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A B S T R A C T   

In educational buildings, adaptive strategies can be adopted for the achievement of thermal comfort and 
reduction of energy consumption. Since climate can largely affect thermal comfort, there is a need for under-
standing its role in the definition of different adaptive capacities, thermal neutrality, comfort, and preference. 

To this end, 17 naturally ventilated university classrooms from 10 different buildings located in two sub- 
climates of Italy (Mediterranean climate) and France (Continental climate) were analysed. In total, 1377 ques-
tionnaires associated with environmental parameters were collected. The same educational stage (i.e. university 
classrooms) and operation mode (i.e. naturally ventilated during the heating period) were investigated to remove 
possible biases related to their influence on thermal comfort perception. 

Field studies show that despite French students performing less adaptive actions, their neutral temperature 
(TN) was 3.1 ◦C lower than the Italian ones (TN,ITALY = 23.6 ◦C and TN,FRANCE = 20.5 ◦C) and this difference was 
statistically significant. 

Adaptation as a function of the sub-climate was evident from the comparison with the PMV-PPD model. 
Neutral temperatures calculated with PMV were higher than those obtained from TSV, and the difference 
increased for the French colder climate. 

Practically, students’ adaptation to colder environments can be deployed to ensure comfort while reducing the 
heating demand.   

1. Introduction 

Ensuring thermal comfort in classrooms is fundamental, as it can 
influence students’ performance [1], health [2], and satisfaction [3]. To 
evaluate thermal comfort in classrooms, two main approaches have been 
used namely, Fanger’s PMV-PPD, based on studies in climate chambers 
[4], and the adaptive model, developed on field studies [5]. 

Despite most studies being focused on the application of Fanger’s 
model, research showed that the actual students’ thermal perception is 
different from that predicted by the PMV-PPD [6,7]. This can be 
attributed to students’ adaptive capacities, which can depend on fea-
tures such as the educational stage (e.g. elementary, high schools, uni-
versities), the operation mode (e.g. naturally ventilated, air- 
conditioned, and mixed mode), or the climate [8]. Indeed, there is a 
relevant relationship between comfortable indoor conditions and the 

outdoor climate [9] and students largely adapt to their local climate 
[10] since thermal history can affect students’ thermal sensation. 

Singh et al. [11] showed that the comfort temperature range largely 
varied according to the climate, even at the same educational stage. 
Furthermore, by a large comparison of thermal comfort studies in 
classrooms, Zomorodian et al. [6] demonstrated that there are consistent 
differences in comfort temperatures even in the same climate zone. 
These differences are particularly relevant, especially for Köppen-Geiger 
zone C [12], which comprises several countries and, in particular, 
Continental and Mediterranean Europe. In this climate zone, differences 
in thermal perception can be mainly attributed to the wide range of sub- 
climates, and students presented a high capability to adapt to all of 
them. 

Furthermore, most studies on adaptation were developed during 
summer [11] and little is known about the adaptive actions of students 
during the winter period. In fact, even the adaptive models included in 
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the international standards ASHRAE 55 [13] and EN 16798-1 [14] refer 
to adaptation to external temperatures above 10 ◦C, although adaptive 
processes can also occur in colder climates [15,16]. However, adaptive 
actions such as clothing behaviour, window operation, or perceived 
control can largely affect student thermal sensation throughout the year, 

as shown by seasonal studies [10,17]. 
In climate zone C during the winter period, the neutral temperatures 

(that is, the temperature at which occupants are thermally neutral, TN) 
reported by scientific studies in naturally ventilated university class-
rooms are widely different. Hu et al. [18] found a TN equal to 17.2 ◦C, 

Nomenclature 

%Sat Percentage of satisfied (%) 
Icl Clothing insulation (clo) 
Icl,i Clothing insulation of the single garment (clo) 
M Metabolic rate (met) 
PC Perceived Control vote ((from − 3 to +3)) 
Pc Probability that the windows or doors are opened (–) 
PD Percentage of Dissatisfied (%) 
PMV Predicted Mean Vote (–) 
PPD Predicted Percentage of Dissatisfied (%) 
RH Relative humidity (%) 
Ta Indoor air temperature (◦C) 
TC Comfort temperature (◦C) 

TCV Thermal Comfort Vote (from 1 to 4) 
Tdiff Difference between Top and TC (◦C) 
Tg Indoor globe temperature (◦C) 
TN Neutral temperature (◦C) 
Tod-i Daily mean outdoor temperature for the days before the 

measurements (◦C) 
Top Indoor operative temperature (◦C) 
TPV Thermal Preference Vote (from − 3 to +3) 
TP Preferred temperature (◦C) 
Tr Indoor mean radiant temperature (◦C) 
Trm Running mean outdoor temperature (◦C) 
TSV Thermal Sensation Vote (from − 3 to +3) 
Va Indoor air velocity (m/s)  

(a)

(b)

Fig. 1. Buildings surveyed in the university campus of Pisa (a) and Cachan (b).  
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similar to the one found by Wang et al. [19] of 18.0 ◦C. In the case of 
Corgnati et al. [20] the neutral temperature was much higher (TN =

24.6 ◦C), even increased than the one found by Buratti and Ricciardi 
[21] (TN = 23.0 ◦C). Intermediate neutral temperatures were found by 
Cao et al. [22] (TN = 20.7 ◦C), Serghides et al. [23] (TN = 21.0–22.0 ◦C), 
and Wang et al. (TN = 22.6 ◦C). These differences in neutral tempera-
tures of up to 7.4 ◦C are present in the same climate zone (zone C) and in 
the same winter period, thus demonstrating the need to understand how 
sub-climates can influence thermal perception. 

