1 rooms during the monitoring period (April 2018 to May 2019) 

 

Table 9 t-test results between room groups hourly temperature distributions for each season 

 
Number  

of rooms 

Total number  

of  observations 

TM2 

Mean  

hourly indoor air 

temperature (Ta) 
 

TM1 

Mean  

hourly indoor air 

temperature (Ta) 
 

t p-value 

   (°C) 
 

(°C)   

Spring2018 9 1006 21.96±0.68 22.65± 0.56 -17.44 <0.0001 

Summer2018 9 4575 26.84±1.75 27.95±1.40 -23.60 <0.0001 

Autumn2018 9 3506 20.66±2.06 23.83±1.07 -57.10 <0.0001 

Winter2018 9 4798 19.05±1.57 18.94±1.86 1.67 0.09 

 

Figure 4 and Table 9 show the results of the preliminary study which involves the distribution of the 

measured hourly indoor air temperatures in the TM2 and TM1 rooms. The data is grouped by season in 

order to test whether changing the outdoor heat-stresses would affect the comparison. It is found that 
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the assumption in relation to the expected significant difference of indoor air temperatures in TM2 

compared to TM1 is validated across seasons and that the mean indoor air temperature in TM2 is lower.   

It is still difficult to isolate the effect of thermal mass over the indoor air temperature in real settings. 

Nevertheless, an attempt was made with simulation tools to answer whether the relatively higher 

thermal mass of the TM2 fabric is the dominant factor affecting the summertime indoor air temperature 

compared with TM1 in [18] study. This preliminary work was developed between the 2016 and 2017 

by the University of Catania master’s student (today the PhD candidate) in collaboration with the 

University of Bath [26]. The findings of the master’s thesis were implemented in [18].  

 

Table 10 Model inputs from [18] 

 

Base case building TM1 TM2 

Wall construction 

(external to internal layer) 

gypsum plaster, brick, air-gap,  

brick, gypsum plaster 

gypsum, external insulation - EPS,  

basalt, gypsum 

Glazing construction single glazed single glazed 

Floor Construction mortar, tiles mortar, tiles 

Ceiling construction plaster, concrete slab plaster, concrete slab 

Wall U-value (W/m2K) 1.019 1.019 

Glazing U-value (W/m2K) 6 6 

Ceiling U-value (W/m2K) 1.64 1.64 

Storeys 1 1 

Glazed fraction 16.33% 16.33% 

Internal partition gypsum, basalt, gypsum gypsum, basalt, gypsum 

Infiltration rate 

(validation parameter) 

0.25 AC/H 0.25 AC/H 

Lighting gains/Other gains /Occupancy 0 0 

Fixed Shading opening 

(validation parameter) 

25% of the glazing area 25% of the glazing area 

 

Here, the authors tested the thermal performance of a south facing room model simulated under a typical 

day in summertime in Catania, when the external wall was changed to represent TM2 and TM1. The 
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TM2 model’s air and surface temperatures of the external wall were validated against real 

measurements which were carried out in Summer 2016. In order to perform a pairwise comparison, the 

U-value of the TM2 external wall construction was changed by implementing an external insulating 

layer of 2 cm (λ = 0.04 W·m-1·K-1, ρ = 25 kg·m-3) to reproduce the same U-value of the external wall 

in the TM1 building. Moreover, the internal partitions were modelled according to the TM2 buildings 

and other parameters such as infiltration rate and window construction, were kept constant across 

scenarios (Table 10). The difference between the hourly peak indoor air temperature in scenario TM2 

(retrofitted with external insulation) and TM1 (wall – scenario) was about 0.7 °C in free running 

conditions and between 0 to 0.5 °C when night ventilation (windows open between 00:00 and 06:00) is 

applied in a typical summer day in Catania. Moreover, it is also noticeable that in Figure 9 page 50 in 

[18], Appendix 4, as soon as the ventilation was interrupted, the role of the wall inertia became 

dominating, and it follows the steep rise of indoor air temperature. 

 

Figure 5 Change in maximum and mean hourly indoor air temperature (Ta) from the base wall model TM1 

simulated from May to October with weather file of Catania164600 (IGDG)   
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We further tested the effect of thermal mass over a prolonged period (May to October) in Catania, using 

the same settings described in Table 10 and different simple ventilation scenarios which are referenced 

in [140]. Figure 5 shows the results of this test. Here, the largest difference both in maximum and mean 

indoor air temperatures between TM1 and TM2, is in free-running conditions. By introducing natural 

ventilation it is found that the relative difference between TM2 and TM1 is reduced. It is the minimum 

under the “Ta,22” scenario, and the highest under the “night ventilation”.  

From the results of this preliminary study it is likely that in free-running conditions, the thermal mass 

significantly affects the indoor temperatures; however, this advantage is reduced by windows opening 

behaviours. In conclusion, the assumption that the two constructions are differentiated by thermal mass 

which significantly affects the indoor air temperature, is validated by the tests using longitudinal and 

simulation data of TM2 and TM1 rooms.  

 

3.1.5 Instruments: IButtons, Enliten-pie, Heat-stress meter, Uni-directional 

anemometer, Motion and State sensors 

The instruments used were:  

● 17 air temperature sensor - IButtons DS1921G-F5 

● 44 air temperature sensor - IButtons DS1922L-F5 

● 45 air temperature and relative humidity - IButtons DS1923 

● 2 Heat-stress meters HT2000 

● 6 Heat-stress meters HT30 

● 1 unidirectional anemometer - 405-V1 TESTO 

● 12 occupancy sensors – HC-SR501 Passive Infrared (PIR) 

● 8 Magnetic switch HOBO UX90-001 

IButtons [141] are sensors with built-in memory that measure air temperature and/or relative humidity. 

They are employed for longitudinal measurements and the data is stored in a time-series format. They 

do not depend on a mains electricity supply and are not building-invasive due to their small dimensions. 

The sensors have a data enrolment option which can keep the early recordings in place of the newest 
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whenever the memory capacity is full. 106 sensors were used in total: 17 of type (a), 44 of type (b) and 

45 of type (c). The number of sensors were determined by the sample size and the availability of 

equipment. The technical characteristics of each type of sensor (a, b and c) are reported in Table 11. 

Table 11 IButtons sensor specifications 

ID Name Variable 

air 

temperature 

accuracy 

memory 

capacities 

sampling 

rate 

measurement 

ranges of 

temperature 

measurement resolution 

(a) DS1921G-F5 

air 

temperature 

± 0.5°C 2KB 

0     -

255Hz for 

-40 to 70°C 

 
the 8-bit 

measuremen

t resolution 

is 0.5°C, and 

0.00625°C 

at 16-bit 

resolution 

(b) DS1922L-F5 

air 

temperature 

± 1°C 4KB 

0     -

273Hz 

-40 to      85°C 

(c) DS1923 

relative 

humidity and 

air 

temperature 

± 0.5°C. 8KB 

0     -

273Hz 

-20 to 85°C 

0 to 100%. 

0.6% for 

the 8-Bit 

setting or 

0.04% for 

16-Bit 

 

Enliten-pi is a low-cost monitoring system of air temperature, relative humidity, illuminance and motion 

developed in the EPSRC-funded ENLITEN (ENergy LITeracy through an intelligent home ENergy 

advisor) project [grant number EP/K002724/1]. The system comprises a Raspberry Pi (RPi) 2 model 

which is powered by mains electricity or a battery. The RPi is programmed to record environmental 

and motion data simultaneously. The data is extracted in time-series format with a USB drive.  

This system was employed to record occupancy using a motion sensor of the HC-SR501 Passive 

Infrared (PIR) type. The presence of occupants was recorded every 5 seconds by sensing the heat 

emitted by infrared radiation of the body. The PIR sensor is effective over a 120° arc and between 0 

and 7 m. The number of sensors available were 12 RPis used in the project. Despite these sensors are 

widely used for occupancy recordings, they do not detect motionless occupants. In this case they might 

give “unoccupied” when occupied – “false negatives” [111]. Therefore, they are commonly placed in 

transitioning places such as corridors/halls [114].  

The heat-stress meters are spot measuring systems measuring dry-bulb air and globe temperature, 

relative humidity and wet-bulb temperature. They have one sensor for air temperature, relative humidity 

and wet-bulb temperature, and another one for globe temperature. Two types of heat-stress meters were 
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used: the HT2000 and the HT30 [142,143]. The total number of heat-stress sensors available was eight, 

two HT2000 and six HT30. The technical properties of the meters are shown in Table 12. The 

unidirectional thermo-anemometer measures indoor airspeed and air temperature. The anemometer 

used the TESTO machine type 405-V1 [144]. One anemometer was available and used. The heat-stress 

meters and the anemometer are spot-measuring systems which in this study were used to measure indoor 

environmental parameters to accompany the survey.  

 

Table 12  Heat-stress meters and unidirectional thermo-anemometer technical specifications 

Type 
Name Accuracy of 

Readings 

Measurement 

Resolution 

Operative Conditions 

Heat-Stress Meters 

HT2000 ± 0.08; ± 0.06 °C 0.01 °C 

0-50 °C; 0-80 °C; 

0-100% 

Air temperature 

globe temperature 

RH 

HT30 ± 1 °C; ± 3 °C 0.01 °C 

 

Unidirectional 

Thermo-Anemometer 

 

405-V1 TESTO 

± 0.3 - 2 m/s at 25 °C; 

± 0.1 - 2 m/s; ± 0.5 

°C 

0.01 m/s; 0.1 °C 

-20 - 50 °C 

 

Air-Speed 

Air temperature 

 

Magnetic switch technology was used to record the state of the window. It stores data whenever there 

is a change of the state from closed to opened in regard to the windows state. The state is monitored 

through magnetic contact which indicates the closed status when the two surfaces touch. The HOBO 

UX90-001 State Data Logger [145] was the sensor used in the study [105]. There are two components 

of the machine: one datalogger with one magnet, and the other one with the other magnet. They do not 

need mains electricity to operate, battery life is one year under normal usage conditions. The reading 

occurs for each change in the state, and it is stored and extracted as a time-series. The time resolution 

of the measurement is 1 second; the accuracy is ± 1 minute per month at 25°C; the operating conditions 

are -20 to 70°C and between 0 to 95 %. Eight HOBOs were available and employed in the data 

collection campaign.  
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3.3. Measurements 

Longitudinal monitoring for air temperature, relative humidity, occupancy, and window and air-

conditioning usage were employed. In addition, spot measurements were used to record air temperature, 

globe temperature, air velocity and relative humidity used for the thermal comfort analysis. All 

measurements were completed in the period between 07/06/2019 and 19/09/2019. It is important to 

notice that the number of sensors available was not sufficient to monitor all parameters simultaneously 

in each room and households. Therefore, the highest number of longitudinal sensors were allocated to 

those households that were occupied all summer; the spot sensors were given to different group of 8 

families at each survey campaign (18 days). The difference in the monitoring strategy is based on the 

difference in objectives: the spot measurements objective is the highest number of occupants’ thermal 

comfort and behaviour; the longitudinal measurement objective is the longest rooms’ timeseries of 

temperature. The only exception was the use of the windows’ sensors because they were intended to 

monitor the highest number of windows in the sample. The reason behind this choice was that the 

sensors became available late in the project, therefore their data was aimed to validate the surveyed 

positions of the windows.  

 

3.2.1 Longitudinal measurements 
The indoor dry bulb temperature (Ta, °C) and relative humidity (RH, %) were measured every 20 

minutes with type (a) and (b) IButtons. The sensors were placed in at least one living room and bedroom 

per flat (Table 13), and for households with high number of occupants, additional rooms were included 

such as a second or third bedrooms (bR1,bR2, bR3, …), a dining (d), living (l) and studio (s) rooms. In 

some cases, low-occupancy and unoccupied rooms were measured and addressed in Table 13 as (e). 

The air conditioning outlet temperature was recorded by type (c) IButton, sampling every 20 minutes. 

Two units were targeted per home, one in the living-room or kitchen and the other one in the bedroom 

if available. It was placed on the horizontal louvre of the unit. The occupancy was recorded in 12 homes 

via HC-SR501 PIR infrared motion sensors, sampling each 5 seconds. The window opening state was 

recorded in 24 windows in 12 flats, for 6 days each, from the 25/08/2019 to the 19/09/2019. 8 state 
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sensors of the HOBO UX90-001 type were employed. The state sensors were installed on openings that 

inhabitants used most often when ventilating the dwelling. In order to monitor as many windows as 

possible, the 8 sensors were moved every 7 days from one flat to another one. The preferred windows 

were those in living or dining rooms and bedrooms.  

Table 13 Room location of sensors 

Household ID Room thermal mass  Room monitored 
AC 

monitored 

Windows 

monitored 

Occupancy 

monitored 

1 

 

TM1 b, e b b b 

2 TM2 b, d b b, d b 

3 TM2 b, bR, d, l b b, bR l 

4 TM2 b, bR, bR1, bR2, d, l, s bR2, s b, bR, d, l l 

5 TM1 b, l, e b, l b, l l 

6 TM1 b, bR, l bR, l, b b, l l 

7 TM2 b, d l l l 

8 TM2 b, bR, l l, b, bR b, bR, l   

9 TM1 b, l b, l l   

10 TM1 b, bR, l b, l   l 

11 TM2 b, e, d, l l   l 

12 TM1 b, bR, d d     

13 TM2 b, l, s s     

14 TM2 b, bR, d   b, l l 

15 TM2 b, e, d, l   l l 

16 TM1 b, l   l l 

17 TM2 b, l   ll l 

18 TM1 b, e, l     b 

19 TM1 b, bR, bR2, d, e, k, l     k 

20 TM1 b, bR, l     l 

21 TM1 b, l     l 

22 TM2 l     l 

23 TM2 b, bR, bR2, d       

24 TM1 b, bR, d, e       

25 TM1 b, l       

26 TM1 b, l       

27 TM1 b, k, l       

28 TM2 b, l       

29 TM1 b, d, l       

30 TM2 b, l       

31 TM1 b, e       

32 TM1 b, d, e, k, l, s       

second or third bedrooms (bR1,bR2, bR3, …), dining (d), living (l) studio (s) empty (e) rooms 
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3.2.2 Spot measurements 
The spot measurements were carried out with 8 heat stress meters; Extech HT30 and HT200 models; 

and the Testo 0560 4053 Stick Thermo-anemometer. The measurements were taken from 15 to 25 

minutes while the occupants filled out the questionnaire in the room. The heat-stress meters were 

provided to eight families to undertake the measurements by themselves. The thermal diary (explained 

in the Section 3.3.1) included the protocol of measurements translated in Italian on the first page. The 

protocol of measurements was ensured to be understood and applied at any visits or calls of the 

researcher. The thermo-anemometer was used by the researcher during the visits to the homes that had 

only one occupant and agreed to be visited often.   

All instruments were tested in a climate chamber and in an office environment against calibrated swema 

kit [146]. This is a microclimate kit that has air-velocity, relative humidity and dry-bulb temperature 

sensors. All sensors’ clocks were set to the local time zone in order to be consistent with the time at 

which the questionnaires were completed. Moreover, before and at the end of each placement or survey 

campaign, all sensors were validated against the heat-stress meters. All instruments and measurements 

protocol were carried out in agreement with the following standards: UNI EN ISO 7726:2001, UNI EN 

ISO 7730:2005. 

 

Figure 6 Schematized locations of the sensors (red) in the field settings; 

 the grey rectangle – furniture, top right - AC, blue – window. 
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3.2.3 Pre-processing of longitudinal data 

All time-series are stored under local time (CEST – Central European Summer Time, 2 hours ahead of 

Greenwich Mean Time) and were named with the household ID, following one letter for the type of 

room in English, e.g. “l” for “living room”, and then the type of monitored variable which is either 

temperature (-t), relative humidity (-h), air-conditioning (-c), occupancy (-o) and window state (-w). 

The data is collected every two weeks. 

The first step was to create one file for each room; therefore, the different time-series files were 

concatenated according to the datetime index and the type of data. The second step was to find the 

outliers in the temperature datasets by checking the maximum and minimum values in each room.  

Then, two datasets for indoor room environmental conditions were created, one with a sub-hourly time-

step which is used to record the state of air-conditioning, and another one with an hourly time-step 

which was created by resampling the readings and taking the mean of the values. 

The air-conditioning unit time-series were further manipulated in order to assign the “state” of the 

machine: switched on (1) or off (0). The difference between two consecutives sub-hourly outlet 

temperature readings was computed. It was assumed that if the difference was more than ± 5 °C, the 

air-conditioning was switched on or off. This assumption is validated by comparing the status of air-

conditioning derived from outlet temperature, with the status based on the method of [123]. In this 

study, the indoor air temperature drop/rise difference of consecutive readings is computed and the air-

conditioning is assumed switched off/on when the difference is major/minor 3 °C. Whenever available, 

the self-reported data was also used to validate the air-conditioning status. The final dataset comprises 

a time-series with assumed air-conditioning status, outlet and indoor temperature (Table 14). 
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Table 14 Example line from the dataset of air-conditioning usage 

Date/Time Outlet Temperature 

°C 

Indoor Temperature 

°C 

Status 

 

02/08/2019 19:00 29.62 28.58 0 

02/08/2019 19:20 29.62 28.58 0 

02/08/2019 19:40 29.62 29.08 0 

02/08/2019 20:00 29.62 13.07 1 

02/08/2019 20:20 29.12 11.06 1 

02/08/2019 21:20 28.12 10.56 1 

 

The window state and the occupancy recordings were reported as collection of timestamps of the new 

position and occupant movement. The final dataset was generated for each variable by concatenating 

each room as a column and using the same time-series. Each room was then re-named with the room 

group ID (e.g. ACTM2).  

 

3.4. Survey 

Each participant had a personal diary where they were asked to answer the same questions twice a day 

with sunlight (before 20:00) and without (after 20:00), in order to get varied conditions of indoor and 

outdoor air temperature and occupant activity. In compliance with ASHRAE 55, the occupant was asked 

to wait 20 minutes at rest before filling in the questionnaire and recording the spot measurements. The 

number of participants was at least 50% of residents of each household. The people that were spending 

more time at home and could drive behavioural changes in the view of environmental control were 

preferred. Every week the number of subjects changed due to the different availability of the people 

who left their homes to go on vacation somewhere else. The thermal diary was carried out for short 

periods such as 3 to 5 consecutive days a week and for a total of 18 days every summer month. In order 

to avoid fatigue in the respondents, 10 to 15 days per month were not surveyed. This period 

corresponded to very low occupancy at home or when no heat health warnings were issued. The process 

of surveying was done by the participants in complete autonomy. The researcher supervised the first 
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and the last survey of each thermal diary (3 to 5 days consecutive autonomy). The answers were checked 

with the researcher to verify that the information provided was clear and the data understandable. All 

the households were contacted by the researcher via phone calls and text messages to plan for the visits, 

data collection and provision of the thermal diary. This approach allowed the researcher to get notified 

rapidly on the feasibility of visits and continuity of the occupancy. While the researcher surveyed 

personally those households that were difficult to reach via phone calls and text messages.  