As it was demonstrated that in educational buildings even in the 
same climate zone (and particularly in the climate zone C) the comfort 
temperatures can substantially vary, it is necessary to understand the 
role of sub-climates on students’ thermal comfort and the reasons for 
these significant differences. It is necessary to understand what role 
these sub-climates play in the perception of comfort and whether it is 
attributable to indices such as running mean outdoor temperature. 
Moreover, aiming at reducing energy demands to cope with the energy 
crisis, it is necessary to explore the adaptive capacities of students during 
winter, also considering that this is the most challenging period in terms 
of energy demands (several schools are closed during the summer 
period, especially in Europe). In particular, it was shown that adaptive 
capacities in educational buildings are essentially related to three fac-
tors, namely the educational stage, climate zone, and operation mode 
[8]. To analyse the effect of climate on students’ thermal perception, it is 
necessary to remove the other factors that could influence thermal 
sensation (i.e., educational stage, operation mode) by performing a 
comparative study. 

Since significant differences in thermal perception within the same 
climate zone (and, in particular, in zone C) have been observed, this 
paper will identify the differences within this sub-climate, taking the 
European Mediterranean (Csa) and Continental (Cfb) climates as refer-
ence. The aim of this paper is then to analyse adaptive capacities, 
thermal neutrality, comfort, and preference as a function of these sub- 
climates, exploring the critical winter period. 

To this end, reference was made to naturally ventilated university 
classrooms located in climate zone C (namely Italy and France). Indeed, 
this was shown to be the most critical climate zone in terms of defining 
comfort conditions. On a practical level, this will help to better under-
stand the mechanisms of thermal perception as a function of students’ 
thermal history, with a view to ensuring comfort and reducing the 
heating demand through the exploitation of winter thermal adaptation. 

2. Methodology 

The survey included the field study in 17 naturally ventilated uni-
versity classrooms of 10 different buildings, investigated in the heating 
season during winter 2021. The present study was conducted during the 
COVID-19 pandemic when the measures taken to avoid its spread were 
in place (e.g. use of protective masks). Objective and subjective mea-
surements were performed simultaneously. 

2.1. Description of the case studies 

2.1.1. Selection criteria of the buildings 
The case studies were selected to include two university campuses at 

the same educational stage (university classrooms) and operation mode 
(naturally ventilated), in climate zone C. The first campus was located in 
Pisa, Italy (43◦43′0.0012′’N, 10◦24′0.0000′’E), which is part of “Zone 
Csa” in the Köppen-Geiger classification, and the second campus was in 
Cachan, France (48◦47’30.678“N, 2◦19’53.159”E), which is in “Zone 
Cfb” in Köppen-Geiger classification) (Fig. 1). The annual mean tem-
perature is 15 ◦C and the mean temperature during the heating season is 
7 ◦C in Pisa, while 12 ◦C and 6 ◦C in Cachan. 

Classrooms were selected to provide a sample as diverse as possible 
in terms of building characteristics (year of construction, volumes, en-
velopes, etc.). Further information can be found in Appendix A. 

2.1.2. Description of the classrooms 
In total, 17 classrooms from 10 different buildings were selected and 

investigated, including:  

– Nine classrooms in the university campus of Pisa (mean occupancy: 
27 students); 

– Eight classrooms in the university campus of Cachan (mean occu-
pancy: 56 students). 

The classrooms were all naturally ventilated. The sample selected 
included classrooms of different shapes, exposure, and volume. The 
classrooms had various exposures and in buildings built with various 
construction types (mainly massive constructions). Some classrooms 
were teaching rooms, auditoriums, and laboratories. The heating system 
usually consisted of radiators with manual control operated directly by 
the occupants. This choice was made to ensure a sample of classrooms as 
diverse as possible. Further information on the classrooms can be found 
in Appendix A. 

2.2. Measurement campaign 

2.2.1. Objective measurements 
The objective measurements consisted of the assessment of the 

environmental parameters in the classrooms, which included air tem-
perature (Ta), globe temperature (Tg), relative humidity (RH), and air 
velocity (Va). Outdoor air temperature and relative humidity were also 
assessed to evaluate the outdoor thermal conditions. They were 
measured through microclimate data loggers in compliance with ISO 
7726 [24], whose characteristics can be found in Supplementary 
Material. 

The position of the instruments was chosen in representative loca-
tions of the students’ positions and was selected after a site inspection to 
cover the different thermal zones, also considering that they should not 
disturb the normal operation of the classrooms. The probes were placed 
at least 1.5 m from walls, windows, and heat sources, and shielded from 
direct solar radiation, to provide a correct assessment of the environ-
mental parameters. The position of the probes in the classrooms can be 
found in Supplementary Material. 