Although the study only covered a single summer, a large range of air temperatures could have been 

monitored thanks to the five heat warnings periods and two heatwaves and to the diurnal changes. This 

strategy allowed us to develop a database for each house between 6 to 10 votes every week. The final 

dataset had over 1000 votes and a range of indoor temperatures between 19 to 35 °C. 

 

3.3.1 Questionnaires 

Thermal comfort and occupant behaviour were monitored with a questionnaire administrated by the 

researcher. The procedure for this consisted of each occupant filling in the questions in a short time 

frame. All the questions were designed to be completed in 5 minutes in order to reduce the risk of 

participants leaving the study because of fatigue. The total number of questions is twenty-three, they 

are divided according to: contextual variables (1), thermal votes (2), windows, shading and air-

conditioning usage (3), spot measurements of indoor air temperature, relative humidity, mean radiant 

temperature and air velocity (4). The contextual variables in section (1) are time, room, clothing, 

activity, either weather forecast outdoor temperature and relative humidity or perceived wind presence. 

The thermal votes in section (2) are based on the 7-point scale thermal sensation votes of ASHRAE 55, 

5-points of thermal preference, 2-points of thermal acceptability [UNI EN ISO 16798:2019]. The 

variables within section (3) are: air-conditioning state (on or off), open questions over duration and 

driver of the present state. The last section comprises the spot measurements of air temperature, mean 

radiant temperature and air velocity when available. The typology of the answers was: multiple choices 

and open.  
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The questionnaires were created in English and translated by the researcher into Italian. At the time of 

the survey creation, only one Italian translation of the ASHRAE 55 comfort questions was available in 

the scientific literature [147]. Therefore, the comfort votes’ questions were compared with existing 

translations to Italian. The recent work of [148], proposes a translation that match with the one adopted 

here. On the other hand, no reference was found in the Italian language. Therefore, a prototype of 

occupant behaviour questionnaire was created in Italian which consisted of questions on windows, 

shading and air-conditioning use. The questions were created and translated by the researcher. Their 

comprehension was tested with a small subsample of the recruited population. A preliminary survey 

was carried out a few days before the start of the survey campaign (from 07/06 to 11/06). Nine families, 

in total 25 people, participated in the pilot questionnaire. The families chosen were already participating 

to the monitoring campaign of temperatures described in section 3.1.4 Preliminary studies – role of 

thermal mass on indoor air temperature. The subjects were considered suitable to test the 

comprehensibility of the questions because representative of a variety of age, education level, and 

gender which then characterized the main study sample. Alongside the thermal diary, a protocol of 

measurement page and an commentary on the questions’ comprehension were asked to be read and 

filled in. In so doing, the questions, protocol of measurements and the timings of the data surveying 

were tested.  

At the end of the first three days of measurements the subjects reported that the main issue was the 

comprehension of shading position. The improvement made on the questionnaire were to note that 

“open” shading is the position conventionally required to daylight access. No other modifications were 

needed. It is important to stress that the process of supervising each first and last page completion of 

the thermal diary was important to guarantee and track the comprehension of the questions. The English 

and Italian versions of the questionnaire are presented in Appendix 2.  
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3.3.2 Pre-processing of survey data 

The survey was in Italian and was given to the participants in paper form. The answers were reported 

from the questionnaires to an excel sheet. Each questionnaire was identified by entering the main 

contextual variables: occupant’s name, age, gender, employment; room, time and day and room’s 

groups, either: ACTM2, ACTM1, NVTM2, or NVTM1.   

The answers to the thermal comfort section of the questionnaire were translated into categorical 

variables according to the ANSI/ASHRAE Standard 55-2020. Table 14, Table 16, Table 17 report 

respectively the Thermal Sensation Votes (TSV), Thermal Preference Votes (TPV) and Thermal 

Acceptability Votes (TAV) translations and numerical metrics. 

Table 15 Thermal Sensation Vote (TSV): ASHRAE 55 scale, English and Italian translations. 

Numerical 

scale 

-3 -2 -1 0 1 2 3 

English Cold Cool Slightly fresh Neutral Slightly warm Warm Hot 

Italian  Molto Freddo Freddo Leggero freddo 

Ne caldo, ne 

freddo 

Leggero caldo Caldo Molto caldo 

 

Table 16 Thermal Preference Vote (TPV): ASHRAE 55 scale, English and Italian translations. 

Numerical 

scale 

-2 -1 0 +1 +2 

English Much cooler cooler No change Warmer Much warmer 

Italian 

Estremament

e piu’ fresco 

Piu’ fresco 

Nessun 

cambiamento 

Piu’ caldo 

 

Estremament

e piu’ caldo 

 

Table 17 Thermal Acceptability Vote (TAV): ASHRAE 55 scale, 

English and Italian translations. 

Numerical scale 1 0 

English 

Acceptable : 

YES 

Unacceptable : 

NO 

Italian Accettabile : SI 

Non accettabile: 

NO 
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The metabolic rate (MET) and clothing insulation values (Icl) were estimated using the “Table 5.2.1.2 

Metabolic Rates for Typical Tasks” and “Table 5.2.2.2.A - Clothing Insulation Icl Values for Typical 

Ensembles” in the ASHRAE 55 standard. The MET is based on the subject’s activity observed during 

the 15 min prior to the start of the questionnaire, and their self-reported clothes.  

The occupant behaviour section has one closed question which refers to the position of window, blind 

and air-conditioning; and three open ended which are:  

● the reason behind the current position or status of windows, shadings and air-conditioning 

● the duration of the position/status 

● the set-point temperature of the AC 

The position of the window and shadings is either open or closed, and the status of the air-conditioning 

unit is switched on or off. The open and on cases are recorded as 1 in the excel sheet and closed or off 

as 0. The duration is expressed as the number of hours and minutes since the last state or position change 

of the system. This information was recorded as it was in the excel sheet. It is important to stress that 

the questionnaires reported local time reference. The precision of the self-reported duration of the state 

was assumed to be higher whenever the reference was less than 24 hours; in other cases, it was created 

a single category for duration which specifies a minimum of a day of duration of the current state. 

The “trigger” or “driver” is the reason behind the occupant choice for the concurrent position or state 

of the window, blind and AC systems. This is an open-ended question because the answer could involve 

any number of factors, or unforeseen events can occur. The participants’ answers were categorized 

according to the triggers and predictors found in precedent studies [110,112], and also by creating new 

categories such those given by Table 18.  

Table 18 Trigger categories introduced from field observations. 

Category Explanation 

“Natural cooling” 

the natural ventilation employed to access 

cool outdoor temperature 

“Maintain indoor cool” 

the intention to preserve the indoor 

temperature 
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The answers were first pre-processed by dividing them into “sentence” and “word” type. The closest 

category to the meaning of each “sentence” was used. To detect and resolve any ambiguity in the 

meaning of words, it was necessary to consider both the state and reason simultaneously for the “word” 

type in the trigger categories. For example, the word “light” was reported either to justify the closed 

and open position of the shadings. However, the underlined intention is different; “glare” is the reason 

behind closed shadings and “natural lighting” is the reason to open them.  

 

3.5. Operative Temperature, PMV and PPD 

In the appendix A of ANSI/ASHRAE Standard 55-2020, the operative temperature is defined as “the 

uniform temperature of an imaginary black enclosure, and the air within in it, in which an occupant 

would exchange the same amount of heat by radiation plus convection as in the actual non-uniform 

environment”. The operative temperature is computed by the formula: 

 

  

Where Tr is the mean radiant temperature, Ta is the air temperature and Va is the air speed. The globe 

temperature (Tg) is used in place of mean radiant temperature. This assumption is standard practice in 

comfort studies, it was used to derive the adaptive comfort theory in [149]. Whenever the radiant 

temperature is not available, the operative temperature is assumed to be equal to the recorded air-

temperature, in agreement with previous studies [22,37]. The air-velocity was assumed of 0.1 ms-1 

whenever missing in the dataset. This value is commonly assumed when studying indoor environments 

[UNI EN ISO 16798:2019]. The predicted mean vote (PMV) is estimated by the following equation 

given the air hygro-thermal conditions of: Ta, Tr, Va, relative humidity (RH). and metabolic rate (M), 

and clothing thermal resistance (Icl) which are represented in the “L”, personal thermal load. 

 

𝑇𝑜 =
𝑇𝑟 + (𝑇𝑎 × √10 × 𝑉𝑎)

1 +  √10 × 𝑉𝑎
  (  1  ) 
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𝑃𝑀𝑉 =  (0.303 × 𝑒−0.036𝑀 + 0.028) ×  𝐿  

 

(  2  ) 

In addition, the model assumes that thermal satisfaction is identified with a PMV response that is within 

the range of -1 to +1, and yields the following equation for predicting the Predicted Percentage of 

Dissatisfied (PPD): 

𝑃𝑃𝐷 =  100 –  95 × exp[ −(0.03353 × 𝑃𝑀𝑉4  +  0.2179 × 𝑃𝑀𝑉2)]  (  3  ) 

  

Both equations are found in the UNI EN ISO 16798:2019 and ASHRAE Standard 55-2020 and 

represent the steady-state comfort model of Fanger (1982). 

 

3.6. Statistical tests 

An independent samples t-test was used to compare the distributions of hourly indoor temperature, air-

conditioning duration, setpoint, start and stop temperatures. The aim was to find the effects of different 

thermal mass and air-conditioning presence and their magnitudes on indoor temperatures in each month. 

Therefore, the datasets were firstly grouped according to eight different combinations of two 

characteristics of rooms, and then the t-test was computed for each month. The data are all parametric 

and therefore meet the requirements of : (1) normality, (2) continuous intervals, (3) homogeneity of 

variance, (4) independent recordings. The test results are t and p-values which describe respectively the 

size of the difference referring to the variation in the sample data, and the level of statistical significance 

which is between 0 and 1. Here, the significance level α was set at 0.1. If the p-value is above 0.1, then 

the evidence is not statistically significant. Thus, if the p-value is between 0.1 and 0.05, the evidence is 

weak, while if the p-value is below 0.05, the evidence is strong. Whenever the p-value was above 0.1, 

the distribution of the measured variable is not significantly different across rooms in the same month, 

therefore no strong effect of the room character on indoor temperatures was found. Conversely, if the 

p-value was below 0.1, the difference of the distribution is significant therefore the room character 

affects the monitored variables.  

https://www.restore.ac.uk/srme/www/fac/soc/wie/research-new/srme/glossary/index31e8.html?selectedLetter=C#continuous
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3.7. Linear regression - neutral and comfort temperatures 

Simple and multiple linear regressions are the most widely used methods for predicting a continuous 

outcome variable from one continuous explanatory variable. In this case, the aim was to describe the 

two relationships between thermal sensation vote (TSV) and To, and TSV – PMV, such that they 

assume the following formats:  

  

𝑇𝑆𝑉 =  𝑎 ×  𝑇𝑜 +  𝑏   and  𝑇𝑆𝑉 =  𝑎 ×  𝑃𝑀𝑉 +  𝑏  

 

(  4  ) 

The strength and the statistical significance of the associations were evaluated in a simple numeric form 

through Pearson (r) correlation coefficient and p-value < 0.1. The coefficient of determination (R2) 

which is computed by squaring the r, were calculated to express the model’s goodness of fit. Finally, 

errors in prediction (residuals) were plotted to explore whether the linear model is accurate for 

predicting the outcomes. All simple linear regression assumptions were satisfied, these are:      

● Linearity: the outcome variable assumes a linear relationship with the explanatory variable. 

● Homoscedasticity: the distribution of residuals has the same variance for each value of the 

outcome.  

● Independent errors: the residuals are not correlated. 

In comfort studies, the gradient of the regression model is typically interpreted as being inversely related 

to occupants’ thermal adaptability. The steeper the regression line is, the more sensitive the occupants 

are to temperature variations. The thermal sensitivity interpretation presumes that the subjects were 

exposed to the x-axis range of temperatures across time-intervals sufficiently short for thermal adaptive 

effects to be disregarded. Moreover, the linear regression was employed to estimate the operative 

temperature or thermal state (PMV) at which the mean TSV equals zero (neutral temperature – Tn). 

Finally, four regression lines were computed for each room-group for each summer period. The models’ 

validity was also assessed by re-running the same linear model with sub-setting TSV data according to 

the age and gender of the respondents.  
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3.8. Logistic regression – thermal acceptability, window, shading 

and air-conditioning use modelling 

Logistic regression is the statistical modelling method employed for dichotomous or binary outcomes. 

In this study, the following dichotomous variables were measured: thermal acceptability vote (TAV); 

the position of room’s windows, shadings and state of air-conditioning (AC) at the same time of the 

day; and the state of AC recorded every 20 minutes. The environment is either acceptable (1) or not 

acceptable (0); the windows and shades are either opened (1) or closed (0); and finally, the air-

conditioning is either switched on (1) or off (0). The measured variables are mutually exclusive and one 

of the two must always occur. In analysing these binary outcomes, the aim was to model the probability 

of the event occurring given the level/s of one or more explanatory variables. The selected potential 

explanatory variables were: 

● Thermal comfort votes: thermal sensation votes (TSV), thermal preference votes (TPV) 

● Predicted mean vote (PMV) 

● Outdoor temperature 

● Month 

● Time of the day (morning, night) 

● Gender, Age Aand Employment 

● Household, Family unit type (single, nuclear, extended) 

● Retrofit (AC- air-conditioning equipped, NV – not air-conditioning equipped) 

● Thermal mass (TM2, TM1) 

 

Therefore, multiple variable logistic regression is used. In practice, the binary variables are described 

by either percentage, proportions, probabilities, odds and odds ratio (OR). The odds are defined as the 

likelihood of an event occurring relative to the likelihood of an event not occurring. 
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𝑂𝑑𝑑𝑠 =   [
𝑝

1 − 𝑝
]  (  5  ) 

 

Where “p” is the probability of the event occurring. When at least one of the explanatory variables is 

introduced, the binary dataset can be grouped according to the levels of the variable. In this case the 

odds ratio (OR) is the fraction of odds in one group divided by the odds of the other group used as a 

baseline. The odds of each group are derived by the multiplying a constant with the OR. The logarithm 

of the odds is preferred to the odds ratio because it inherits the asymmetry from the arbitrary choice of 

the baseline group. The logarithm function prevents this issue in the modelling stage. 

  

𝑝

1 − 𝑝
=  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ×  𝑂𝑅    

𝐿𝑜𝑔 [
𝑝

1 − 𝑝
] =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 + log(𝑂𝑅)   

 

(  6  ) 

 

By calling the logarithm of the OR as “x” since is ultimately linked to the explanatory variable 

the simple and multiple variables logistic regression are defined by the following equations:  

log [
𝑝

1 − 𝑝
] =  𝑎 +  𝑏𝑥    

log [
𝑝

1 − 𝑝
] =  𝑎 +  𝑏1𝑥1 +  𝑏2𝑥2 +  𝑏3𝑥3 + … +  𝑏𝑛𝑥𝑛   (  7  ) 

Where “a” and “bn” are the coefficients of the regression which are computed from the linear 

combination of the explanatory variables that best predict the logarithm of odds, a process known as 

the "maximum likelihood estimation". To visualize this relationship between the single/multiple 

explanatory variable/s and the logarithm of the odds, the exponential function of both terms is applied 

to extract the probabilities. This format is indeed preferred to logarithms, which leads to:  



74 

 

𝑝 =
𝑒𝑥𝑝(𝑎 + 𝑏𝑥)

[ 1 +  𝑒𝑥𝑝(𝑎 + 𝑏𝑥)]
  (  8  ) 

The model fit is assessed by the computation of the deviance (-2LL, -2 log-likelihood) and either R2 of 

Hosmer & Lemeshow’s or Nagelkerke’s, which can be interpreted as the linear regression equivalent. 

The deviance accounts for how much unexplained variation there is when the logistic regression model 

is fitted to the data; the higher the deviance the less accurate the model is. A test against a baseline 

deviance which is derived from the binary outcome with the largest number of observations, is typically 

introduced to understand the size of the real model’s deviance. The significance in the model’s 

prediction of each explanatory variable is assessed with the Wald statistic and relative p-value; while, 

the effect size of each explanatory variable is expressed by the "b" coefficients.  

The approach used to model the interaction with multi explanatory variables is the backwards 

elimination method. This consists in computing first the baseline model with the full set of explanatory 

variables and then removing each of them and their interaction going from the highest p-value 

(likelihood ratio). All the assumptions of the logistic regression models were satisfied, they are: 

● Linearity between all the explanatory variables and the logit of the outcome variable.  

● Independent errors: for two observations having independent errors. Although respondents 

might appear twice in the analyses, their responses were different for some other factors such 

as: time, environment, etc. Multilevel regression models were run including the respondent 

diversity to validate the results.  

● Multicollinearity: explanatory variables are not highly correlated with each other (Pearson’s r 

< 0.8).  
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3.9. Summary 

In this chapter that methodology of the research was presented. The research design is characterised by 

a longitudinal monitoring campaign of indoor air temperature between the 7th of June 2019 and the 

19th of September 2019. It covers 32 houses, 100 rooms, and 77 people. Preliminary tests were 

performed by means of longitudinal measurements and energy modelling in order to account for the 

extent of thermal mass effect over indoor air temperature. The longitudinal monitoring was integrated 

with a cross sectional study of thermal comfort and occupant behaviour of windows shading and air 

conditioning. Moreover, 18 air conditioners were monitored alongside indoor temperature.  

The analysis methods were statistical comparison with t-tests and linear logistic regression of 

respectively comfort temperatures and probability of position open for windows and shades and 

switching on for air conditioning.  

All the houses are located in Catania which is a city in southern Italy characterised by Csa according to 

Koppen climate classification. The dwellings here are built with basalt stone blocks which is a 

vernacular material characterised by a high heat capacity and density, and concrete hollow pot slab. The 

environmental control is diversified through windows, shadings and air conditioning. The modern 

homes are built between the 60s and 80s and characterised by hollow brick cavity wall and concrete 

hollow pot slab.   

The sensors used in order to monitor environmental parameters were 89 for indoor air temperature, 17 

for air-conditioners use, 8 for windows-use, and 8 heat stress meters and 1 anemometer. The spot 

measurements were of indoor air temperature globe air temperature relative humidity and air velocity, 

the residents used the heat stress meters and the anemometer was used by the researcher.  
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4. Results  

In this chapter, the results of longitudinal monitoring and survey campaigns of 100 rooms in 32 homes 

are presented. The sample included 14 homes whose external and internal walls’ main construction 

material is basalt stone (TM2), and 18 homes constructed with hollow-brick cavity external and internal 

walls (TM1). Both constructive types are characterized by hollow pot concrete slab. The dwellings are 

all located in Catania, Italy and were monitored intermittently across four summer months (between the 

01/06/2019 and the 19/09/2019). Indoor air temperatures were measured in 100 rooms of which 43 are 

equipped with air-conditioning units (AC). Here, the use of 18 ACs were longitudinally monitored. 

Over 1,300 comfort and behaviour questionnaires on windows, shading and ACs use were collected 

and analysed in this chapter. 

This chapter embodies the results of the first longitudinal monitoring study of summertime temperature 

and air conditioning use in homes located in Southern Europe; the first high frequency thermal comfort 

and occupant behaviour survey in summertime condition of residents  in Southern Europe and the first 

field study that considered the difference in thermal mass and air-conditioning presence as determinants 

of occupant behaviour.  

This chapter is divided in nine sections. The first research question which turns around the analysis of 

thermal performance and comfort is specifically addressed in Sections 1, 2, 3, 4, 5 and 6; the second 

and third research questions were targeted in Sections 7, 8. Section 9 is the summary of the chapter.     
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4.1 Hourly indoor temperature in different room-groups as a 

function of outdoor temperature 

 

Figure 7 Distribution of hourly indoor temperatures plotted against outdoor air temperature for all rooms monitored, grouped 

by each thermal mass difference and air-conditioning presence, “n” is the total number of recordings for each Tout bin. 

 

Figure 7 shows the indoor hourly temperature for each group of rooms against the hourly outdoor 

temperature. The blue and the orange coloured boxplots are those rooms where air conditioning is 

available and controlled by the occupant. The green and the red coloured box-plots represent the rooms 

where the occupant can only adjust the environment by means of natural ventilation. The number of 

observations and the statistical t-test of thermal mass room group difference in the indoor temperature 

mean are reported for each bin of outdoor temperature.  

As the outdoor temperature increases above 32 °C, we found as expected that air-conditioning equipped 

rooms (AC) warm up less than naturally ventilated ones (NV). Here, the AC rooms’ mean temperature 

decreases from 30 to 28 °C, while the natural ventilated rooms follow the trend of outdoor temperature. 

When the hourly outdoor temperature was 35 °C, the indoor temperature mean was 30 °C for the 

NVTM2 group and 34 °C for the NVTM1 rooms. The thermal mass difference is found to significantly 
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influence the mean of indoor temperature below the outdoor temperature of 29 °C. As the outdoor 

temperature rises the results of the t-test are not significant. However, at 31 and 35 °C, we found that 

the NVTM2 mean indoor temperature is significantly lower than NVTM1. 

These findings might be the result of air-conditioning use once outdoor temperature is above 30 °C. 

Moreover, as the outdoor temperature increases, the occupant might adjust the control of AC to stop 

the temperature rising above 28 °C inside. The hourly outdoor temperature threshold found for summer 

2019, is comparable with the finding of [31]. They have similarly tested the relationship between hourly 

indoor-outdoor temperature to find that in hot-dry climates of China, the threshold of outdoor 

temperature above which a home is likely to be operated with AC, is 28 °C. We further have recorded 

that as the outdoor air temperature exceeds 32 ° C, the indoor air temperature tends to stop rising above 

28 ° C, while in the [31], the mean temperature stabilized at around 30 °C. This difference in outcome 

might be related to the exceptional hot summer conditions in Catania in 2019.  

When the outdoor temperature is below 30°C, all types of rooms might be operated by natural 

ventilation. Section 4.7 which presents the model of window’s open probability with an outdoor 

temperature, supports this assumption by predicting that windows are most likely open (60% 

probability) for AC rooms, when outdoor temperature is below 30 °C.  

Below 29 °C, the thermal mass has a small but significant effect over the difference in mean 

temperatures. In this range of outdoor temperatures, however, the plot results inadequate to show 

whether the TM2 rooms are cooler/hotter than the TM1 rooms. This outcome might be explained by 

the interference of concurrent natural ventilation or AC cooling. The [17] shows indeed that when 

windows are closed, the effect of high thermal mass on hourly indoor temperature is significant. Here, 

the rate of indoor temperature rise is slow and results in cooler temperatures compared to reduced 

thermal mass buildings. On the other hand, when the buildings are operated with natural ventilation the 

hourly indoor temperatures is highly correlated with outdoor temperature [47]. Therefore, when 

windows are opened simultaneously in TM2 and TM1, the indoor air temperature is likely to be related 

with outdoor temperature rather than the thermal mass.  
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A series of consecutive days would help to extract the reduction in amplitude and the shift of peak 

temperature expected in TM2 when responding to a diurnal variation of outdoor temperature. It would 

also help to understand whether the occupant effectively uses natural ventilation/air-conditioning to 

discharge the heat accumulated during the day or not. In this case, the process of slow charge/discharge 

of high thermal mass fabric is not completed, because interfered with un-effective window and AC use 

and indoor overheating might occur under high outdoor summer temperatures. 4.2 section addresses 

these comments by plotting the daily group average and standard variation of the monitored rooms for 

all consecutive days in the summer, and by plotting extracted daily profiles of living rooms.  

 

4.2 Indoor temperature in different room-groups as a function 

of time 

 

Figure 8 Daily mean (lines) and standard deviation (vertical bars) of indoor air temperatures in the four room groups during 

the monitored period (from 01/06/2019 to 20/09/2019). 

Figure 8 shows the daily indoor temperature, averaged per group between the 1st of June and the 20th 

of September. The daily maximum and minimum outdoor temperature are represented by the top and 

bottom grey lines, the other lines represent the room grouped air temperatures.  
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Before the 23rd of June and during September, the daily indoor temperature might not be affected by 

air-conditioning presence – the AC rooms have a similar rising trend to the NV rooms, which follow 

the rapid rise of outdoor temperature. However, after the 23rd of June until the end of August, the 

presence of AC clearly influences the thermal performance of the rooms by mitigating the outdoor 

thermal load. In this period, we also found that the daily indoor temperature of the AC room groups is 

above around 28 °C in July and around 30 °C in August.  

In naturally ventilated rooms, the TM1 has a daily indoor temperature slightly hotter across all the 

summer. The only exceptions are the periods between the first and second heat warnings in June, after 

the third heat warning period (which includes a heatwave) in July, and at the end of August and in 

September, when NVTM1 rooms were cooler than NVTM2. TM1 might cool down faster than TM2 

after an extreme hot period (heat warning), thanks to the reduced thermal mass.  

In AC groups, we found that the TM2 rooms had daily mean indoor temperatures lower than the TM1 

rooms across July and at the end of August; and higher daily mean indoor temperatures than the TM1 

rooms at the beginning of August. Here, the ACTM2 might have recorded slightly higher temperatures 

than ACTM1 because either AC was turned off in TM2 and not in TM1, or because of the slow response 

following the second heatwave at the end of July.  

The thermal mass difference is dominant in September which might be due to the inactivity of AC 

systems. The room groups of the same thermal mass perform similarly and the TM2 daily mean indoor 

temperature is consistently higher than in the TM1. The relative overheating in high thermal mass 

buildings might be related to the climatic conditions and ineffective natural ventilation. First of all, the 

maximum diurnal variation observed in September is 4.3 °C, which is insufficient to perform an 

effective night-time cooling for high thermal mass buildings. Furthermore, 4.7 section shows that 

occupants in natural ventilated buildings keep the windows open regardless of any outdoor 

temperatures. This behaviour interferes with the process of heat charge/discharge of thermal mass which 

ultimately explains that both climatic conditions and ventilation practice were insufficient to control the 

slow thermal response of high thermal mass.  
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4.2.1.1 Living room hourly temperature as a function of 

time, thermal mass and AC 

 

Figure 10 Hourly indoor air temperature profiles of a living room in each room-group; left – June (from the 19th to 21th), 

right – September (from 4th to 7th). Highlighted areas show when AC is switched on – yellow for ACTM1 room, and blue for 

ACTM2 room.  

Figure 10 Hourly indoor air temperature profiles of a living room in each room-group; left – June (from 

the 19th to 21th), right – September (from 4th to 7th). shows the indoor hourly temperature in a living 

room for each room group extracted in June and September when AC is likely to be off. The aim of 

these graphs is to show the effect of different thermal mass and air-conditioning presence in rooms 

hosting the same activities (i.e., living rooms).  The periods chosen are three days at the beginning and 

Figure 9 Hourly indoor air temperature profiles of a living room in each room-group: first heatwave (from the 9th to the 11th). 

Highlighted areas show when AC is switched on – yellow for ACTM1 room, and blue for ACTM2 room. 
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end of summer when no heat warnings or heatwaves occurred: June the 19th to 21th; and September from 

4th to 7th. The rooms shown are all living-rooms facing south-west in neighbouring buildings, above the 

first-floor flat, and with a similar occupancy – all families with four members. At the beginning of the 

summer (Figure 10 Hourly indoor air temperature profiles of a living room in each room-group; left – 

June (from the 19th to 21th), right – September (from 4th to 7th). - left), the effect of high thermal mass 

rooms is observed in the small daily temperature variations compared to reduced thermal mass rooms. 

Here, the ACTM2 room has the relatively coolest temperatures which must be related to the combined 

effect of night-time air-conditioning (blue areas at 00:00) and small temperature amplitude given by the 

high thermal mass and effective ventilation (avoiding opening during the hottest hours of the day). The 

absence of AC cooling influences NVTM2 room, which has the relatively highest temperatures 

recorded, shifted between 0.3 and 0.54 °C above ACTM2. The TM1 rooms are characterized by wider 

temperature amplitudes also resulting from short-term AC use (maximum drop of 0.72 °C on the 21st at 

00:00). At the end of summer (Figure 10 Hourly indoor air temperature profiles of a living room in each 

room-group; left – June (from the 19th to 21th), right – September (from 4th to 7th). - right), the AC is 

not switched on therefore we can compare the rooms in natural ventilation mode. Here, the high thermal 

mass rooms have the highest peak temperatures regardless of AC presence. It was previously 

hypothesized that a relative overheating phenomenon (Figure 8 Daily mean (lines) and standard 

deviation (vertical bars) of indoor air temperatures in the four room groups during the monitored period 

(from 01/06/2019 to 20/09/2019).) has occurred in high thermal mass building due to the reduced 

diurnal temperature and ineffective ventilation practices. The inaction of AC has negatively affected 

the thermal performance of ACTM2 room which resulted in an indoor temperature 2.54 °C higher than 

NVTM1 on the 05th of September around 13:00.  

Figure 9 Hourly indoor air temperature profiles of a living room in each room-group: first heatwave 

(from the 9th to the 11th)shows the effect of the first heatwave on the hourly profile of living rooms. 

The ACTM2 living rooms have the lowest temperature across all groups which might be justified by a 

good occupant practice of AC and ventilation, in combination with slow response of thermal mass. The 

highlighted areas show the frequency of AC use for TM2 and TM1 rooms. The difference of indoor 
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temperatures before and after AC use is smaller for the ACTM2 than for ACTM1 room, which might 

be the result of the slow response of high thermal mass fabric. The highlighted areas show the difference 

in AC duration: the TM2 occupants use the AC for longer and more frequently than TM1. The slow 

response of the fabric might extend the period of exposure for the occupant to high indoor temperatures 

(see NVTM2 profile – steady temperature across the heatwave, above 30 °C); therefore, the occupant 

might use AC for longer to keep the indoor temperature low. Indeed, the indoor temperature difference 

between the NVTM2 and ACTM2 room is between 2 and 6 °C.  

The NVTM1 room recorded the highest temperature in the sample and the greatest amplitude among 

the NV rooms which is due to the reduced thermal mass and bad ventilation practice (4.7 section 

window’s open probability model). The peak temperature on the 10th at 14:00 is 3.7 °C higher than the 

NVTM2 room, 9.7 °C higher than ACTM1 which results from AC use. The night-time indoor 

temperatures before the 10th of July, were above 30 °C and 1 °C higher in NVTM1 than in NVTM2. 

Here, the outdoor temperature is about 28 °C and the daily variation of outdoor temperature is about 4 

°C which is a minimal difference to activate the cooling potential of NV. Natural ventilation would 

have helped to cool down rapidly the NVTM1 room which moreover poorly performs to contain the 

fluctuations during the daytime.  

  



84 

 

4.3 Results of the t-test for each month 

Table 19 t-test of room-group mean of the daily mean indoor temperature per each month 

    JUNE JULY  AUGUST SEPTEMBER 

   Nobs. Mean±SD t 
p-

value 

Nobs. Mean±SD t 
p-

value 

Nobs. Mean±SD t 

p- 

value 

Nobs. Mean±SD t 

p- 

value 

                   

In
d
o
o
r 

T
a 

(°
C

) 

T
M

2
 

N
V

 

720 26.8±2.6 

-

0.5 

0.6 

744 29.6±1.1 

20.

3 

0.00 

744 30.4±0.7 

21.

2 

0.00 

453 28.5±0.5 

3.8 0.00 

A
C

 

720 26.8±1.8 744 28.7±0.7 744 29.7±0.5 453 28.3±0.5 

T
M

1
 

N
V

 

720 26.8±2.4 

0.9 0.4 

744 29.8±1.2 

13.

7 

0.00 

744 30.4±0.8 

26.

3 

0.00 

453 28.0±0.5 

0.1 0.9 

A
C

 

720 26.7±2.0 700 29.0±0.7 744 29.4±0.6 451 28.0±0.5 

A
C

 

T
M

2
 

720 26.8±1.8 

-1 0.3 

744 28.7±0.7 

10.

5 

0.00 

744 29.7±0.5 

-

9.5 

0.00 

453 28.3±0.5 -

11.

8 

0.00 

T
M

1
 

720 26.7±2.0 700 29.0±0.7 744 29.4±0.6 451 28.0±0.5 

N
V

 

T
M

2
 

720 26.8±2.6 

0.4 0.7 

744 29.6±1.1 

2.7 0.00 

744 30.4±0.7 

0.7 0.5 

453 28.0±0.5 -

14.

5 

0.00 

T
M

1
 

720 26.8±2.4 744 29.8±1.2 744 30.4±0.8 442 28.5±0.5 

T
M

2
 

N
V

 

720 26.8±2.6 

0.4 0.7 

744 29.6±1.1 

12 0.00 

744 30.4±0.8 

27.

4 

0.00 

453 28.5±0.5 

15.

6 

0.00 

T
M

1
 

A
C

 

720 26.7±2.0 700 29.0±0.7 744 29.7±0.5 451 28.0±0.5 

T
M

2
 

A
C

 

720 26.8±1.8 

0.0

0 

1 

744 28.7±0.7 

21.

1 

0.00 

744 29.7±0.5 

20.

2 

0.00 

453 28.0±0.5 -

10.

9 

0.00 

T
M

1
 

N
V

 

720 26.8±2.4 744 29.8±1.2 744 30.4±0.8 453 28.3±0.5 

 

Table 19 shows the results of t-tests of mean daily indoor temperature for each month and for each room 

group. The null hypothesis, that there is no difference in the mean of daily temperature across the 

different room groups, cannot be rejected in June. The probability threshold was set at the conventional 

p = 0.1. We notice that the standard deviations of daily mean temperature in each room group in June 

are the highest in our sample. The daily indoor temperature means are found to be significantly different 

across room groups in July, August and September. The only exceptions are the comparison between 

NVTM2 and NVTM1 in August and NVTM1 and ACTM1 in September. The outcome of the statistical 
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test can be explained by the fact that the high thermal mass and natural ventilation cooling effect on 

indoor temperatures was likely exhausted after the first heatwave in July. The diurnal variation of 

temperature is not sufficient according to the theoretical models of [13]. Moreover, 4.1 section proves 

that NV windows are likely to be open at high outdoor temperatures which does contain heat loads and 

furthermore does not enhance the high thermal mass heat charge/discharge process. In September, the 

comparison shows that when NVTM1 and ACTM1 are tested, no significant difference is found; this 

outcome might be related to the inactivity or reduced use of AC due to the lower outdoor temperature 

towards the end of summer.  

In July and August, the AC group mean temperatures have the lowest values compared with NV groups. 

Under the same air-conditioning presence/absence room group, the TM2 group mean is the lowest in 

July while it is higher than the TM1 group in August and September. The effect of high thermal mass 

is noticeable at the beginning of the summer where the heat storage capacity might be sufficient to 

absorb summer heat, however, due to the frequency of extreme hot days, reduced diurnal temperature 

swing and the inability of purge cooling strategies such as natural ventilation and air-conditioning to 

cool down the wall, relative overheating in high thermal mass buildings occurred. 

At the beginning of summer, the rooms perform similarly, possibly because they were all naturally 

ventilated. Moreover, the extreme outdoor temperature might also affect the mean and standard 

deviations values.  In July and August, the AC rooms have the lowest indoor temperature means.  This 

output might relate to AC use to contain thermal loads.  Regardless of air-conditioning presence, we 

found that the difference in daily mean indoor temperature between thermal mass groups changes from 

July to August and September.  The TM2 dwellings have cooler mean temperature in July and warmer 

in August and September. This finding might be related to the discharge effect of heat absorbed by the 

relative increased thermal inertia of the TM2 compared to the TM1.  In order to restore the cooling 

effect of thermal mass, purge and/or night ventilation must be in place. However, either because the 

external nocturnal temperatures were not lower than indoor temperatures to cool down the building or 

because the occupant did not employ purge and/or night ventilation, the thermal mass exhausted its 

cooling potential at the beginning of the summer.  
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4.4 Thermal sensation vote and operative temperature as a 

function of month, room-groups, and age of participants 

 

Figure 11a,b Monthly linear regression models (with 95% confidence intervals) of TSV with operative temperature (To). 

Figure 11a,b present the results of the linear regression between thermal sensation vote (TSV) and 

operative temperature (To) for each month. The operative temperature is calculated according to 

ASHRAE Standard 55 [25]. We use the longitudinal monitored indoor temperature in place of any 

missing spot measurements in respect of operative temperature. The TSV were binned for each 0.5 °C 

interval and intervals with only one TSV were discarded.  