The data loggers were put in operation at least 30 min before the 
beginning of the lectures and continued for the duration of the lectures 
(3 h). The acquisition interval of the probes was 60 s, to allow the in-
clusion of possible variations in the thermal environment. 

Doors and windows operation was also monitored during the lecture. 

2.2.2. Subjective measurements 
During the environmental monitoring, questionnaires were submit-

ted to the students, to evaluate their subjective sensations. Students 
filled out the questionnaire during the breaks, before leaving the class-
room, and at least 60 min after entering it, to ensure their acclimatiza-
tion to the environment. 

The questionnaires were provided in the native language of the 
students (namely Italian and French) and were developed according to 
the ISO 28802 standard [25]. The complete questionnaire and its En-
glish translation can be found in Supplementary Material. 

In particular, it was divided into four sections, as described below. 
The first section asked for personal information including the gender, 

age, and location in the classrooms. 
The second section includes the ensembles worn by the students for 

the evaluation of the clothing insulation according to the ISO 9920 
standard [26]. 

The third section evaluates the perception of the thermal environ-
ment, including questions regarding:  

– Thermal Sensation Vote (TSV), which assesses the thermal sensation 
of the students on a 7-point scale (From [− 3] “Very cold” to [+3] 
“Very hot”). 
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– Thermal Comfort Vote (TCV), which evaluates students’ comfort on 
a 4-point scale (From [1] “Comfortable” to [4] “Very 
uncomfortable”). 

– Thermal Preference Vote (TPV), which considers the thermal pref-
erence of the students on a 7-point scale (From [− 3] “Much colder” 
to [+3] “Much warmer”).  

– Perceived Control (PC), which assesses the control perceived by 
students over the environment, on a 7-point scale (From [− 3] “No 
control” to [+3] “Full control”). 

In the questionnaire, the students were asked whether they were 
wearing a mask during the lesson or not. 

2.3. Data processing 

From the parameters evaluated, several indices were derived. 
First, the mean radiant temperature (Tr) was calculated according to 

ISO 7726 standard [24]. 
Second, the operative temperature (Top) was calculated from the air 

and mean radiant temperatures, as expressed in ISO 7726 standard [24]. 
Third, the running mean outdoor temperature (Trm) was calculated 

as the weighted mean of the outdoor temperatures of the previous seven 
days, as described by EN 16798-1 standard [14]: 

Trm = (1 − α)⋅(Tod− 1 + α⋅Tod− 2 + α2⋅Tod− 3 + α3⋅Tod− 4 + α4⋅Tod− 5 + α5⋅Tod− 5

+ α6⋅Tod− 7)

(1)  

where: 

α was assumed 0.8 according to [14]; 
Tod-1, etc. are the daily mean outdoor temperature for the day before 
and the previous days before the measurement. 

The clothing insulation was obtained from the lists of garments worn 

by students (obtained from questionnaires), associated with the thermal 
insulation defined by the ISO 9920 standard [26]. The total clothing 
insulation was calculated as the sum of the thermal insulation of each 
garment, as described in the ISO 7730 standard [27]: 

Icl = 0.83⋅
∑

i
Icl,i + 0.161 (2)  

where 

Icl is the total clothing insulation (clo). 
Icl,i is the clothing insulation of the single garment (clo). 

The thermal insulation provided by chairs (0.1 clo) was also added to 
the total clothing insulation. 

The metabolic rate (M) was evaluated considering the activities 
performed by the students during the lectures, considering the ISO 8996 
standard [28]. 

Then, Fanger’s PMV and PPD were calculated from the six basic 
parameters (Ta, Tr, Va, RH, Icl, and M) in line with the ISO 7730 standard 
[27]. 

The objective and subjective measurements were then processed to 
provide an association between the perception of the environment to 
which students were exposed. 

Since students’ location was available from questionnaires, their 
response was associated with the environmental parameters to which 
they were subjected at the time and in the position under consideration. 

In total, 1377 samples of subjective responses associated with envi-
ronmental parameters were collected. 

3. Results 

3.1. Monitored parameters 

3.1.1. Objective measurements 
Table 1 shows the statistical summary of the objective measurements 

associated with students’ responses, considering the 1377 samples. 
Regarding the running mean outdoor temperature, it was 5.8 ◦C 

higher for Italy than France. 
Considering the indoor environment, the operative temperature in 

France was lower than in Italy, and the difference between the air and 
mean radiant temperature was low, showing that the environment was 
rather uniform. The mean relative humidity remained in the range of 
45–50%. The air velocity was on average 0.0 m/s, with peaks of 0.8 m/s. 

On average, the clothing insulation was the same in Italy and France, 
even if the highest values were recorded in Italy. 

From the environmental and the individual parameters recorded the 
PMV and PPD indices were calculated. The mean PMV was attested to 
cold sensations, slightly lower for France (mean PMV = -0.8) and the 
mean percentage of dissatisfied expressed by PPD remained below 25%. 

Table 1 
Statistical summary of the objective measurements.  