Table 20 Monthly linear regression models of TSV with operative temperature (To). 

   

Nobs

. 

 p-value α(/°C) b Tn±SE (°C) R² 

          

Operative 

Temperature 

To (°C) 

 June 17  <0.0001 0.28 -7.31 26.54±0.04 0.75 

 July 14  <0.0001 0.47 -13.33 28.24±0.04 0.90 

 August 13  <0.0001 0.50 -14.00 27.74±0.05 0.91 

 September 11  <0.0001 0.21 -5.56 26.84±0.08 0.43 

         

Table 20 shows the gradient (α) and intercept (b) of the fitted linear models together with the p-value 

for the gradient, the coefficient of determination (R2), and finally the neutral temperature which is given 

by the interception of the lines with neutral axis. The p-value for the gradient tests the null hypothesis 

that the predictor (To) has no effect on the response variable TSV, i.e. that the coefficient is equal to 
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zero. A low p-value (p < 0.05) indicates that we can reject the null hypothesis. R2 measures the 

proportion of variability in the response variable that can be explained using the regression model. The 

slopes of the regression models (α) represent the thermal sensitivity of the population. Therefore, the 

higher the slope, the greater the sensitivity of the subjects to variations of operative temperature.  We 

found that the null hypothesis is always rejected, therefore the two parameters are correlated. The R2 

values show that more than 50% of the dataset is predicted by the linear models with only exception of 

September, whose output might be influenced by the small number of observations (11 bins in 

September - Table 20) and the low variation of the observed range of operative temperature (from 26 

to 30 °C – Figure 11b).   

The neutral temperature and the gradient of the linear regression are influenced by the sequence of the 

months. From June to July, the neutral temperature increases significantly by 1.7±0.00 °C; in August, 

it slightly decreases compared to the former month by 0.53±0.01 °C; and in September, decreases about 

0.90±0.63 °C with respect to the previous month. The curves in June and July have the lowest gradient 

compared to the other months. The steepest curves are those in July and August.  

These findings might be related to the thermal adaptation phenomena of the subjects to higher indoor 

temperatures. Indeed, the neutral temperatures gradually increase from the beginning of the summer 

towards the hottest months, and it decreases at the end of summer. The prevailing indoor temperature 

conditions are significantly different across months and might have affected the thermal response of the 

occupants.  

 

Figure 12a, b Linear regression for each summer month and room group of TSV with operative temperature (To) 
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Figure 12a and b show a test of the monthly effect performed by introducing the differences in room 

types. In order to visualize the change in sensitivity across months, we grouped the datasets according 

to: June and September (gradient close to the horizontal line -  low thermal sensitivity); July and August 

(high gradient – high thermal sensitivity).   

Table 21 Room separated linear regression models per summer period, of TSV with operative temperature (To). 

   Room Nobs. 

p-

value 

α(/°C) b Tn±SE (°C) R²   

           

Operative 

Temperature

To (°C) 

 JUNE&SEPTEMBER  17 <0.0001 0.29 -7.65 26.80±0.04 0.78 

  ACTM2 12 <0.0001 0.31 -8.42 27.29±0.08 0.59 

  ACTM1 13 <0.0001 0.18 -4.68 25.80±0.11 0.19 

  NVTM2 16 <0.0001 0.27 -7.50 28.19±0.03 0.81 

  NVTM1 12 <0.0001 0.15 -3.48 22.77±0.11 0.16 

 JULY&AUG  15 <0.0001 0.45 -12.47 27.83±0.03 0.95 

  ACTM2 14 <0.0001 0.45 -12.48 27.80±0.06 0.83 

  ACTM1 10 <0.0001 0.41 -11.60 28.57±0.07 0.83 

  NVTM2 9 <0.0001 0.62 -17.36 28.00±0.14 0.74 

  NVTM1 8 <0.0001 -0.03 1.87 - 0.03 

          

The monthly effect is observed regardless of the room group. However, we noticed that the size of the 

monthly effect is modified by the room characters. In June and September, the air-conditioning presence 

does not have the same effect over the regression lines compared to July and August. Indeed, we notice 

that the gradient of the lines changed across thermal mass groups: the TM1 line is less steep than the 

TM2 rooms. However, we must underline that the NVTM1 interception (neutral temperature) is 

significantly lower than the corresponding AC group which might be an effect of air-conditioning 

presence/absence. In July and August, conversely, AC rooms differ significantly from the NV rooms. 

Moreover, the thermal mass difference does not affect the trend of the AC curves but only the 

interception. For naturally ventilated rooms, instead, the thermal mass difference highly affects the 

regression line. Especially, we notice that the thermal sensation vote in NVTM1 has no relationship 

with operative temperatures and reduced sensitivity as already seen in June. The NVTM2 rooms instead 

have the highest sensitivity across room types in this period.   
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These findings might be explained by the different thermal history of the room groups. Indeed, we recall 

that there is a significant difference in the mean daily temperature across these groups in all the summer 

except in June, August for natural ventilated groups and in September for TM1 groups. The mean daily 

temperature of NVTM1 rooms is the hottest across the whole summer which might explain why the 

people have no sensitivity to change of indoor temperatures in that range (28-31.5 °C). This 

phenomenon is called acclimatisation [10] which relates to the physiological adaptation process of 

people regularly exposed to high thermal states. The acclimatization is furthermore responsible for 

human heat tolerance and vulnerability to heat stress; the more people are exposed to heat, the better 

they would adapt to higher temperatures. In this case, the people in NVTM1 rooms were regularly 

exposed to the relatively highest temperatures since the beginning of the summer. The NVTM1 rooms 

have the fewest potential cooling strategies of all of the room groups Moreover, the reduced potential 

of cooling strategies available, which are the least in number among the room-groups, which might 

have constrained the adaptive capacity of the population, which resulted in the loss of sensitivity and 

acclimatization in July and August. 

The TM2 is found to have an effect in NV only rooms so that the curve has a similar trend to ACs 

rooms. People which are exposed daily to highly air-conditioned environment respond with little 

acclimatization when a rapid change of temperatures (1 hour change from neutral to hot – 26 to 36 °C 

step) in a climate chamber is imposed [22]. In high thermal mass buildings, the fluctuations of 

temperature are generally reduced by the great fabric heat capacity. This phenomenon might limit the 

acclimatization of people living in high thermal mass building as it would happen if they would be 

exposed longitudinally to an air-conditioned environment. This hypothesis on lack of acclimatization 

in NVTM2 is a long-term effect which stands regardless of the performed cooling effect of the thermal 

mass during this exceptionally hot summertime. Acclimatization to prevailing thermal environment is 

a process that could require some time such as weeks or years when people move across climates [10]. 

The cooling potential of high thermal mass in natural ventilated buildings is, indeed, not consistent 

across the monitored summer: exhausted after the first heatwave (10th of July - Error! Reference s

ource not found.  



90 

 

 

Figure 13a, b Linear regression for each summer month and room group of TSV with operative temperature (To) 

Figure 13a and b show a test of the monthly effect done by differentiating the subjects by range of ages.  

We created three ranges of age: “Age < 30 yrs” refers to the range between 18 to 30 years old; “30 <  

Age < 50 yrs” refers to the range between 30 and 50 years old; and “50 < Age < 80 yrs” refers to age 

above 50 years old and below 80 years old. The three age group divided our sample into categories with 

enough points to fit the regression lines and that differentiate older generations for their lifestyles (the 

older the more sedentary life and smaller metabolic rates associated) and their gradual deterioration of 

thermal perceptions [35]. The monthly effect over the regression line is found regardless of the age 

group.  

Table 22 Age separated linear regression models per summer period, of TSV with operative temperature (To). 

  Age 

Nobs

. 

p-value α(/°C) b 

Tn±SE 

(°C) 

R² 

         

Operative 

Temperature, 

To (°C) 

JUNE&SEPTEMBER  17 <0.0001 0.29 -7.65 26.80±0.04 0.78 

 18 - 30 11 <0.0001 0.33 -8.35 25.69±0.09 0.77 

 30 - 50 13 <0.0001 0.14 -3.62 26.17±0.07 0.24 

 50 - 80 16 <0.0001 0.28 -7.56 26.56±0.08 0.46 

JULY&AUG  15 <0.0001 0.45 -12.47 27.83±0.03 0.95 

 18 - 30 14 <0.0001 0.44 -12.26 27.98±0.05 0.87 

 30 - 50 10 <0.0001 0.48 -13.49 27.95±0.09 0.79      

 50 - 80 9 <0.0001 0.45 -12.53 27.79±0.03 0.95 
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4.5 Thermal un-acceptability and PMV as a function of month, 

room-groups, age of participants 

Figure 14 shows the percentage of people voted un-acceptable (also known as Percentage of People 

Dissatisfied - PPD), against the predicted mean vote (PMV). We reported the Fanger PPD model and 

the logistic regression of monthly separated thermal acceptability votes with PMV. The regression is 

derived by grouping the thermal acceptability votes recorded in June and September, and July and 

August. In order to calculate the PMV, we used spot measurements of radiative, air temperature, relative 

humidity, air-velocity, clothing insulation level (CLO) and metabolic rate (MET). These last two 

variables were derived from Appendixes F and G of ASHRAE standard 55-2020 tables, which translate 

clothing or physical activity information to CLO and MET values. Table 23 gives interception and PMV 

coefficients, standard error, p-value and the significance interval for each model.  

 
Figure 14 Percentage of unacceptability of TAV with PMV in June and September and July and August  
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Table 23 Logistic regression models separated of TAV with PMV per summer period. 

   coef SE p-value 0.025 0.975 

Intercept 

 

June & 

September 

-2.0360     -10.701   <0.0001 -2.409   -1.663 

 July & August -2.4268     0.000 <0.0001 -3.158   -1.696 

PMV 

 

June & 

September 

0.4839 -6.506     0.019 0.079   0.888 

 July & August 1.4812 5.324 <0.0001 0.936 2.026 

 

The difference in summer period affects the percentage of dissatisfied people. This finding is noticeable 

for PMVs values higher than 1. At the same thermal state (PMV = 1), the percentage of dissatisfied 

people is significantly lower at the beginning and end of summer compared to July and August months. 

Here, the curve is closer to the Fanger PPD curve. The phenomena of alliesthesia is likely the cause of 

this finding.  

The word “Alliesthesia” comes from the Greek words alliós (change) and aísthesis (perception) and it 

was introduced for the first time in adaptive comfort theory by Cabanc in 1971 [97]. It relates to the 

shifts of the thermal perception from thermal neutrality because it is not perceived pleasant. The 

prevailing thermal conditions at the beginning of summer (monthly mean in June is 26.59 ± 2.42 °C) 

are warmer than the spring season (monthly mean in May was 22.92± 1.85 °C); and also, the thermal 

conditions at the end of summer (monthly mean in September is 26.71 ± 1.69 °C) are cooler than those 

in July and August (monthly means are respectively 28.03 ± 1.9 °C and 28.19 ± 1.72 °C).Therefore, in 

July and September the occupants are more likely to accept warm thermal states because they are 

perceived as relatively more pleasant than those previously experienced – cooler in May and hotter in 

July and August (alliesthesia). A similar finding was observed in the work of [87] where the subjects’ 

thermal comfort tested in climate chamber in winter and summer seasons to test whether the prevailing 

outdoor thermal environment has an effect on the thermal perception and pleasantness of the thermal 

conditions. They found that the cool conditions are more likely to lead to neutrality and perception of 

pleasure in summer because of the long-term exposure to heat. This phenomenon should not be 
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confused with temporal or spatial alliesthesia which are defined by the difference in thermal conditions 

respectively within a short time step and between body zones [95,96]. 

As the occupant gets more frequently exposed to high thermal states (PMV >1) in July and August, 

their acceptability decreases. This aligns with the previous finding of thermal sensitivity which is found 

to be higher here compared to the beginning and end of summer.  

 

Figure 15a, b: Room groups separated logistic regressions of TAV with PMV 

per June and September (a) and July and August (b). 

Figure 15a,b show the percentage of dissatisfied for three types of rooms respectively: June and 

September acceptability on the left, and the acceptability for July and August months on the right. We 

underline that the NVTM2 dataset in the June and September graph is not reported since it is found that 

the population is always acceptable in the range of calculated PMV. 

Table 24 Logistic regression models separated of TAV with PMV per summer period and room-group. 

  Month Room coef SE p-value 0.025 0.975 

Intercept 

 

June&September 

ACTM2 -3.0308     0.584 <0.0001 -4.175   -1.887 

 ACTM1 -1.5369     0.291 <0.0001 -2.108 -0.966 

 NVTM2      

 NVTM1 -1.5485     0.317 <0.0001 -2.170   -0.927 

 

July&August 

ACTM2 -2.9814     -4.443     <0.0001 -4.296   -1.666 

 ACTM1 -1.7423     -3.297   <0.0001 -2.778 -0.707 

 NVTM2 -4.0274     -3.549   <0.0001 -6.251   -1.803 

 NVTM1 -1.0189     -0.829   0.407 -3.428    1.390 

PMV 

 

June&September 

ACTM2 0.7514 0.575 0.191 -0.375    1.878 

 ACTM1 0.5305 0.360 0.140 -0.175    1.236 
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 NVTM2      

 NVTM1 0.9977 0.355 0.005 0.301 1.694 

 

July&August 

ACTM2 1.9918 3.767 <0.0001 0.956 3.028 

 ACTM1 0.4602 0.999 0.318 -0.443 1.363 

 NVTM2 2.8898 3.436 0.001 1.242 4.538 

 NVTM1 0.5207 0.645 0.519 -1.062 2.104 

 

The size of the effect changes accordingly to the room groups.  The TM2 occupants regardless of air-

conditioning presence have a higher degree of discomfort in July and August compared to June and 

September. Conversely, the TM1 case does not increase the degree of discomfort percentage when we 

move from June and September to July and August. Moreover, we found that the respondents in TM2 

constructed dwellings are more accepting of higher thermal states then those respondent in TM1 

constructed rooms occupant, regardless of air-conditioning presence. Its effect is significant only for 

TM1 room occupants in July and August. Indeed, the ACTM1 room occupant is more accepting of 

higher thermal states than the natural ventilated room occupant; however, the difference between air-

conditioning presence in TM2 constructed buildings is not significant.  

The air conditioning has two different effects over the acceptability votes: in TM2 buildings it does not 

mitigate the unacceptability percentage; while for TM1 buildings it does. The difference between 

natural ventilated and air-conditioned groups under the same thermal mass group stays across months. 

Therefore, the air-conditioning presence does not affect the trend of the curve but it affects the 

unacceptability percentage for TM1 groups exclusively. The reason why the TM2 is the least accepting 

of higher thermal states might depend on the heat exposure of the people inside these homes. Here, the 

occupants might experience fluctuations of indoor temperature due to the amortization of the peak 

outdoor temperatures less frequently. The TM1 buildings instead more frequently experience the peak 

temperatures despite the use of air conditioning, which means that they are more exposed to external 

outdoor temperature fluctuation.  
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Figure 16a,b Predicted percentage of un-acceptability as a function of PMV per summer period (June and September on the 

left, July and August on the right) and age groups. 

Figure 16a,b show the percentage of dissatisfied separated my month differentiated by range of ages. 

We have made three categories of age which created datasets with enough points to fit the regression 

lines and that differentiate older generations for their lifestyles (the older the more sedentary life and 

smaller metabolic rates associated) and their gradual deterioration of thermal perceptions [35].  

We found that despite the age range, people in June and September accept the same range of thermal 

states that are not acceptable in August and July. The un-acceptability in August and July is highest for 

the range between 30-50 and lowest for a range between 50-80.  

Table 25 Logistic regression models separated of TAV with PMV per summer period and age group. 

  Month Age coef SE p-value 0.025 0.975 

Intercept 

 

June&September 

18 - 30 -2.0465     -2.943   0.003 -3.409   -0.684 

 30 - 50 -1.5806     -1.815   0.069 -3.287    0.126 

 50 - 80 -2.9369     -5.451     <0.0001 -3.993   -1.881 

 

July&August 

18 - 30 -2.4469     -6.251   <0.0001 -3.214   -1.680 

 30 - 50 -2.0080     -5.998   <0.0001 -2.778 -1.352 

 50 - 80 -1.7455     -6.103   <0.0001 -6.251   -1.803 

PMV 

 

June&September 

18 - 30 1.1539 2.171 0.030 0.112 2.195 

 30 - 50 0.6673 1.090 0.276 -0.532    1.867 

 50 - 80 2.0311 4.914 <0.0001 1.221 2.841 

 

July&August 

18 - 30 0.6546 1.180 0.238 -0.433    1.742 

 30 - 50 0.4597 1.382 0.167 -0.192    1.112 

 50 - 80 0.3257 1.053 0.293 -0.281    0.932 
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4.6 ASHRAE 55-2020 thermal comfort bands, neutral 

temperatures calculated for different months 

 

-  

Figure 17 Neutral temperature and comfort limits found in this study for each heat health warning separated period  

in relation to the ASHRAE adaptive model 

Using a linear regression model, we have calculated the neutral temperatures for each analysed period. 

We divided the June and July datasets according to heat-health advisories and heatwaves periods. The 

standard errors for each point are not plotted because they are less than ±0.1°C.  

The neutral temperatures for the residential occupants in Catania are within the temperature comfort 

limits predicted by the ASHRAE model. The occupants in natural ventilated offices in hot summer 

climate – Csa – which are two of the most important features of the population studied – are also part 

of the ASHRAE database used for modelling adaptive comfort. This might be the reason why the model 

can predict our sample’s comfort. In general, populations in hot summer climates have long-term heat 

acclimatization that provides quicker physiological adaptation to cope with sudden heat exposure. 
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Population living typically in milder climates such as those in Northern Europe, have instead limited 

acclimatization capacity when exposed to sudden change in thermal conditions such as those of 2019 

summertime in Catania. Moreover, the AC in our sample is found to be used only during the hottest 

days of the summer (further evidence on the AC use is provided in section 4.8), which is a behavioural 

adjustment to cope with short-term discomfort episodes and restore the adaptive capacity, rather than a 

factor determining steady state conditions. This implies that the rooms can be assessed with Adaptive 

model given they are operated mostly with natural ventilation, and similarly proves the greater reliance 

on other adaptive practices, acclimatization, and habituation of the subjects. In summary, the ASHRAE 

model, originally derived from field studies in office buildings, is also able to predict comfort 

temperature ranges for residential buildings in Catania. 

It is interesting to notice that the predicted neutral temperatures generally increase as the mean outdoor 

temperature gets higher, in accordance with the adaptive principle. However, in the period following 

the second heat health warning and first heatwave (from 26th June to 10th of July when the apparent 

temperature was above 41 °C – section 3.1.1), the neutral temperature drops to a value lower than in 

the rest of July and in August, under the same outdoor temperatures. This suggests that people’s 

adaptation (behavioural, psychological and physiological) is not immediate but rather take some time, 

especially when repeated hot events occurs rapidly and early in the summer. Indeed, heatwaves early 

in the summer have been proven to have greater effects on heat-related morbidity and mortality - factors 

inversely correlated to heat acclimatization - than those heatwaves occurring later in the summer [6].  

It follows that the period prior to the first heatwave might have been short enough not to allow the 

population to acclimatize to high outdoor temperature which therefore resulted in a drop of neutral 

temperature and a potential undergoing heat related health risk. At the moment of the second heatwave 

(in the graph as the “10th to 31st July”), the neutral temperature rises instead of about 2°C which shows 

an adaptive response. This might be also related to an alternation after the first heatwave of a relatively 

lower heat intense period - the outdoor temperature was characterized by 27.48 ± 1.3 °C average and 

by 30 °C maximum daily peak. No other example was found in literature where the adaptation is tested 
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in this timeframe in real-world settings which has informed understanding of the process of adaptation 

when the people are exposed under prolonged high temperatures. 

 

Figure 18 Neutral temperature and comfort limits found in this study for each room group in July and August in relation to 

the ASHRAE adaptive model 

Figure 18 Neutral temperature and comfort limits found in this study for each room group in July and 

August in relation to the ASHRAE adaptive model shows the neutral temperatures derived for each 

room-group in July and August. The limited number of votes recorded in each heat-health separated 

periods and the small difference between neutral temperatures in June and July across room-groups, did 

not allow derivation or plotting of statistically significant neutral temperatures.  

Moreover, the NVTM1 building has no linear relationship with operative temperature in July and 

August therefore we could not plot it here because no neutral temperature can be derived. The graph 

shows that the neutral temperatures are very similar across groups and that the high thermal mass 

buildings have relatively the lowest in comparison with reduced thermal mass buildings.  
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4.7 Window and shading: use patterns, open/closed 

probability and triggers 

 

Figure 19a,b  Windows (W) grouped by room groups - open and closed status frequency in June and September, and July 

and August; “n” is the total number of recordings for each room group. 

 

 

Figure 20a,b  Windows (W) grouped by room groups – frequency of open duration in range of hours (h) in June and 

September, and July and August; “n” is the total number of recordings for each room group. 

 

Figure 19a, b, and Figure 20a, b show the frequency of the following surveyed data: open and closed 

windows status, and the open duration. The data is grouped according to the room groups, and by month: 

June and September, and July and August. The open duration is in hours and has been divided into five 

ranges: less than 4 hours, between 4 and 7 hours, between 7 and 14 hours, between 14 and 24 hours and 

finally between 24 and 48 hours. Windows open for more than two days (48 hours) were not reported 

on. We found that the window use is affected by monthly separation. The open status is more frequent 

in June and September than in July and August. Moreover, ranges of duration higher than 4 hours, are 

more frequently reported in June and September. This shows that the windows are open more frequently 
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and for a longer time than 4 hours in June and September compared to the other month period.  This 

finding is also important to support the comparison of temperatures and thermal comfort between room-

groups in coolest months. We indeed have assumed that the rooms are mostly operated in natural 

ventilation mode in June and September, which is confirmed here.  

In general, the results of this section are the first show the use of windows in Csa climates in residential 

buildings. Among the window monitoring studies described in the literature review chapter, [112] 

shows a similar shift of window use behaviour for residential population in Aw climate, when moving 

from winter to summer season. Here, the windows are closed adaptively to avoid hot breezes from 

outside and reduce the heat gains due to ventilation in summer. 

The air-conditioning presence has an effect over the windows use regardless of the month period, while 

no significant impact is found across thermal mass differences. We found that the windows in AC 

dwellings are open longer than those in NV dwellings in June and September, and more frequently 

closed in July and August. In the coolest months, the highest duration reported is between 14 hours and 

24 hours for almost 2.5% for the ACTM2 group, otherwise the duration is lower than 14 hours. The 

relative higher open duration for windows in AC rooms during hottest months, might result for the 

relative least frequency of interactions with windows in June and September. [112] shows a similar 

result in homes in India (Awa), here the behavioural adaptations are found to be less pronounced in 

rooms where AC was present because the occupants rely ultimately on the active systems to control the 

temperatures. In regard to thermal mass difference, it is interesting to notice the duration of window’s 

use. The shortest duration in the hottest months is four hours. If the windows are open during the hottest 

hours, the heat control might not be possible, and this ventilation practice might affect the heat 

charge/discharge process of high thermal mass building. The heat therefore would be trapped inside the 

buildings and the slow thermal mass response would not allow the temperature to fall for some time.    
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Figure 21a,b  Shadings (S) grouped by room groups - open and closed status frequency in June and September, and July and 

August ; “n” is the total number of recordings for each room group. 

 

Figure 22a,b   Shadings (S) grouped by room groups – frequency of open duration in range of hours (h) in June and 

September, and July and August; “n” is the total number of recordings for each room group. 

  

Figure 21a,b and Figure 22a,b show the frequency of open and closed shadings status, and the open 

duration. The data is grouped according to the type of room groups, and by month group: June and 

September, and July and August. The open duration is in hours and has been divided into five ranges: 

less than 4 hours, between 4 and 7 hours, between 7 and 14 hours, between 14 and 24 hours and finally 

between 24 and 48 hours. Any windows open for more than two days (48 hours) were not reported on. 

The monthly effect is also found for both frequency of use (proportion open/closed) and open duration. 

The shadings are opened more frequently and longer in June and September than in July and August. 

Indeed, the duration categories with the highest percentage are those of above 4 hours. The room groups 

affects the proportion of open over closed shades in July and August. Indeed, the air-conditioning 

groups have the lowest percentage of open status in this period. The thermal mass difference has a 

significant effect over the duration frequency in June and September regardless of air-conditioning 

presence. Here, the percentage of open duration below 4 hours is significantly higher for TM2 groups 
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compared with TM1 groups. These findings might be explained by the radiative discomfort that an open 

shade would cause inside a high thermal mass building with relatively lower surface temperature 

compared to a reduced thermal mass building. Moreover, the shading and glazing dimensions in 

traditional buildings (such as those in the TM2 rooms) are greater and the glazing thickness is smaller 

than TM1, which then can cause bigger surface temperature differences between the walls (high thermal 

mass) and windows. Therefore, the occupant might be using the shades to avoid thermal discomfort 

even in cooler months since the thermal mass has a lower surface temperature than the window. While 

for the relatively lower thermal mass scenario, the difference in surface temperature might not be 

significant at the beginning of the summer, resulting in daylight being the main driver of shade use. 

However, this assumption cannot be supported by research data since no example was found that 

accounts for the effects of shading on thermal asymmetry in high thermal mass buildings. The thermal 

mass difference affects only the case of shadings in June and September.   

 

Figure 23 Open windows probability (P) with the outdoor air temperature (Tout) for each room groups. 
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Figure 24 Open shading (Popen) probability with the outdoor air temperature (Tout) 

 

We infer the probability of having windows and shading open via multivariable logistic regression.  

The data collected via survey campaigns across all summer is used to predict the window and shading 

open status. Indoor and outdoor air temperatures, room groups are all used as predictors, only the 

significant effects are isolated via backwards elimination (p-value < 0.05). Table 26 shows the results 

of the window models referenced to “ACTM2” (“Intercept” and “tout” are the reference coefficients).  

 

Table 26 Results of the multiple logistic regression for window open with room group and outdoor temperature,  

referenced to “ACTM2”. 

 coef SE z p-value 0.025 0.975 

Intercept 7.001 2.051 3.414 0.001 2.982 11.02 

air-conditioning presence[T.NV] -7.4921 2.952 -2.538 0.011 -13.278 -1.706 

thermalmass[T.TM1] -0.1731 0.248 -0.697 0.485 -0.66 0.313 

air-conditioning presence[T.NV]:thermalmass[T.TM1] 1.2799 0.404 3.171 0.002 0.489 2.071 

Tout -0.222 0.073 -3.048 0.002 -0.365 -0.079 

air-conditioning presence[T.NV]:tout 0.2651 0.105 2.513 0.012 0.058 0.472 

 

We found that the air-conditioning presence affects the probability of open windows with the outdoor 

temperature. The AC room occupant is more likely to close the windows than those in natural ventilated 
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rooms as the outdoor temperature rises. This strategy helps to reduce the rate of indoor temperature rise 

and as shown in Figure 26 Percentage of simultaneous occurrence of Window and AC respectively 

Open/Closed and On/Off in June&September (left), July&August (right). the AC is likely to be 

switched on. The choice of the occupant might be explained similarly by the fact that AC subjects were 

those with the highest sensitivity to the rise of temperature; and those welcoming the transition from 

hot (windows open) to cool stimulus (AC switched on) - alliesthesia.  

The AC window behaviour is found not to be related to thermal mass difference. It should be 

remembered that section 4.1 shows that thermal mass and air-conditioning presence do not 

simultaneously influence the indoor temperature, as at high outdoor temperature the AC rooms are 

cooler but with no difference between TM2 and TM1. Here, we found that the window is used less and 

therefore the indoor air temperature is managed and determined using AC. 

The NV room occupant’s windows open probability is higher than the ACs and slightly increasing as 

the outdoor temperature rises. The general trend of behaviour here is to leave the windows open at any 

outdoor temperature. The occupant might not prevent the rise of indoor temperature due to high outdoor 

temperature (reduced diurnal temperature swing – essential for night ventilation), however, might leave 

the windows open for other reasons: increasing air-movement. To validate that the air-cooling potential 

is exhausted, doors’ and fan use could have been investigated to see whether the air-movement is created 

to cope with heat in place of natural cooling with outdoor temperature [112].  

In general the TM1 behaviour aligns with the findings on the high acceptability and low thermal 

sensitivity to high temperatures in the sections 4.4, 4.5, 4.6 of comfort analysis. Indeed, the NVTM1 

occupant is the most acclimatized to the range of operative temperature experienced and the least active 

in adjustments of windows at high outdoor temperature. However, the NVTM1 people also result 

interacting with shading which then exclude the conclusion that the residents in NVTM1 are inactive 

inside their buildings.  

Moreover, we found that the TM1 occupant has a relatively higher probability of opening a window 

compared to TM2 which might be related to the higher radiative discomfort and need to increase air-

speed to feel cool. NVTM2 windows model shows that there is no relationship between window 



105 

 

position and outdoor temperature, which might be due to the lack of big enough diurnal variation of 

outdoor temperature to enhance the cooling potential of thermal mass; however, this behaviour 

interferes with the process of charge/discharge of thermal mass which might be the cause of the 

observed relative overheating from August onwards in 4.2 section.  

Table 27 Results of the multiple logistic regression for shading open with outdoor temperature. 

 coef SE z 

 

p-value 0.025 0.975 

Intercept 12.4324 2.944 4.223 <0.0001 6.662 18.202 

Tout -0.3968 0.102 -3.888 <0.0001 -0.597 -0.197 

 

Table 27 reports the regression coefficients and p-values. The results are reported using the ACTM2 

group as a reference case. The difference between the reference model and the two natural ventilated 

room groups derived models are significant (p-value <0.05); while the difference between the reference 

model and the ACTM1 is not. Finally, the difference between the window models in TM1 groups is 

significant.  The open shading probability is significantly correlated with outdoor temperature which is  

the only variable whose p-value is higher than 0.05. As the outdoor temperature rises, the probability 

decreases. 

Figure 25a shows the self-reported triggers to the position of the window (open/closed). The answers 

that were reported less than 5% of times each were collated in the “Other categories”. The most reported 

trigger to the open position of windows is air-change (73 %), followed by natural cooling (22%) which 

is the ventilation when the outdoor environment is perceived as a cooling source, or air-movement 

provides a cooling effect. 

The period when the windows activity was recorded is characterized by high outdoor temperature 

therefore it is noticeable that windows are not used to cool the building because the outdoor temperature  

might be higher than indoor. The windows in naturally ventilated buildings are open regardless of the 

outdoor temperature (Figure 23) but through the trigger analysis we understand that they stay open most 

likely for air-change. This implies that the derived model for windows position of natural ventilated  
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Figure 25 a,b Breakdown of self-reported triggers of windows (a) and shading (b) position (open/closed); “n” is the total 

number of recordings for trigger category 

 

buildings could be implemented with air-quality predictors (CO2 and PM2.5 concentration). In any case, 

the predictive power of models derived from fieldwork where occupant behaviour is known is very 

important to reduce the performance gap with monitored data [100,150]. The reason behind occupant 

behaviour choices go behind the thermal comfort or indoor air-quality and that might unique for homes 

in hot climates. Therefore, whenever in a dynamic simulation model we assign the default rule-based 

model with temperature differentials we might underestimate any thermal performances in homes in 

hot climates. Here, indeed, we see that the occupant in NVTM1 leaves the windows open for all outdoor 

temperature ranges experienced which is not contemplated by any of the available simple models for 

dynamic simulations.  

The most reported trigger to the closed window is to avoid outdoor heat (46.4 %). It is followed by 

other triggers which do not significantly differ in frequency and together are up to 53.6%, they are: 

noise, night-time, nobody at home, maintaining indoor cool, insects, air-conditioning on and other. 
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Therefore, the windows are not only closed for cooling purposes (38%). We learned that the probability 

of window position for AC rooms is inversely related with outdoor temperature (Figure 23) which might 

imply that the occupant would prefer to activate the air-conditioning. However, this category occurred 

just 6% of the time and is not clear how the relationship between AC use and the triggers “to avoid 

outdoor heat” and “maintain indoor cool”.  

Figure 25b shows the self-reported triggers to shading positions. Similarly, to Figure 25a, we choose to 

merge in one category all the answers that occur less than 5% each. The most reported reason behind 

the open shades is the natural lighting (66%), followed by air-change (20%) and natural cooling (7%). 

The two most reported reasons to keep the shades closed are night-time (36%) and to avoid outdoor 

heat (33.97%). They are followed by glare mitigation (18.7%), privacy (16.7%), and insects (11%). The 

category that is reported comfortable (14.8%) refers to the satisfaction towards the environmental 

conditions that therefore do not trigger any adjustments. 

The open shade is mostly related to the need for natural lighting; the closed shades are driven mostly 

by the time of the day (night-time which implies absence of sunlight) and the overheating mitigation 

(to avoid outdoor heat and glare mitigation – together 52.7%). There are two possible scenarios: the 

first is that they are most likely open with sunlight and shut at night-time; the second is that they are 

most likely shut when outdoor temperature rises as described in Figure 24. Since we could not monitor 

the illuminance levels, we cannot test the model adding this variable as an additional predictor to the 

probability of the position of shades. We could still test the time of the day as a predictor, and it was 

found through backwards elimination that it is not a significant predictor as the outdoor temperature. 

The model was drawn from spot observations during the hottest periods of each month which might 

invalidate the first scenario (sunlight driven model); or the answer is just referring to the origin of the 

action which happened much before the moment when the shade position was recorded. These 

uncertainties underline the need to expand this analysis further by introducing the duration of the 

position to the prediction of the model in Figure 24 and separate the trigger dataset according to the 

moment in the summer where similar outdoor conditions were found (as previously shown – June & 

September and July & August). 
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Another potential explanation to the contradictory results of shades model and trigger description is that 

we process the triggers isolating each sentence in each answer, however more than one trigger can be 

found for each single answer (e.g. “night-time and overheating mitigation”). Therefore, a potential 

development of this analysis is also to include multiple answers to justify the state.  

 

Figure 26 Percentage of simultaneous occurrence of Window and AC respectively Open/Closed and On/Off in 

June&September (left), July&August (right). 

 

These graphs show the relationship between the summer period, thermal mass, and frequency of 

simultaneous states of windows (W) and AC. The data was collected during the hottest days in each 

month as described in section 3.4 of the methodology chapter; and grouped here into each thermal mass 

level and summertime periods. It is noticeable that in the hottest months, the rooms most likely have 

air-conditioning on, while in June and September windows are open with higher frequency. This finding 

further supports the logistic model we derived for window’s open probability with outdoor temperature 

(Figure 23 Open windows probability (P) with the outdoor air temperature (Tout) for each room 

groups.) and the assumption given on the lower temperatures during the hottest days of July and August 

(Figure 8 Daily mean (lines) and standard deviation (vertical bars) of indoor air temperatures in the four 

room groups during the monitored period (from 01/06/2019 to 20/09/2019).). The shared red area 

between window and air-conditioning bars show the windows closed and air-conditioning off room 

state which is reported with the least frequency. It follows that the occupants frequently adjust their 

environmental control strategies. In summary, the use of W and AC depends on the weather conditions, 

indeed, ACs are found to be on mostly in July and August when the monthly outdoor temperature is 

28.19±1.9°C and during the hottest days when the survey was recorded; and, moreover, the windows 



109 

 

are found open mostly in June and September (26.69±1.69°C) when the outdoor temperature is 

relatively lower and natural ventilation can be operated without causing overheating risk indoors. The 

thermal mass group does not influence the frequency of window and AC states: both thermal mass 

groups result in a similar frequency of state changes regardless of the monthly period. This analysis 

further supports the assumption that the AC is activated during the hottest days of the summer and that 

the rooms are mostly used in NV mode during early and late summer when the outdoor temperature is 

lower and does not increase indoor overheating risk. Further analysis was developed in the next section 

to test the influence of thermal mass around the AC on duration, setpoint, and the result of the 

longitudinal monitoring campaign of AC status, to assess the influence of thermal mass on the duration 

and effectiveness of cooling.  

4.8 AC: use patterns, switching on/off probability 

 

 

Figure 27a b  “On” and “Off” air-conditioning unit status reported in June and September, in July and August for reduced 

thermal mass  (TM1) and  high thermal mass (TM2) room groups; “n” is the total number of recordings for room group. 
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Figure 28a, b Duration ranges of “On” air-conditioning unit status, reported in June and September, and July and August, for 

reduced thermal mass (TM1) and high thermal mass (TM2) room groups ; “n” is the total number of recordings for room 

group. 