Location  Trm (◦C) Ta 

(◦C) 
Tr 

(◦C) 
Top (◦C) RH 

(%) 
Va (m/s) Icl 

(clo) 
PMV 
(–) 

PPD 
(%) 

Italy Mean  13.1  23.1  23.2  23.2  51.8  0.00  0.9  − 0.2  11.8 
Max  18.7  27.1  26.8  27.0  75.6  0.80  1.8  1.0  94.7 
Min  5.0  16.9  16.9  16.9  25.4  0.00  0.5  − 2.6  5.0 
SD  3.6  2.0  2.0  2.0  11.5  0.10  0.1  0.6  12.3  

France Mean  7.3  21.0  22.1  21.6  45.9  0.00  0.9  − 0.8  23.0 
Max  10.3  23.4  29.0  26.2  63.7  0.20  1.3  0.7  98.8 
Min  5.1  16.4  17.1  16.8  30.4  0.00  0.4  − 2.9  5.0 
SD  2.0  1.5  1.8  1.7  8.1  0.00  0.2  0.6  20.1  

Table 2 
Mean and standard deviation of the responses from the questionnaires for zone 
C, Italy, and France.   

Italy France  

Mean SD Mean SD 

Personal information 
Sex 464 males 257 males 

351 females 248 females 
Age 26 4.5 22  2.8  

Thermal environment 
TSV − 0.06 0.94 0.21  1.13 
TCV 1.56 0.71 1.73  0.94 
TPV 0.26 0.94 0.24  1.03 
PC 0.19 1.38 − 1  1.62  
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3.1.2. Subjective measurements 
Table 2 reports the mean and standard deviation of the subjective 

response of the students for the 1377 samples. 
In France, the sample was equally distributed between males and 

females, while in Italy the number of males was slightly higher. The 
mean age was higher for Italian students (26 years old) in comparison to 
the French ones (22 years old). 

Regarding thermal sensation (TSV), French students felt warmer 
than the Italian ones (TSV = -0.06 for Italy, and TSV = 0.21 for France), 
despite the French students being subjected to a colder indoor envi-
ronment. To evaluate the possible influence of the masks on students’ 

thermal perception, a Mann-Whitney U test was performed to assess 
whether the difference between the TSV of occupants with and without a 
mask was statistically significant. However, it resulted that the differ-
ence between the two is not statistically significant (p-value > 0.05), 
therefore the samples were treated jointly. For this reason, the clothing 
insulation of the protective mask was not added, as it may also be 
affected by the use of different types of masks (e.g. surgical masks, 
highly protective masks, etc.). 

On average, students were feeling slightly uncomfortable regarding 
the thermal environment (TCV = 1.56 for Italy and TCV = 1.73 for 
France). All the students preferred a slightly warmer environment (TPV 
= 0.26 and TPV = 0.24 for Italy and France, respectively). The perceived 
control was generally low, especially for French students (PC = − 1.00). 

3.2. Adaptive opportunities in relation to climate 

In this paragraph, the adaptive capacities that are possibly adoptable 
by students within the classroom are analysed. These include clothing 
behaviours, windows, and doors’ operation, and perceived control, 
which are investigated as a function of the climate. 

3.2.1. Clothing adaptive behaviours 
To analyse the clothing adaptive behaviours, the relationship be-

tween the indoor clothing insulation (Icl) obtained from questionnaires 
and the operative temperature (Top) and running mean outdoor tem-
perature (Trm) was inspected (Fig. 2). 

For the analysis, a typical binning method was used [10,29]. In 
particular, 0.5 ◦C increments in Top were considered according to ISO 
7726 [24], so that differences in subjective responses are attributable to 
a different thermal perception and not to any inaccuracies in the mea-
surement. Then, to include the size of each bin in the regression model, a 
weighted linear regression between the Top and the subjective responses 
was performed. This allows evaluating the thermal perception of a group 
of individuals subjected to certain environmental conditions, 

Fig. 2. Relationship between Top and Icl for Italy (in yellow) and France (in 
red). Legend: the centre of the circles corresponds to the Top-Icl couple value, 
while the diameter represents the sample size. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 3. Proportion of windows (a) and doors (b) opened and Pc as a function of Top for Italy (in yellow) and France (in red). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article). 
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accordingly to thermal comfort analysis. For the Trm, 1.0 ◦C increments 
were considered. The dimension of the circles represents the relative 
weight of each bin. 

As the campaigns were carried out during the normal operation of 
the classrooms, students were free to adapt. 

Considering the relationship between Top and Icl (Fig. 2a), students 
experienced a wide range of operative temperatures in both climates 
(between 17 ◦C and 26 ◦C). 

From the regression, the expected inverse relationship between Icl 
and Top was derived. All the regressions were significant (p-value <
0.05), and the R2 was slightly higher for the Italian case. When analysing 
clothing insulation, high R2 values cannot be expected [15], as there is 
always inter-individual variability in people’s clothing preferences. 
However, the values obtained are promising and show a clear rela-
tionship between Icl and Top. 

Given the slope of the regression, it can be noted that this is slightly 
higher for the Italian case, which means that the students in Italy tended 
to adapt more through changes in clothing than the French did. 

Moreover, from the intercept of the regression, it is shown that 
Italian students wore higher insulating clothing than in France when 
subjected to the same indoor operative temperature. 

Regarding the relationship between Trm and Icl, the regression is 
weaker than the one with the indoor operative temperature (R2 < 0.20). 
This can be attributed to the fact that students directly experience indoor 
and not outdoor temperatures. 