 

Figure 27 shows the frequency of on/off status of AC units. We grouped the data according to the “June 

and September” months (Figure 27a), and “July and August” months (Figure 27b). The proportion of 

“on status” is higher in July and August months than for June and September, regardless of thermal 

mass difference. This shows that the user interaction with air-conditioning occurs more frequently 

during the hottest months. Figure 28 shows the duration per use of AC units. The duration is categorized 

in five ranges of hours. We grouped the data according to the “June and September” months (Figure 

28a), and “July and August” months (Figure 28b). In “June and September”, we noticed that the duration 

differs across thermal mass groups, while the air-conditioning is used similarly across thermal mass 

groups in “July and August”. At the beginning and end of summer the TM1 residents operate ACs 

between two and four hours (55%), and the TM2 residents for less than two hours (82%); in the hottest 

months, the TM2 AC duration increases and the overall use is between 2 and 4 hours for 60%. However, 

it is noticeable that the number of recordings of duration in “June and September” are very small (n = 

14, n = 6) which might interfere with any conclusions.  

Figure 29 shows the distributions of self-reported set points temperatures of ACs in TM2 and TM1 

constructed buildings; the dataset is grouped according to: June and September (“June & September”), 

July and August (“July & August”). We found that the period affects the setpoint temperatures 

regardless of thermal mass difference. The residents prefer to set the air conditioners to lower 

temperature (22±0.52°C) during the hottest months. In June and September, the setpoint temperature 
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mean is 23.54±1.36°C for TM2 and 24.90±0.56°C for TM1. Here, the residents in TM1 prefer to set 

their temperature at a higher value than those in the TM2 constructed buildings. This finding can be 

combined with the observations on the duration of AC use in TM2. The occupants seem to appreciate 

the slow response of high thermal mass at the beginning and end of summer by relying less on AC. This 

pattern of use can be sufficient to respond to discomfort episodes occurring potentially during the heat 

health advisory periods and the hottest days in September. The use of AC in TM1 might imply that the 

thermal discomfort occurs for longer and that the setpoint temperature is chosen relatively higher 

because the prolonged use might already affect the energy-cost. 

 

 

Figure 29 Self-reported setpoint temperatures of ACs in June and September, July and August; “nTM2” and “nTM1” refers 

to the total number of recordings per each thermal mass group (TM2 – high thermal mass and TM1-reduced thermal mass). 

 

In the hottest months, the occupants use air-conditioners more frequently, for longer and with a lower 

setpoint than at the beginning and end of summer. In July and August, the high thermal mass cooling 

effect has been exhausted as shown in 4.2 section, therefore the AC pattern of use increases and does 

not differ between the TM1 and TM2 groups. Moreover, the change in TM2 setpoints might be 

explained by the choice of the occupant to overcome the slow response of the fabric to heat transfer, 
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which in this case is not beneficial and had caused relative overheating towards the end of August. 

Therefore, the AC pattern of use would most likely relate to the higher prevailing outdoor temperatures. 

It should be remembered that between July and August two major heatwaves occurred in the location 

monitored (3.1.1 section in methodology chapter).   

  

Figure 30 Self-reported triggers of air-conditioning states (on and off); “n” is the total number of recordings per category. 

 

Figure 30 shows the analysis of self-reported triggers related to the air conditioning state in summer. 

We found out that the most reported reasons to use air-conditioning are: to cool down the room (60%) 

and because they feel hot (34%). The 5% of times other reasons such as high humidity, noise and 

outdoor pollution nuisances were reported. The most reported reasons to have the air-conditioners off 

are: they feel comfortable indoors (69%), they feel cold (10%) and there is nobody at home (5%).  

Moreover, 16% of the time other reasons were given such as: cost, ecological and health related issues 

or noise and pollution. The trigger analysis shows that the main driver to air conditioning operation is 

high indoor temperature and thermal discomfort. While, the main driver for switched off air 

conditioning is thermal comfort, however, noticing that also overcooling thermal discomfort occurred 

with a smaller percentage. However, the comfort analysis has shown that the NV rooms occupants are 

not less likely to feel comfortable than those in ACs in the range of operative temperature measured. 
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Therefore, the reason behind AC use can be related to thermal pleasure and temporal alliesthesia 

phenomena whenever there is a short transition for a hot to a cooler sensation [94,95]. 

 

Table 28 June to September air-conditioning usage and t-test across months and thermal mass room groups  

Room group  Variable   Month 

    June July August September 

TM2 

duration per use 

(h) 

mean ± SD 2.08 ± 1.61 1.49 ± 1.51 2.40 ± 1.77 1.69 ± 1.39 

t-test across consecutive months  ( * significative) - * * * 

TM1 

mean ± SD 1.60 ± 1.49 1.88 ± 1.52 2.07 ± 1.54 1.69 ± 1.58 

t-test across consecutive months  ( * significative) - - - * 

TM2 - TM1 t-test - (-2.58, 0.01) (2.16, 0.03) - 

TM2 

Start 

Temperature 

(°C) 

mean ± SD 28.76 ± 1.42 29.22 ± 1.36 30.10 ± 1.42 28.72 ± 0.91 

t-test across consecutive months  ( * significative) - * * * 

TM1 

mean ± SD 28.85 ± 0.99 29.22 ± 1.07 29.91 ± 0.89 28.35 ± 0.85 

t-test across consecutive months  ( * significative) - * * * 

TM2 - TM1 t-test - - - - 

TM2 

Stop 

Temperature 

(°C) 

mean ± SD 27.84 ± 1.21 28.15 ± 1.15 29.09 ± 1.36 28.13 ± 0.95 

t-test across consecutive months  ( * significative) - - * * 

TM1 

mean ± SD 27.88 ± 1.27 28.57 ± 1.10 28.99 ± 1.15 27.66 ± 1.36 

t-test across consecutive months  ( * significative) - * * * 

TM2 - TM1 t-test - - - (0.01, 4.3) 

* refers to the outcome of the t-test between two consecutive months, p-value < 0.05, bold text refers to the highest monthly value observed for each parameter  

 

Table 28 shows the behavioural patterns of 18 air conditioners. Their activity was monitored 

longitudinally alongside indoor air temperature across the whole summer. The duration and temperature 

variables are derived from the state of the AC. The duration per use is defined as the difference between 

the switch on and consecutive off event; the start/stop temperatures are the conditions at which AC is 

turned on and off. The variables are analysed via t-test which assess the effect of month (yellow bar) 

and thermal mass group (green bar).  
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We found that the highest values are in August. Here, the ACs are used for longer and the start and stop 

temperatures are higher than in the other months. The monthly effect is found for each variable.  

The duration per use is significantly different for each month for the TM2 group of rooms; while it is 

only significantly different for the TM1 group from August to September. The difference between  

thermal mass levels for duration of use is significant in July and August. Moreover, we noticed that the 

magnitude of the mean for TM2 groups is higher in August than in July.  

The monthly effect is found for start temperature across all consecutive months with no difference in 

thermal mass. The start temperature increases between June and July, and July and August. It decreases 

from August to September.   

The stop temperature is found to be significantly different across all consecutive months for TM1 group; 

while for TM2 the distribution of temperature is not significantly different from June to July. The stop 

temperature in September for TM1 is lower than the TM2 and if compared to the beginning of summer, 

it is found that TM1 has moved the stop temperature towards lower values. The stop temperatures are 

tested across months and room groups, finding that the thermal mass difference affects the comparison 

in September where the relative overheating in high thermal mass buildings occurs. Here the prevailing 

indoor temperature is relatively higher for TM2 which might be the reason why the occupants stop the 

AC at higher temperatures aware of the additional costs that extended use of AC might create.  

The stop temperature in TM1 follows the monthly trend of the start temperature they are significantly 

higher in July and August than in September. The potential relation between the use of ACs and the 

month was previously analysed with the survey data. Furthermore, we can observe the response to the 

change of outdoor temperature in the start and stop temperature of AC in reduced thermal mass 

buildings. 

There is a noticeable parallel between the thermal performance described at the beginning of the chapter 

(Section 4.3) and the duration of use. It was found, indeed, that the TM2 effect on indoor temperature 

was significant from July to September; however, the TM2 cooling potential is found to affect the 

average indoor temperature in July and not in August when the TM1 indoor air temperature mean is 

found to be lower than the TM2. We found the same pattern with duration which leads to the potential 
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association between increased indoor temperature (therefore thermal discomfort) to increased duration 

of AC use for TM2.   

The start temperature test outcome is distinguished from the stop temperature which might lead to the 

difference of driving causes to switch on and switch off actions of AC. There is not difference in 

preferred temperatures across room groups between the June and July months and across the hottest 

months. However, the September stop temperature for TM2 group is higher than TM1 which might be 

similarly related to the different thermal performance of the two room groups. The AC use does not 

effectively cool the thermal mass therefore the occupant might stop AC use at higher temperatures 

aware of the additional costs that extensive use might incur. 

 

Figure 31 Occupancy profile - proportions of families per hour of the day 

In Figure 31, we explored the monthly proportion of occupied homes across the time of the day. This 

step was necessary to filter the hours in the AC use time-series when the residents are most likely to be 

at home and use AC. On the X-Axis we report all the hours in the day and on the Y axis we report the 

probability of having all the families at home at the same time. We found out that the hour range when 

the proportion of occupancy is above 0.5 is between 18:00 and 23:00 regardless of the month. Moreover, 

we noticed that residents change their occupancy across July and August, the proportion of occupied 

homes is above 0.5 for the shortest length of time compared to other months. At this time of the year, 

people often go on vacation.  In the case of our sample people would live in the city but engage with 
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activities such as swimming outside their homes or go on short holidays over the weekends. The 15th of 

August is a public holiday, and some families left their homes for three to ten days. These were removed 

from our sample since we know that nobody was at home.  

 

Figure 32 Multiple logistic regression model of switching on AC in the next 20 minutes with indoor air temperature (Ta) 

 

Table 29 Results of the multiple logistic regression for AC switch on 

  coef SE 

z 

 

p-value 0.025 0.975 

Switch On 

Intercept -30.1768 2.192 -13.766 <0.0001 

-

34.473 

-25.880 

Ta (°C) 0.9598 0.075 12.844 <0.0001 0.813 1.106 

 

Figure 32 and Table 29 describe the AC switch on model with indoor air temperature. The sample 

comprises 7 ACs located in living rooms; those machines in bedrooms or office-rooms (11 ACs in total) 

were removed from the modelling because they were characterized by different activity which might 

interfere with the prediction. Two datasets are created according to the start condition (state): “on” and 

“off”. However, we decided to exclude from the analysis the switch off probability. We decided not to 

infer the switch off probability as a function of indoor temperature because as previously argued 

[105,118] the independent variable (indoor air temperature) is affected by the state of the AC which 
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cannot therefore satisfy the “independence” criteria for the logistic regression (3.8 section in 

methodology reports all the assumptions for the logistic regression). 

We filtered the state dataset by occupancy and month. Indeed, the timespan was chosen according to 

the highest proportion of the number of occupied homes (between 18:00-22:00 - Figure 31) and to the 

highest frequency of AC use (July and August – from Figure 28 and Figure 27). Multivariable logistic 

regression was used to infer the probability. Indoor and outdoor air temperatures, room groups and 

family units are all used as predictors, only the significant effects are isolated via backwards elimination 

(p-value < 0.05). The resulting predictor was the indoor temperatures for each probability.  

The blue curve describes the probability of switching on an air conditioner in the next 20 minutes from 

18:00 to 22:00 in the hottest months. The model is valid for the range of indoor air temperature 26-33 

°C. As expected, the switch on probability is positively correlated with indoor air temperature. The 

switch on model [123] shows that the population in Chengdu (China – hot summer climate) is most 

likely to activate the AC (P = 1) at 31°C, while here the probability to switch on ACs is at 31°C is 0.025 

which ultimately shows that the studied population has a higher tolerance to high indoor temperatures. 

Aside from the climate context, it is important to notice that the different heat tolerances between 

populations depend on other factors such as energy costs, occupancy, etc. that are not contemplated in 

the former conclusion [89,134]. 
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4.9 Summary 

In this chapter we analyse thermal performance, thermal comfort and occupant behaviour during 

summertime in homes in Catania, Italy. We explored the effect of different thermal mass and air-

conditioning presence/absence and proposed window and shading use probability models with outdoor 

temperature and switching on air-conditioning probability model with indoor air temperature.      

Sections 4.1, 4.2, 4.3, 4.4, 4.5, 4.6 answers the first research question (RQ1): “To what extent do indoor 

room temperature and thermal comfort differ between room groups?”      

In Section 4.1, we found out that room group might have a significant effect on indoor hourly 

temperature. When the outdoor temperature is below 29 ° C, the thermal mass difference is observed, 

when outdoor temperature is above 31 ° C, the air-conditioning presence/absence affects the difference 

between the indoor air temperature means across all groups. In Section 4.2, we compare the daily indoor 

temperature averaged per room-group across all summer. Here, we noticed that the room 

characteristics’ effect changes across the summer, therefore we proceed with testing in each month the 

distribution of temperatures per room-group in Section 4.3. We found out that in July, August and 

September, the TM2 and TM1 are significantly different and that their difference positively affects the 

temperature from August onwards regardless of air-conditioning presence/absence. The air-

conditioning room groups have significantly lower temperatures in the hottest months compared to the 

natural ventilated rooms.  

In Section 4.4 we first investigate the relationship between thermal sensation vote and operative 

temperature. Linear regression model was used to fit the data and determine neutral temperatures (TSV 

= 0) for each summer month. We found that the sensitivity curve changes significantly from June to 

July, and from August to September. We, therefore, grouped June with September, and July with August 

to generate the final regression models. We further tested the magnitude of the monthly effect by 

introducing the differentiation of room groups first, and secondly occupants’ age-group. We found out 

that the magnitude of the monthly effect changes across room-character but not across age. 
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In Section 4.5, we analysed the logistic relationship between acceptability vote and PMV across months, 

room groups and occupants’ age group. The beginning and end of summer are characterized by higher 

acceptability to warm states which decrease during the hottest months. We tested this finding by 

splitting the data according to the characteristics of the room groups. We found out that the magnitude 

of the monthly effect is affected by thermal mass difference, indeed, the TM1 occupant accepts higher 

thermal state more than the TM2 building’ occupants, regardless of air-conditioning presence. As 

previously found in Section 4.4, occupants’ age has no significant effect on the monthly shift of thermal 

acceptability. In Section 4.6, we questioned whether the ASHRAE 55 Adaptive comfort model 

represents this population. We did so by testing the upper comfort limit against the neutral temperature 

calculated for the summertime heat warnings separated periods. We found out that the standard covers 

the adaptive mechanisms of the sample population in summer under extreme weather conditions.  

Sections 4.7, 4.8, answers the second research question which is: “Assuming that the main driver for 

occupant behaviour might be overheating mitigation due to rising outdoor temperatures, to what extent 

does window and shading use differ between room groups?”      

In Section 4.7, we investigated the window and shading pattern of use. We first described the frequency 

of position (open/closed) and the duration of use for each environmental control system; then, 

multivariable logistic regressions were used to model the relationship between the proportion of 

windows and shadings used and the environmental and contextual predictors that were: outdoor and 

indoor temperature, room-character, family unit, time of the day, etc. We found that the pattern of use 

for windows and shadings is affected by month and room-characteristics. Two logistic models were 

created, both have outdoor temperature as the main predictor and the window’s probability was found 

to be also affected by the room groups. Indeed, we found that the AC room occupant is most likely to 

close the windows as the outdoor temperature rises. The natural ventilated room’s occupant is most 

likely not to change the position of the windows, leave them open and that the TM1 room occupant has 

higher chances to have windows open at the same outdoor temperature compared to the NVTM2 case. 

Lastly, we discussed the triggers to windows and shading positions. We found out that the air change 

is the most frequent reason behind open windows, while natural lighting is for open shadings.  
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In Section 4.8, we study the use of air-conditioning in homes through the analysis of both longitudinal 

and survey data. First, we discussed the frequency of use, duration and setpoints recorded with the 

questionnaires. We found that the machines are mostly used in July and August, and that there is no 

thermal mass difference in the use. Secondly, we found out that the users in TM2 rooms set the AC to 

operate at lower temperature than those in TM1 rooms at the beginning and end of the summer; and 

that the overall setpoints in the hottest months are significantly lowest in the all summer regardless of 

thermal mass difference. Secondly, we explored the difference in the duration per use, start and stop 

temperature across thermal mass difference and months using the longitudinal dataset of AC use. We 

found out that the duration per use is significantly different between room groups across the hottest 

months of the summer. Here, the TM2 duration is higher than TM1 in August when the relatively higher 

thermal mass is supposed to lose its cooling capacity and therefore might influence the duration of 

thermal discomfort and cause more intense use of ACs. Moreover, we found out that there is also a 

thermal mass effect on stop temperatures. This variable was found to differ in thermal mass groups in 

the transition from August to September; the TM1 group prefers to stop ACs at lower temperatures than 

TM2s.  

Finally, knowing the highest recorded occupancy which occurred between 18:00-22:00 and the highest 

frequency of use that occurred in July and August, we filtered the AC status dataset and used it to model 

the probability of switching on. We infer multivariable logistic regression to find via backwards 

elimination the most significant predictors which is indoor air temperature for switch on probability. 

The model found that this specific population has a greater tolerance to high indoor air temperature 

before turning on air-conditioning compared to previous references in literature.  

The overall findings are important for their role to inform on the adaptive capacity of the occupants and 

how it is performed under high outdoor temperatures. This field is still today a grey area despite its 

importance to determine “resilient performance” and its impact to inform on the potential effect of 

building design on energy consumption or the heat-proofing homes. 
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5. Discussion and 

Limitations 

The aim of this PhD was to assess the effects of thermal mass and air-conditioning presence in homes 

under rising outdoor temperatures. The approach used was to compare air-conditioning (AC) presence 

against its absence and two building constructions of which one is characterized by high thermal mass 

(TM2). Therefore, we grouped our sample according to the room thermal mass and air-conditioning 

retrofit into: ACTM2, ACTM1, NVTM2, NVTM1; then we compared each  group  in order to find the 

relative difference in indoor temperatures, thermal comfort conditions, window, shading and AC use. 

Under the measured conditions, we found that the relative effects of heat-proofing strategies have small 

magnitudes and in some cases they limit the adaptive potential that their absence has created. In this 

chapter we review and discuss the main findings in relation to the research questions and the state of 

the art; and finally, we discuss the strengths and limitations encountered throughout the study. This 

chapter is divided into four sections that are centred around the research questions and a last one that 

targets the study limitation. 

5.1 RQ1 - Indoor temperatures 

Here, we discuss the findings over indoor air temperature which were developed in Sections 4.1, 4.2, 

4.3. The magnitude of the thermal mass and air-conditioning presence effects on indoor air temperature 

was tested under the same outdoor hourly temperature, and daily and monthly timeframes. The 

magnitude of the effects of TM2 and AC on indoor temperature was found to be very small in daily and 

monthly timeframes. Moreover, relatively higher monthly and daily temperatures were observed in 

TM2 rooms from August onwards. The highest cooling efficacy of high thermal mass and air-

conditioning (ACTM2) was observed during the hottest hours in a living room under the first heatwave 

in July (09th to 11th of July). Therefore, the first part of the first research question is answered.  
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The relative cooling effect on indoor air temperatures in high thermal mass buildings was not consistent 

across the whole summer and its magnitude changed across timeframes. The analysis of hourly indoor 

air temperature showed that the thermal mass has a statistically significant effect when the outdoor 

hourly air temperature is below 29 ° C but its magnitude is small and further analysis over the thermal 

performance of the buildings was needed.  Analysis of daily and monthly indoor temperatures showed 

a similar trend related to the thermal mass difference: regardless of air-conditioning presence/absence, 

the TM2 dwellings have cooler temperature means in July (monthly difference – between 0.2 and 0.3 

°C cooler than TM1 rooms) and warmer in August (monthly difference – 0.3 °C warmer than TM1) 

and September (monthly difference – 0.5 °C warmer than TM1). This outcome can be explained by 

considering the way the thermal mass of the room affects the room’s thermal performance.  

When the heat stored in thermal mass cannot be sufficiently discharged, the building is likely to 

experience significant and long-term overheating [56]. Although in August the AC is used on average 

for longer, more frequently and at lower set-points, and it is likely that windows are closed during the 

hottest hours of the day (high outdoor temperature), it does not result in lower indoor temperatures. This 

outcome might lead to the conclusion that AC is not operated appropriately to control the heat discharge 

process of high thermal mass buildings. In this regard, the energy costs for a hypothetical AC use 

compensating for the slow response of the TM2 fabric could be unaffordable for the residents.  

The NVTM2 rooms on the other hand, had limited potential for heat discharge in this exceptional 

summer due to the fact that diurnal outdoor temperature swing is smaller than the minimum value (7 

°C [13]). The predictive model of window’s position (4.7 section in Results chapter) shows that 

windows are most likely always open regardless of outdoor temperatures. Therefore, both the AC and 

window use might not be effective to discharge the excessive heat and cool down the mass exposed in 

TM2 rooms; and in case of NV buildings, the occupant is likely not to preserve the indoor temperatures 

by closing windows at the hottest hours of the day. In conclusion, the TM2 cooling potential might have 

been exhausted from August onwards because of the early summer occurrence of extreme weather 

episodes, small outdoor temperature daily swing and poor occupant behaviour practices.  
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The main dampening effect of the relatively higher thermal mass in TM2 rooms of the outdoor 

temperature peaks is noticeable in daily timeframes and has the biggest magnitude when compared in 

July (Results - section 4.2). The maximum cooling potential of ACTM2 on indoor temperature is 

observed by comparing the thermal performance of living rooms. We choose one south-west living 

room per room-group that would represent the worst-case scenario in terms of internal gains. The indoor 

temperatures in an ACTM2 living room during the 1st heatwave (from 07 to 11th of July) were indeed 

observed between 2 to 6 °C lower than the NVTM2 which clearly is due to the active cooling practiced. 

TM2 rooms were observed to have the biggest impact on the daily amplitude of indoor temperatures, 

regardless of AC presence. Indeed, the difference between the indoor temperatures at the start and stop 

of AC use, is smaller for TM2 than TM1 rooms. This effect however is not beneficial during a heatwave 

for NV rooms because it determines the continuation of exposure to high indoor temperatures.  

Similarly, we found that the AC presence results in significantly lower temperatures than natural 

ventilation, but its cooling effect is very narrow and the magnitude changes across timeframes. First the 

AC cooling effect was observed over a limited period of time which corresponds to the hottest days in 

summer (Figure 8). The limited period of the cooling effect of AC might imply that the occupants 

condition their homes to face the hottest days of summer.  Secondly, the difference in monthly indoor 

temperature between NV and AC rooms is between 0.9 and 1 ± 0.4 ° C in the hottest month, which is a 

minimal cooling effect. Indeed, the AC effect on indoor air temperature is constrained to the hottest 

days in July and August, and when the rooms are compared in monthly timeframes the difference results 

in a small magnitude. The occupants use AC as an adaptive strategy to cope with heatwaves and - in 

case of high thermal mass building – with the slow response of the fabric which might cause overheating 

indoors. Finally, the hourly readings of indoor temperature in Figure 7, showed that AC rooms are the 

coolest when the outdoor air temperature is above 30 ° C.  [31] shows similar results - above an outdoor 

air temperature of 30 °C the indoor air temperature of AC homes stops rising and the mean remains at 

30 °C. However, in our case, as the outdoor air temperature exceeds 32 ° C, the indoor air temperature 

tends to decrease to an average of about 28 ° C. This outcome might be related to a more intense use of 

air-conditioning due to the extreme heat events.  
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5.2 RQ1 - Thermal comfort 

Here, we discuss the findings over thermal comfort which were developed in Sections 4.4, 4.5, 4.6 of 

“4.Results” chapter. The thermal sensitivity and acceptability were evaluated under the same summer 

period which were: June and September, July and August. By doing so, we found a shift of thermal 

neutrality to higher operative temperatures and decreased in acceptability in the hottest months. The 

magnitude of the different thermal mass and air-conditioning presence/absence effects over thermal 

sensitivity and acceptability were tested under the same summer period. The magnitude of the TM2 and 

AC rooms effects over thermal comfort were found to be very narrow. Moreover, it was observed that 

in TM2 and AC rooms increased occupant’s sensitivity and intolerance to rise/drop of operative 

temperature and PMV. Therefore, the second part of the first research question is answered. 

First, we tested whether there are adaptive processes to the rapid rise of outdoor temperature in the 

summer of 2019, which had an unusually high number of heat warnings and heatwaves. We found that 

as the outdoor temperature rises across summer, the thermal comfort neutrality shifts to higher indoor 

temperatures; indeed, the shift is found when we compare the June and July months, and August and 

September neutral temperatures. These are due to acclimatization mechanisms which we demonstrated 

account for a time-frame smaller than a season which is most commonly found in scientific literature 

[82]. This phenomenon might have been exacerbated by the increased frequency of heat events in 

summer 2019. Moreover, the gradient of the curve was also affected by the summer period. This 

parameter is directly related to the thermal sensitivity of the population - the steeper the curve, the more 

sensitive the population is to the rise/drop of temperature. In the hottest months indeed the increase of 

sensitivity of the population is observed which can be also caused by the prolonged exposure to higher 

temperatures. No other study has computed these effects in summertime conditions for homes, using a 

smaller than seasonal timeframe. Finally, the derived neutral temperatures for different heat-exposures 

periods were plotted against the ASHRAE 55-2020 adaptive model and the outcome was that the 

standard represented this population and the adaptive mechanisms in place. The neutral temperature 

between the second heat health advisory and the first heatwave does not change. This shows that the 

population does not adapt quickly enough to cope with the sudden change of outdoor temperature. The 
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lack of adaptive response might be related to the high frequency of extreme hot periods (heat health 

advisories) early in the summer. Indeed, heatwaves early in the summer have been proven to have 

greater effects on heat-related morbidity and mortality - factors inversely correlated to heat 

acclimatization - than those heatwaves occurring later in the summer [6]. However, followed by a less 

intense heat period after the first heatwave, the population neutral temperature increases of about 2 °C. 

This might be explained by the fact that the adaptive capacity was restored during the alternation of less 

intense hot period. An attempt to test the room-group difference against the ASHRAE 55-2020 was 

possible for the July and August dataset of all ACs and TM2 room-groups. It was found that the ACTM1 

has the relative highest neutral temperatures among all groups; however, the difference is not 

significant, and the points are included in the comfort bands of the ASHRAE 55 2020 model.  

Given that the operative temperature ranges experienced at the time of the questionnaire do not differ 

much across groups in the same summer period, the perception of the environment was assessed mostly 

in comfort ranges (TSV = ± 1) and the resulting neutral temperature did not differ greatly across room-

groups. However, it is noticeable that AC presence and TM2 fabric determine the relative highest 

sensitivity in the hottest months. Here, the thermal history of the people can explain why the groups 

with one heat-proofing strategy are the most sensitive to rise of operative temperatures. Since they are 

the least exposed to prolonged high indoor temperatures they do not welcome temperature increase. On 

the contrary, people in NVTM1 rooms – which are exposed to the relative highest indoor temperatures 

among all groups likely determined by the least thermal mass and no air-conditioning- have the smallest 

sensitivity to any rise/drop of operative temperatures in the range of 28-31.5 °C and felt “slightly warm” 

(TSV = 1). The TM1 rooms with AC instead, restored the adaptive comfort capacity as any other heat-

proofing strategy in the hottest months. The people in the same TM2 group showed a similar sensitivity 

to the thermal state regardless of air-conditioning presence which might imply that the dampening effect 

of the relative higher thermal mass affects the thermal perception which contrasts with [93] study. The 

limitation of the former literature is that the design of their research cannot include the effects of thermal 

mass since they refer to one vote per season, even though the advantage of the dampening effect is daily 

(the decrement factor is about 17 hours in Table 7). On the other hand, it is important to remember that 
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the cooling effect of TM2 on indoor temperature is exhausted in July after intense and repeated heat 

events at the beginning of the summer. In this sense, the occupants are not exposed to typical thermal 

conditions inside high thermal mass buildings. The acclimatization normally is a long-term process 

which can lasts from weeks to years. Therefore, the lack of acclimatization in NVTM2 might result 

from the longitudinal exposure to small fluctuations of temperatures that people living in TM2 buildings 

experience, regardless of actual cooling performance of TM2 during the 2019 exceptional summer.  

The thermal acceptability analysis was performed similarly to the thermal sensitivity; therefore the 

summer period effect was computed first. The outcome of this analysis is that there is a change of 

thermal acceptability across summertime; given the same range of conditions at which acceptability 

was assessed, the population responds with decreased acceptability to the rise of PMVs in hottest 

months. This is explainable by two phenomena: adaptation and alliesthesia. They are processes that 

explain the change of self-evaluation towards the thermal environment based on longitudinal exposition 

to the same thermal stress. The difference in summer period affects the percentage of dissatisfied people. 

This finding is noticeable for PMV values higher than 1. At the same thermal state (PMV = 1), the 

percentage of dissatisfied people is significantly lower at the beginning and end of summer compared 

to July and August months. Here, the curve is closer to the Fanger PPD curve. The phenomena of 

alliesthesia is likely the cause of this finding. This phenomenon refers to the seasonal transition from 

cool to hot prevailing thermal conditions effects on thermal perception and pleasantness of the 

occupants towards their environment. The cool thermal states are more likely to lead to neutrality and 

perception of pleasure in summer because of the long-term exposure to heat [87]. In our case alliesthesia  

relates to a shifts of the thermal perception from cooler prevailing thermal conditions at the end of 

spring to warmer conditions at the beginning of summer; and also, a shifts from hottest months to cooler 

end of summer . The occupants are more likely to accept warm thermal states in June and September 

(mean outdoor temperature 26.59 ± 2.42 °C and 26.71 ± 1.69 °C) because they are perceived as 

relatively more pleasant than those generally experienced in May ( 22.92± 1.85 °C ) and in July and 

August (28.03 ± 1.9 °C and 28.19 ± 1.72 °C) . 
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As the occupant gets more frequently exposed to high thermal states (PMV >1) in July and August, 

their acceptability decreases. This aligns with the previous finding of thermal sensitivity which is found 

to be higher here compared to the beginning and end of summer. 

The TM2 and AC effect is to narrow the acceptability range in the hottest months, especially the thermal 

mass difference, which has the biggest influence. Here, the people in TM2 are most likely to reject the 

same rise/drop of thermal states (PMV) than those in TM1 rooms regardless of air-conditioning 

presence/absence. As stated before, the change in expectations is due to the two adaptive mechanisms 

which depend ultimately on the prevailing thermal conditions. It was found in the indoor temperature 

analysis that the TM2 group are exposed to relatively higher indoor temperatures regardless of air-

conditioning presence/absence from August onwards which can cause the ultimate difference in 

expectations. However, no other study has accounted for this effect of high thermal mass over air-

conditioning on acceptability. 

Finally, the effect of AC was found to apply just for TM1 building occupants – the AC indeed decreased 

the acceptability to warm states in the hottest months, yet the magnitude of this effect is relatively larger 

than the alternative of TM2s. The effect of AC on the expectations was found previously in [90] study 

for people exposed to AC above 4 hours daily, voting on the indoor environment of a commercial 

building. Here, the acceptability to high thermal states is significantly narrower for people exposed for 

longer time to lower temperatures due to AC use. 

 

5.3 RQ2 – Window and shading use 

Here, we discuss the findings over the window and shading use which were developed in Section 4.7. 

The link between occupant behaviour and heat-proofing strategies is not obvious despite it being 

fundamental for enhancing the potential of cooling strategies. We therefore questioned whether window 

and shading patterns of use would differ across rooms characterized by various heat-proofing strategies 

in place, under high outdoor summer temperatures when we assumed that the driver for those 

adjustments is most likely to be overheating mitigation. We first tested the pattern of use under the same 
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summer period, across levels of room thermal mass and AC presence/absence; then we further 

attempted to model the systems’ interactions across summer, using stochastic methods in order to 

include both environmental and contextual predictors such as room groups; and finally, we analysed 

the self-reported drivers to ensure that the assumption for the research question was verified. 

We answered the second research question by observing that there was little effect of AC presence and 

of TM2 on windows and shading use patterns when compared across monthly separated periods and 

outdoor temperature range.  

The presence of the AC unit affects the interaction between outdoor temperatures and window use in 

summer. The reduced probability of windows open is observed at high outdoor temperatures, and it is 

associated with probable AC use in their place. This further supports the conclusion that the studied 

homes when equipped with AC use mechanical cooling as an adaptive strategy to cope with the hottest 

days. The implication of this finding is that whenever the dwelling is equipped with AC in this context, 

its use is limited to the hottest days of the summer because natural ventilation is preferred for the wider 

ranges of outdoor temperature recorded. Therefore the adaptive comfort model should be used in place 

of Fanger PMV [25] to assess thermal comfort in this context.  

Moreover, a relatively higher probability of windows openings for NVTM1 than NVTM2 rooms, was 

observed regardless of outdoor temperature. This outcome might be due to the lack of natural ventilation 

cooling opportunities given by the reduced diurnal temperature swing; and also, the relative difference 

between adjustments probability could be that the radiative heat discomfort in TM1 building is higher 

and people attempted to increase the air speed to generate a cooling effect. However, the difference 

between thermal mass levels is small in the measured range and the effect is not significant, shown by 

the correlation test in Table 26. It is interesting to notice that the NVTM1 occupant is the least active to 

adjust windows and the most acclimatized to high indoor temperatures according to the comfort analysis 

(4.4 section). This outcome ultimately shows the importance of real-world experiments in hot climates 

to improve the predictive power of in-use models of occupant behaviours in dynamic simulation 

modelling. 



129 

 

The shading use probability was inversely correlated with outdoor temperature. The probability of 

shading use with outdoor temperature implies that for NV rooms there is a practice of windows open 

simultaneously to shades closed as outdoor temperature rises. This concept alongside the simultaneous 

operational mode of AC on and windows closed gives room for further investigations into the 

simultaneous use of environmental strategies. These are the first models which represent homes in 

Mediterranean countries under rising outdoor temperatures, and the windows’ model is the first ever 

created model that accounts for AC presence in homes. 

Furthermore, AC and TM2 were observed to influence duration of use of windows and shading. It is 

important to notice that the duration of windows use in July and September for AC rooms, is relatively 

the longest and that the frequency of interaction is the least in the room-groups comparison. This 

outcome might be related to the reduced rate of interaction that people in AC rooms have since they 

can rely on active cooling systems to control their environment, as shown previously by [108]. Thermal 

mass character is found to have a small effect mostly on shading’s use. This finding might be explained 

by the radiative discomfort that an open shade would cause inside a high thermal mass building with 

relatively lower surface temperature of the walls, also considering the difference in wall and glass size 

and thickness that a traditional building would have compared to a modern constructed building.   

Finally, the driver analysis validates that the high outdoor temperature is a self-assessed driver to 

window and shading position, but the highest proportion for each strategy is still given by air-change 

and natural lighting which might occur simultaneously but the way we set the analysis does not show it 

(see Section  4.7). 

 

5.4 RQ3 - Air-conditioning use 

Here, we discuss the findings on air-conditioning use which were developed in Sections 4.8 in “Chapter 

4 Results”.  AC use is assumed to be driven by comfort purposes and since we found out that the thermal 

comfort and indoor air temperature are affected by room groups, we questioned if the air-conditioning 

use would change across differences in room’s thermal mass. AC use was evaluated using two datasets: 
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surveys and longitudinal measurements. The data collected from surveys were: frequency of status, 

duration per use, setpoint, and trigger. The data collected with longitudinal measurements were time-

series of status inferred based on the outlet-temperatures; we then computed the duration, start and stop 

temperatures per use. We tested first the shift in behaviour due the rise of outdoor temperatures, and 

then for each summer period we attempted to account for the thermal mass effect. 

We observed that in general the pattern of use changes across summer periods and is more intense in 

the hottest months. This implies that the AC is used as an adaptive strategy to overcome the hottest 

periods of the summer. Here, it is noticeable that the preferred temperature (setpoint) is about 22 ° C 

for both buildings (TM2 and TM1) which is far below the neutrality. This finding together with the 

lowest tolerance in the hottest months are factors which generally show a dissatisfaction of the 

occupants towards the environment and justify the drive for AC use [92]. Moreover, the ACs in high 

thermal mass buildings are observed to be used for shorter time and at relative lower setpoint than TM1 

in June and September. The slow thermal response of the high thermal mass fabric shifts and mitigate 

the indoor temperature peaks which ultimately can be compensated by short AC use with lower 

setpoints to restore indoor thermal comfort. While the ACs in TM1 are used for longer at higher setpoint 

in the same periods. The use of AC in TM1 might imply that the thermal discomfort occurs for longer 

and that the setpoint temperature is chosen relatively higher because the prolonged use might already 

affect the energy-cost.  