3.2.2. Windows and doors operation 
Another behavioural adaptive opportunity is the possibility that 

occupants have to interact with their indoor environments through the 
modification of the openings’ configuration, such as windows and doors. 
In the classrooms investigated, students were free to interact with 
windows and doors. 

For the analysis of students’ windows and doors operation, logistic 
regression was used. The Logit can be defined from the following rela-
tionship [15]: 

LogitPc = Log
(

Pc

1 − Pc

)

= c+ d⋅T (3)  

where 

Pc is the probability that the windows or doors are opened, as a 
function of the temperature index (T), which is Top for the indoor and 
Trm for the outdoor environment, 
c is the intercept of the Logit line. 
d is the slope of the Logit line. 

The values c and d are calculated from the data obtained from field 
studies, through logistic regression. 

Pc can be expressed as [15]: 

Pc =
exp(c + d⋅T)

1 + exp(c + d⋅T)
(4) 

For the regression, data were binned with steps of 0.5 ◦C of Top, and 
1 ◦C of Trm. 

Fig. 3 shows the probability that the windows (Fig. 3a) or doors 
(Fig. 3b) are opened as a function of the operative temperature. 
Furthermore, it shows the proportions of windows and doors opened at a 
certain Top. They were considered open if at least one of them was 
opened, regardless of the degree of openness. This choice was made 
because the aim was not to assess the ventilation of the classrooms, but 
the interaction of students with doors and windows. 

Considering Fig. 3a, it can be observed that windows remained 
closed regardless of the operative temperature, both in Italy and France. 
A slight tendency to open the windows as the temperature rises was 
detected, but Pc always remained below 0.5, which means that the 
windows were generally kept closed. 

Fig. 3b shows the inverse trend for door operation because doors are 
closed as the temperature increases. However, in most cases, doors were 
kept closed regardless of the indoor operative temperature. It can be also 
noticed a difference between the Italian and the French situations. In 
Italy, doors tended to be opened at lower temperatures, while in France 
this trend is less evident. This shows a tendency of the French students to 
adapt less than the Italian ones, in line with the previous analysis on 
clothing insulation. 

On the other hand, the relationship between window and door 
operation and Trm did not lead to any significant relationships. In 
particular, there was just a greater tendency of Italian students than 
French ones to modify the windows and doors operation according to 
external conditions. 

3.2.3. Effect of perceived control 
Perceived control can be defined as the ability of occupants to 

recognise that they have the opportunity to control the environment and 
is part of psychological adaptation [3]. 

Perceived control refers to how students perceive their ability to 
modify environmental conditions to achieve comfort. This includes their 
perceptions regarding various adaptive capacities, including the possi-
bility of changing the opening configuration of doors or windows, acting 
on HVAC systems, or changing their clothing. Whereas in previous cases 
the actual actions of the students to restore comfort (behavioural 
adaptation) were assessed, in this case, these control methods are not 
necessarily used. 

To evaluate perceived control the 7-point PC scale was used, from − 3 
(no control) to + 3 (full control). From this, it was possible to divide the 
sample into people who perceived control of the environmental condi-
tions (votes > 0) and others that did not (votes < 0). Students who voted 
0 on the perceived control scale were excluded from the analysis, as they 
were considered not aware of the possibility to control the environment. 

In total, 664 samples were without perceived control and 360 with 
perceived control, while 352 votes were excluded. 

Table 3 
Proposed regression equations (with R2 and p-value), comfort temperatures and 
percentage of satisfied with and without perceived control.  

Location  Regression 
equation 

R2 p- 
value 

TC 

(◦C) 
% 
Sat 

Zone C With 
perceived 
control 
(360*) 

%Sat =
− 0.005•Top

2 +

0.261 ⋅ Top −

2.117  

0.39   <0.05  24.2 96% 

Without 
perceived 
control (664) 

%Sat =
− 0.013•Top

2 +

0.638 ⋅ Top −

6.798  

0.78  <0.05  24.3 83%  

Italy With 
perceived 
control (254) 

%Sat =
− 0.011•Top

2 +

0.526 ⋅ Top −

5.160  

0.39  <0.05  23.7 94% 

Without 
perceived 
control (352) 

%Sat =
− 0.015•Top

2 +

0.789 ⋅ Top −

7.560  

0.69  <0.05  24.1 87%  

France With 
perceived 
control (106) 

–  –  –  – 92% 

Without 
perceived 
control (312) 

%Sat =
− 0.016•Top

2 +

0.739 ⋅ Top −

7.741  

0.51  <0.05  23.5 79% 

*The numbers between parenthesis represent the number of samples with and 
without perceived control. 
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The effect of perceived control was assessed considering students’ 
thermal satisfaction, taking into account data of either zone C and Italy 
and France separately (Table 3). 

The Percentage of satisfied (% Sat) was calculated from TCV, 
considering satisfied those who voted “Comfortable” or “Slightly 

uncomfortable”. 
The comfort temperature (TC) was calculated by plotting a weighted 

quadratic regression between the Top and the percentage of satisfied, 
assuming comfort temperature as the maximum of the curve (the 
operative temperature at which the satisfaction was the highest). 

The regressions were all significant (p-value < 0.05), although the R2 

was lower for the subjects with perceived control. For the French case 
with perceived control, no regression was derived, as the students were 
generally satisfied. 