From the longitudinal recordings, the effect of building thermal mass was observed over duration and 

stop temperatures per use. However, the effects are narrow and limited to a short period of time. In TM2 

homes, the duration per use was found to be relatively lower in July and higher in August than TM1. 

This choice might be dictated by the fact that from August onwards the TM2 overheats due to lack of 

management of summertime heat loads; therefore, increasing the intensity of AC use might compensate 

the slow response of the fabric and avoid short term discomfort. Furthermore, the people in ACTM2 in 

the hottest months have the lowest thermal tolerance to the change of thermal state from warm to hot, 

which might trigger the more intense AC use. 
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It was observed that the ACs in TM2 rooms were stopped at relatively higher temperatures than in TM1 

rooms in September. Here, the averaged indoor temperature is significantly higher in TM2 rooms due 

to the poor-quality management of slow thermal response of high thermal mass. Therefore, the 

occupants choose not to stop AC at lower air room temperatures in order not to intensify the use of AC 

and increase the additional costs of energy. It could have been used instead to overcome short 

discomfort episodes which are likely to happen in September due to cooler outdoor environment. 

Moreover, the thermal acceptability for ACTM2 people is the highest in June and September which 

also could influence the choice of reduced intensity of use of AC. 

The trigger analysis showed that behind AC use there is thermal dis-comfort (“I feel hot”, “I feel cold”). 

However, the comfort analysis showed that the people in natural ventilated buildings are not less likely 

to feel comfortable than the others. Therefore, the reason behind AC use can be related to thermal 

pleasure. The thermal pleasure can ultimately be explained by temporal alliesthesia when moving 

shortly from a hotter to a cooler thermal state provide by the AC use.   

We tested furthermore the AC switch on event with a set of predictors consisting of: indoor and outdoor 

temperatures, and thermal mass character. In the range of measured indoor temperatures and derived 

occupancy, little probability was found that the switch on event would occur. Indeed, when compared 

to other studies such as [123], the proportion of air conditioners switched on in the next 20 minutes at 

the same temperature is very low. This supports the underlying conclusions that the AC is used as an 

adaptive strategy to cope with heat during the hottest days which then suggests that this population 

operates the building mostly with natural ventilation. 

 

5.5 Limitations of the study 

The core assumption of this work is that when comparing TM2 and TM1 rooms, the main effect over 

the studied variables (i.g. thermal performance) is given by the difference in thermal mass. This 

assumption has some limitations. Firstly, the rooms that belong to the same thermal mass group share 

features beyond similar thermal mass distribution in the fabric. For example, the rooms in TM2 have 
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larger volumes than TM1, vaulted ceilings and expected higher rates of infiltration due to their relatively 

older age of construction. All buildings in TM2 group were constructed before 1920 and today their 

windows are still the original ones.  

In Section 3.1.4, we assessed first that the indoor temperature in TM2’s rooms were significantly lower 

than TM1 rooms, from real-settings longitudinal measurements. This is the preliminary evidence that 

allows us to move forward to test whether the thermal mass is the dominant factor influencing the 

difference in thermal performance. We answered this question via a second preliminary test where the 

indoor air temperature was simulated from an energy model of a room (previously validated in [26] and 

tested under a typical summer day in Catania [59]). The model represented an average TM2 room and 

by replacing the external wall with TM1 construction, we tested whether reducing the thermal mass of 

the smallest surface exposed to indoor air would significantly affect the thermal performance of the 

room. We found that the room performs worse with a TM1 wall than a TM2 wall, which ultimately 

ensures us that in the outcome of the first preliminary study in field-settings might have been caused by 

the difference in mass that has dominant effect on indoor air temperature. We have conclusively shown 

the effect of thermal mass difference between TM2 and TM1 over indoor air temperature in free running 

conditions, but data collected in this work cannot help in determining accurately the boundaries between 

TM2 and TM1 type of thermal behaviour. Considering this might be important to understand indoor air 

temperature, further work may expand the range of thermal mass levels (such as a very lightweight 

construction), to determine them. 

It is noteworthy that the assumed effect of thermal mass on temperature has been used to explain the 

thermal comfort and occupant behaviour findings; therefore, the other construction features can also 

limit the interpretation of the comfort and behaviour results. For example, the characterization of air 

infiltration in the two types of construction is important because increasing the airspeed positively 

affects the thermal comfort under high temperatures. Despite it is difficult to measure air-infiltration 

longitudinally without using intrusive methods such as the blower-door test and at the time of the study 

we owned one anemometer, the infiltration has an effect when the windows are closed which rarely 

happens in real-settings during summer.  
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The magnitude of the effects depends on the case study analysed.  We chose to compare the high thermal 

mass (TM2) rooms to the reduced thermal mass (TM1) room. This building type is widely present in 

the studied context and has been classified as a medium thermal mass building according to the internal 

aerial heat capacity (Section 3.1.2). The outcome of the comparison might have been different if the 

high thermal mass buildings would have been compared with another scenario with light thermal mass 

(80 JK-1m-2 aerial heat-capacity). Similarly, we could introduce the categorisation of residents by 

defining a level of air-conditioning use. In summary, the size of the effects found in the study deepened 

to the context where the experiment was performed, no generalization can be drawn solely based on 

these data. However, these limitations could be targeted by further investigations. 

The indoor air temperature measurements were made with IButtons as described in Section 3.2.1 

Longitudinal measurements. These sensors have the advantage of being small in dimension and 

powered by battery. However, they measure the air temperature in their immediate environment, and 

this leads to assuming that air temperature of the room does not greatly differ across the surface where 

the IButton is placed. When the AC is activated the thermal gradient across the room is greater. We 

attempted to overcome this limitation in comfort analysis by ensuring the occupants would assess their 

environments far from any cooling sources and by referencing the environmental conditions to the spot 

measurements. The limitation remains for temperature analysis but as we proceeded in the analysis of 

AC use, the duration and its settings show that the machines were employed for short periods and that 

might reduce the effect of this error over the outcomes. Further investigations over the differences in 

the temperature recordings across outlet temperature, indoor temperatures and spot measurements can 

also help to understand whether the IButtons measuring indoor air temperature are able to depict the 

fluctuations in the room temperature due to AC use. 

Another assumption in the comfort analysis is in the operative temperature which was calculated from 

longitudinal recordings of indoor air temperature and assumed air-velocity of 0.1 ms-1 when no spot 

measurements were provided. The solution to use indoor air temperature in place of radiant temperature 

when not available was found to create an error of 0.4 °C in [83,151]. The studies used a great number 

of measurements from subjects voting homes in buildings diverse in thermal mass (named light and 
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heavy-weight constructions but not accounted for). In Appendix 3, Figure 33 and Figure 34 show an 

attempt to account for the effects of both assumptions on the results. A linear regression was fitted 

between the heat-stress meter air-temperature and respectively globe and IButton temperatures. It is 

found that the difference between the lines is negligible since it is within the measurement’s errors 

(maximum difference of 0.18 °C at 32 °C which is lower than what found in [83,151]). Similar, we 

tested the logistic regressions between TAV and PMV when air velocity was assigned to 0.025 and 0.5 

ms-1. It is found the same trend of the curves as 0.1 ms-1 case, and a slightly higher un-acceptability for 

PMV lower than 0 for when air velocity is assumed 0.5 ms-1.  

The temperature analysis can also be affected by the diversity of internal thermal loads. There are 

different approaches to this problem. First of all, we can target just night-time conditions with reduced 

internal loads. However, this automatically eliminates the effect of one room group – the air-

conditioning presence/absence – and hides the dampening effect of construction thermal mass. 

Increased sample size and occupancy sensing can help to reduce the uncertainty brought up by the 

internal loads; or energy modelling of rooms with no occupancy used as a prototype to test various 

patterns of internal loads can inform a sensitivity analysis over the findings. 

The occupancy is important to support the outcomes of this study. The optimal occupancy readings 

would be longitudinal; however, the available sensing systems were found limited as they are affected 

by either contextual factors or unintuitive to read. Indeed, conditions in homes such as having high 

numbers of occupants might result in increased numbers of movements and readings that cannot be 

fully accounted for. We controlled for this source of uncertainty by using self-reported occupancy to 

compare with PIR readings, beyond common practices in similar studies in the literature (e.g. [111]). 

However, there are some gaps in occupancy given by the uncovered periods in the survey or reduced 

number of operational sensors.   

The frequency of recordings was dictated by the survey design since we did not have the sensors 

availability for windows and shading. However, the duration per use demonstrates that the highest 

frequency of duration per use is above 4 hours across all summer and regardless of room character. 



135 

 

Therefore, the change of status occurs within the timeframe of the survey which is about 8 hours - twice 

a day. The data collection strategies employed for window/shading monitoring in place of sensors might 

be sufficient to record the change of actions. However, the surveyed period is limited in time. 

The shading duration analysis showed that it is affected by thermal mass difference in June and 

September. Since the thermal mass is linked to the construction which is a feature that all rooms in a 

building share and the sample that we monitored has fewer buildings then rooms (about 4.5 rooms each 

building, where a total of 22 buildings were monitored), it follows that the rooms might share other 

properties that influence this outcome. Further investigation into the diversity of occupant behaviour in 

each building could be used to explain this outcome. 

Finally, worth to mention are the issues experienced in the field work. The ENLITEN-pi was often un-

plugged which caused loss of occupancy data. Early spot measurements carried out by the occupants 

did not follow the protocol of measurement and resulted in inconsistent readings compared to the 

IBUTTON sensors which therefore were discharged. This issue was related to the un-familiarity of the 

occupant with the instruments which was overcome after the first 10 days. Lastly, some questionnaires 

lacked time and date references which were discharged, and especially the open questions regarding the 

“trigger to action” in the survey were the least to be answered.  
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6. Conclusions and Future 

Work 

This thesis presents the results of the first monitoring study investigating the effects of room thermal 

mass and air-conditioning on temperature, thermal comfort and occupant behaviour under Southern 

European summer conditions. The aim of the PhD was to investigate the effects of high thermal mass 

and presence of room air-conditioning on indoor air temperature, thermal comfort and occupant 

behaviour under rising outdoor summertime temperatures. 

Prolonged heat-exposure causes indoor thermal discomfort and is responsible for heat-related illnesses. 

Recent intensifying heatwaves all over the world have proven that at present, people are vulnerable to 

extreme weather events. Therefore, heat-proofing strategies and building interventions must be 

developed. International organizations such as the WHO (World Health Organization) have advised the 

use of AC to cope with heatwaves and the improvement of building thermal capacity to reduce the 

exposure of occupants to rising outdoor temperatures. Both strategies are highly dependent on climate 

and occupant behaviour, therefore their assumed heat-proof effects might not be effective in real 

settings. Despite the importance of incorporating AC and thermal mass into heat-proofing strategies in 

the view of the effects of climate change, no research studies have targeted the extent of their effects 

over longitudinal thermal performance including occupant centred metrics such as thermal comfort and 

behaviour. This gap required a field study in real settings.  

The methodology consisted of longitudinal measurements of temperature and AC use, and surveys of 

thermal comfort and window, shading and AC. A novel high frequency survey was developed for the 

first time in order to obtain data on adaptive thermal comfort mechanisms under rising summertime 

temperature at a small-time frame, and their potential variation given by the difference in room thermal 
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mass and AC presence/absence. A comparative approach of building/room features was used for the 

first time over occupant-centred metrics and temperature using field settings. Indeed, it is common 

practice to use pairwise comparisons with simulation programs to account for the relative effects of 

room features in the literature, and to assume static schedules for occupant behaviour and comfort 

models in place of self-assessment. Lastly, the stochastic modelling of windows, shading and AC use 

for residential buildings with diverse thermal mass in a Mediterranean climate was carried out for the 

first time. Logistic regression methods used allowed us to highlight the potential interaction between 

strategies and construction features which otherwise would not be possible with rule-based models of 

behaviour or models derived from other field settings. 

The study has shown that both the single and combination of high thermal mass and AC presence (heat-

proofing strategies) result in a relatively small difference in indoor air temperature, in a limited 

summertime period. However, the presence of AC and/or high thermal mass was found to negatively 

alter the comfort perception and acceptability to high thermal states after prolonged exposure to summer 

heat. These findings show a clear link between prevailing indoor temperature and thermal comfort. 

Heat-proofing strategies determine, in long-term diversified thermal environments, the perceptions and 

expectations of the residents. These mechanisms are important given the link between comfort and 

health. Similarly, to high thermal mass and air-conditioned buildings, highly efficient homes can be 

included in this analysis since it is reasonable to assume that the prevailing indoor temperatures in these 

dwellings might generate the highest sensitivity and lowest acceptability to rise/drop of temperature 

and thermal states (PMV). Including light thermal mass constructed buildings instead would help to 

stress the extent of the effect found compared with the studied thermal mass buildings.  

Moreover, the less obvious link between the room groups and the way occupants use windows and 

shading behaviour has been studied. It was observed for the first time that the pattern of behaviour for 

this population under rising summer heat due to heatwaves does not change significantly across groups 

of different thermal mass rooms, and people in rooms equipped with AC are keener to interact with 

windows at higher outdoor temperatures. Furthermore, people were found to adjust their environment 

primarily for reasons other than overheating mitigation, despite the intensifying of summer heat. Further 
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investigations are therefore required to accurately predict the interaction between the occupants and 

window and shading systems. In particular, the idea of accounting for the presence of AC in the 

predictions of thermal comfort that there is the potential to create a holistic model of occupant 

behaviour. These findings disprove the assumption that occupant behaviour under heatwave conditions 

is driven primarily by thermal comfort, which might be the reason behind the reduced cooling effect of 

high thermal mass buildings. There is then potential for occupant education on passive cooling practices 

to be implemented in climate change policies to reduce the risk of heat-stress and unnecessary energy 

use. Finally, we observed that in general AC is used as an adaptive strategy to cope with heat during 

the hottest days. Moreover, we observed that AC use was affected by prevailing indoor temperatures in 

high thermal mass buildings. This implies that there is potential to reduce the AC use, and therefore 

energy-dependency, by occupant education on passive cooling practices that could release the cooling 

potential of high thermal mass.   

The most important limitations of the findings were the little variation of thermal mass differences in 

each room group (room volume, air-infiltration, etc.), small sample size and monitored period. An 

extended sample with a statistically significant number could isolate the interaction between the 

diversity of the households and other building features such as air infiltration or difference in volume, 

which similarly could limit or increase the cooling potential of these strategies and affect thermal 

comfort and occupant behaviour. Moreover, if occupants with different social backgrounds and 

vulnerabilities are included, we could test the magnitude of heat-acclimatization and adjustments when 

constrained use of energy might be driven by limited economic resources. Finally, by extending the 

monitoring campaign to more than a summer season, we could extend our conclusions over diversified 

outdoor conditions and validate and increase the applicability of the proposed occupant behaviour 

models. In this context, the number of environmental parameters monitored and tested as explanatory 

variables should be expanded.    
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APPENDIX 1 – Thermal 

properties of building envelope 
 

Table 30, Table 31 and Table 32 show the thermal properties of the external envelope in TM2 and TM1 

buildings, and Table 33 summarises the thermal properties of the other building elements such as 

partitions, floors etc. The specific material values are taken from [UNI 10351:1994, CISBE A – 

Environmental Design].  

Table 30 Material properties and U-value of (TM2) external walls 

 

TM2 –basalt stone wall 

Type of material Thermal Conductivity 

W m-1 K-1 

Specific Heat 

J kg-1 K-1 

Density 

kg m-3 

Thickness 

m 

Resistance 

m2 K W-1 

U value 

W m-2 K-1 

Rse     0.04 

1.69 

Plaster 0.7 1088 1400 0.025 0.036 

Basalt 2.00 900 2200 0.7 0.35 

Plaster 0.7 1088 1400 0.025 0.036 

Rsi     0.13 

 

Table 31 Material properties and U-value of (TM1) external walls 

 

TM1– hollow brick 

cavity wall 

Type of material Thermal Conductivity 

W m-1 K-1 

Specific Heat 

J kg-1 K-1 

Density 

kg m-3 

Thickness 

m 

Resistance 

m2 K W-1 

U value 

W m-2 K-1 

Rse     0.04 

1.11 

Plaster 0.7 1088 1400 0.025 0.029 

1st bricklayer 0.39 837 717 0.12 0.308 

Air gap    0.6 0.180 

2nd bricklayer 0.39 837 717 0.08 0.19 

Plaster 0.7 1088 1400 0.020 0.029 

Rsi     0.13 
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Table 32 Dynamic properties of external walls 

 
DF 

(-) 

Area density 

kg m-2 

TL  

h 

k 

kJm-2 K-1 

Area 

m2 

TM2 0.02 1817 18.69 181 22.1 

TM1 0.52 241 7.37 76 12 

 

 

Table 33 Thermal properties of partitions, floor/ceiling, roof and window in an average room in TM2 and TM1 room groups 

  Partition Floor/Ceiling 

Roof 

(flat) 

Window (Glass) 

Area TM2 100 25 25 2.8 

m2 TM1 54 20 20 3 

Thickness TM2 0.45 0.25 0.45  

m TM1 0.10 0.25 0.25  

U-value TM2 1.02 1.48 6.25 5.894 

Wm-2 K-1 TM1 2.24 1.48 6.25 5.894 

Y TM2 5.18 3.95   

Wm-2 K-1 TM1 3.34 3.95   

k TM2 181 85   

kJm-2 K-1 TM1 56 85   
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APPENDIX 2 – Thermal diary 
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APPENDIX 3 – Survey data 

and assumptions 

In this appendix, there are two tables summarizing the survey data obtained during the field-monitoring 

campaign of 2019 in Catania which were not presented in the analysis of the main result chapter; and 

there are two graphs that represent two tests one related to the use of IBUTTON temperature in place 

of mean radiant temperature and air temperature measured with Heat-stress meters and used for the 

comfort analysis; the last graph represents an attempt to account for the error occurring when assigning 

an air-velocity of 0.1 ms-1.  

 

 

 

Table 34 Descriptive statistics of self-reported comfort data in June and September 
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Table 35 Descriptive statistics of self-reported thermal comfort data in July and August 
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1st Assumption:  air temperature recorded with IButtons can be used in place of air-temperature and 

globe temperature recorded with Heat-stress meters. 

 

Figure 33 Linear regression of heat-stress meter air temperature with heat-stress meter globe temperature (grey) and IButton 

air temperature (blue).  

2nd Assumption: air-velocity when not recorded equals 0.1 ms-1 

 

Figure 34 Percentage of Unacceptability - fitted logistic models with July and August data under three different air velocities 

assumptions (Va). 
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