The TC was higher for the students without perceived control, 
although the difference was modest for zone C (0.1 ◦C) and higher for 
the Italian classes (0.4 ◦C). 

Furthermore, a statistical Mann-Whitney-U test was carried out to 
compare TCV with and without perceived control for zone C, Italy, and 
France. It resulted that the difference between TCV with and without 
perceived control is statistically significant for the three cases (p-value 
< 0.01). 

In general, there do not appear to be significant differences between 
different sub-climates. It can be noted, however, that although there are 
no substantial differences between the different sub-climates, the per-
centage of satisfied students with perceived control increased by about 
10%, showing its importance in the perception of comfort. 

(a) (b)

(c)

Fig. 4. Relationship between students’ TSV (a), Percentage of satisfied (b), and TPV (c), and operative temperature for Italy (in yellow) and France (in red). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Proposed regression equations (with R2 and p-value) and neutral, comfort, and 
preferred temperatures in Italian and French classrooms. In brackets the analysis 
considering non-binned data.  

Location Regression R2 p- 
value 

TN 

(◦C) 
TC 

(◦C) 
TP 

(◦C) 

Italy TSV = 0.1751 ⋅ Top 

− 4.1234 
0.64 
(0.14) 

<

0.05 
23.6 
(23.5) 

24.0 24.1 
(24.5) 

%Sat = − 0.013 ⋅ Top
2 

+ 0.614 • Top −

6.384 

0.60 <

0.05 

TPV = − 0.2454 ⋅ 
Top + 6.0165 

0.79 
(0.18) 

<

0.05  

France TSV = 0.2009 ⋅ Top 

− 4.1149 
0.68 
(0.10) 

<

0.05 
20.5 
(20.5) 

23.7 27.3 
(24.9) 

%Sat = − 0.012 ⋅ Top
2 

+ 0.575 • Top −

5.819 

0.52 <

0.05 

TPV = − 0.0934 ⋅ 
Top + 2.4615 

0.23 
(0.04) 

<

0.05  
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3.3. Defining thermal comfort in different climates 

3.3.1. Calculation of neutral, comfort, and preferred temperatures 
The neutral (TN), comfort (TC), and preferred (TP) temperatures were 

evaluated (Fig. 4). 
TN and TP were calculated from the linear weighted regression be-

tween Top and TSV and TPV, respectively, by setting them to zero. 
TC was calculated by plotting a weighted quadratic regression be-

tween the Top and the percentage of satisfied, assuming comfort tem-
perature as the maximum of the curve (the operative temperature at 
which the satisfaction was the highest). The percentage of satisfied was 
calculated by considering satisfied the students voting “Comfortable” 
([1]) or “Slightly uncomfortable” ([2]) on the TCV. 

Data were binned considering 0.5 ◦C steps in operative temperature. 
All the regressions were statistically significant, and values of TN, TC, and 
TP for Italy and France are resumed in Table 4. 

From the analysis of the neutral and comfort temperatures, it is 
possible to highlight that they are dependent on the sub-climate to 
which students were subjected. 

TN for Italian students was 3.1 ◦C higher than for French students, 
while TC was almost the same (only a 0.3 ◦C difference). 

Regarding TP, it was the highest and increased for French students. 
However, such a high temperature seems to be implausible in winter 
conditions (as is also evident from the lower R2 of 0.23). This shows that 
students in winter conditions tend to express warmer temperature 
preferences. 

As the number of male students in Italy was slightly higher than that 
of females, possible biases related to this issue were evaluated. By 
randomly reducing the number of male students to obtain the same ratio 
between males and females, the results remained unchanged. 

3.3.2. Relationship between neutral temperature and climate 
In this section, the aim was to understand whether the variation of 

neutral temperature as a function of sub-climate can be related to 
running mean outdoor temperature alone or whether there are addi-
tional factors on which it depends. 

The neutral temperature was therefore calculated for each of the 
1377 samples using Griffiths’ method [30]. In this case, a Griffiths 
constant of 0.5 ◦C− 1 was chosen, according to SCAT’s and ASHRAE 
databases [31]. This value was chosen because it is representative of a 
large number of studies, although Griffiths’ constant for students should 
be investigated, as it is currently missing. 

The difference between the Trm in Italy and France was then 

compared by means of a Mann-Whitney U test, to assess if the differ-
ences between them were statistically significant. Since the temperature 
range in France was in a narrower range of TN (5 ◦C to 10 ◦C), only 
samples from this range of external temperatures were compared. 

The result was that the difference between the TN in Italy and France 
was statistically significant (p-value < 0.01). By comparing the median 
values, it resulted that they are 22.1 ◦C for Italy and 21.0 ◦C for France. 
Applying the test to the whole sample, the same result was obtained. 

The results show therefore that, considering thermal neutrality as a 
punctual condition, there are differences that cannot be explained by the 
Trm alone. 

However, it was demonstrated that comfort should not be considered 
a punctual condition but is instead referred to as “comfort clouds” [32] 
and a wide range of temperatures are comfortable for occupants [33]. 

The comfort clouds for the Italian and French cases were then ana-
lysed to understand whether, considering a comfort area, the climatic 
differences in neutral temperature can be explained by the Trm (Fig. 5a). 
Fig. 5a shows a comfort cloud, so the dependent variable is the TN 
calculated with Griffiths for each sample. 

Removing the outliers (using Tukey’s Fences method), the comfort 
clouds are very wide, about 11 K, which is consistent with the results 
found in the literature [32]. 

The lower adaptation of French students is also confirmed by the 
minor dependence of TN on Trm. However, it is notable that the two 
comfort clouds can be approximated into a single cloud comprising all 
the data. Studies on a wider range of Trm for the French case should 
confirm this result. 

Given the comfort clouds, it can be deduced that the different per-
ceptions due to climate differences can be mainly expressed by the 
relationship between TN and Trm. For this reason, a relationship between 
TN and Trm was derived (R2 = 0.55, p-value < 0.05): 

TN = 0.25⋅Trm + 19.63 (5) 

This relationship is comparable to the original one developed for 
free-running buildings and included in the standard [14], even if it 
presents a lower slope. 

It should be noted that this is not intended to be a new adaptive 
relationship, as more data would be needed to obtain it, but it allows us 
to show that there is the possibility of exploiting occupant adaptation 
also during winter. 

Then, with the purpose to show the extent of the comfort clouds, the 
bands of comfort temperature corresponding to 90% and 80% of 
acceptability were calculated (Fig. 5b). 

Fig. 5. Comfort clouds for Italy (yellow squares) and France (red triangles) (a). Relationship between Trm and TN (dashed and dotted line), 90% comfort range 
(dashed line), and 80% comfort range (dotted line) for the surveyed classrooms (b). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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For this investigation, the temperature difference between the 
operative temperature (Top) and the neutral temperature (TN) calculated 
with the previous equation was considered: 

Tdiff = Top − TN (6) 

Then, Tdiff was related to the percentage of satisfied, obtained from 
the thermal comfort vote (TCV). Again, individuals voting [1] or [2] on 
TCV were considered satisfied. 

From the resulting equation, it was possible to determine the tem-
perature differences corresponding to 90% (minimum Tdiff = -0.9, 
maximum Tdiff = +3.7) and to 80% of satisfied (minimum Tdiff = -2.0, 
maximum Tdiff = +4.8). Fig. 5b shows that students are more tolerant to 
higher temperatures during winter, as the upper range of acceptability is 
larger than the lower range. 

It can therefore be concluded that, if comfort were to be treated as a 
punctual condition, there are differences between the different sub- 
climates that cannot be explained by the trend in the Trm. 

If, on the other hand, comfort conditions are considered through 
comfort clouds, the sub-climatic differences can be explained by the Trm 
and as it increases, the TN also increases. 

4. Discussion 

4.1. Students’ adaptive capacity in different climates 

Students’ adaptive capacity was analysed in terms of clothing be-
haviours, window and door operation, and perceived control. 

Overall, French students adapted less than Italian ones during 
winter. This could be due to French students being more accustomed to 
colder conditions. Concerning windows and doors operation, as well as 
perceived control, the differences could be due to a higher occupancy of 
French classrooms. 

Clothing behaviour was present for university students, despite 
some restrictions due to dress codes in this building type. Adaptation 
was mostly related to the indoor environment and its extent varied in 
relation to the sub-climate considered. 

French students adapted less than Italians (lower slope) e wore lower 
insulating clothing (lower intercept). This shows that clothing adaptive 
behaviours are dependent on the climatic conditions to which the stu-
dents are generally subjected. 

This result is confirmed by the comparison with other studies carried 
out in universities (Table 5). 

The intercept of the regression among studies was variable and was 
the lowest for the study by Jowkar et al. during the autumn–winter in 
the UK [34]. This confirms what was found in the present study, i.e. that 
occupants are used to lighter clothing in colder climates (as for French 
students). 

The slope, showing the ability to modify clothing according to Top, 
was the same for the studies of Mishra et al. [9], Kumar et al. [35], and 
Jowkar et al. [34] and was the highest for Wang et al. [10]. In the 
present study, clothing modification occurred to a lower extent. 

This means that clothing modifications depend not only on indoor/ 
outdoor temperatures but also on physiological and psychological as-
pects that alter the extent of adaptation, which depends on the envi-
ronmental conditions that occupants usually experience. 

Regarding windows and doors operation, for low Top doors were 
opened and windows closed, which can be attributed to the student’s 
preference for opening doors instead of windows to ensure classroom 
ventilation. This is confirmed by the inverse trend of keeping doors 
closed for high Trm when windows were opened. 

In literature, studies focused on the relationship between Top and 
windows opening (Table 5). While in this work there was no evident 
relationship between the Top and window operation, in other studies this 
was clear, and windows were opened at higher indoor temperatures [10 

Table 5 
Adaptive behaviours (regression, R2 and p-value) for studies available in the literature.  

Clothing adaptive behaviour 

Reference Location Time of survey Regression Model performance p-value 

Current study Italy Winter Icl = − 0.02 ⋅ Top + 1.39 0.34 < 0.05 
France Winter Icl = − 0.03 ⋅ Top + 1.47 0.27 < 0.05 

Mishra et al. [9] India Spring, Winter Icl = − 0.03 ⋅ Top + 1.47 0.82 < 0.05 
Jowkar et al. [34] UK Autumn, Winter Icl = − 0.03 ⋅ Top + 1.10 

Icl = − 0.03 ⋅ Top + 1.00 
0.69 
0.61 

– 

Kumar et al. [35] India Spring, Summer Icl = − 0.03 ⋅ Top + 1.35 0.77 – 
Wang et al. [10] China Spring, Autumn Icl = − 0.06 ⋅ Top + 2.37 0.91 < 0.05  

Windows operation 
Current study Italy Winter 

Pc =
exp(− 3.11 + 0.10⋅Top)

1 + exp(− 3.11 + 0.10⋅Top)

0.74 <0.05 

France Winter 
Pc =

exp(− 3.29 + 0.11⋅Top)

1 + exp(− 3.29 + 0.11⋅Top)

0.70 <0.05 

Kumar et al. [36] India Summer, Winter 
Pc =

exp(− 3.43 + 0.12⋅Tg)

1 + exp(− 3.43 + 0.12⋅Tg)

0.12 <0.05 

Kumar and Singh [17] India Summer, Autumn, Winter 
Pc =

exp(− 7.22 + 0.30⋅Tg)

1 + exp(− 7.22 + 0.30⋅Tg)

0.14 <0.05 

Wang et al. [10] China Spring, Autumn 
Pc =

exp(− 13.64 + 0.61⋅Top)

1 + exp(− 13.64 + 0.61⋅Top)

0.92 <0.05  

Fig. 6. Relationship between occupants’ TSV and PD compared to the classic 
PMV-PPD for Italy (yellow squares) and France (red triangles). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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17,35]. 
This is an interesting result because it means that students tended not 

to adapt to the indoor environment, at least regarding window and door 
operation. This can be attributed to several causes, including the limited 
possibility of effectively acting on the window opening during the 
lesson, other constraints such as external noise, classroom occupancy, or 
a larger passivity to indoor conditions, as a higher relationship with Trm 
was detected. 

Considering perceived control, no relationship with sub-climates 
was detected, but generally, subjects with it were more satisfied and 
decreased comfort temperatures in winter. 

These results are consistent with the studies available in the litera-
ture. Luo et al. [37] showed that perceived control reduces discomfort 
complaints, Xu and Li [38] demonstrated that during winter the neutral 
temperatures in buildings with perceived control were lower than the 
ones without it, and Torriani et al. [3] highlighted that the neutral 
temperatures in the heating period were 0.5 ◦C lower for students with 
perceived control. 

These results highlight the importance to provide control in build-
ings, improving satisfaction, and reducing energy consumption. 

4.2. Relationship between thermal neutrality, comfort, and preference in 
different climates 

Thermal comfort often refers to the temperature at which occupants 
achieve thermal neutrality, which is highly dependent on the sub- 
climate. This study confirms that there is a 3.1 ◦C reduction in neutral 
temperature for France compared to Italy, despite they being in the same 
Köppen-Geiger zone C. These differences must be taken into account in 
both design and standards for a matter of comfort and consumption. 

The neutral temperatures found are consistent with other European 
studies, which show ranges between 18.5 ◦C and 24.5 ◦C [11], con-
firming the differences present in the same Köppen Geiger climate zone 
[8]. 

The neutral temperatures for Pisa are consistent with those found in 
other studies in Italian university classrooms during the heating season, 
which was 24.6 ◦C [20] and 23.0 ◦C [21], demonstrating that TN is 

climate-dependent. It was not possible to compare the French results as 
they were not available in the literature. 

The difference between TN, TC, and TP obtained from the TSV, TCV, 
and TPV scales respectively was then analysed, and it emerged that their 
differences are significant. In the French case, TP is 6.8 ◦C higher than 
TN, and its high value (27.3 ◦C) seems implausible for winter conditions. 

A comparison with existing studies has shown that in cold climates 
(or during the heating period) occupants prefer higher temperatures 
than TN [39], whereas in hot climates they prefer lower temperatures 
[40,41]. 

This shows the implausibility of using TP for setting HVAC systems, 
as it would lead to an unjustified increase in consumption and possible 
discomfort. 

TC was also higher than TN, showing the suitability of using the 
neutral temperature for setting HVAC systems. Despite this, the use of 
the TCV scale is indicated for the evaluation of the percentage of satis-
fied, since there is no perfect symmetry between the percentage of 
satisfied/dissatisfied and TSV, as will be shown in the next section. 

Considering the relation between neutral temperatures and the 
running mean outdoor temperature, in literature, a relationship for 
European classrooms is currently missing [11]. 

Furthermore, only one study [42] derived a relationship between TN 
and Trm during the heating period in South Korea. In this study, the slope 
of the regression was higher than in the present work (0.42 instead of 
0.25), probably due to differences such as socio-cultural background, 
etc. 

Comparing the relationship derived by Singh for all university clas-
ses available in the literature [11], the differences in the slope are 
smaller (0.30 instead of 0.25). 

It means that the adaptation found for our classes is not very dis-
similar to that of universities in general, even over a longer survey 
period and in different climates. It is therefore reasonable to extend the 
adaptive relationships for lower Trm. 

Clearly, the relationship developed in Fig. 5 cannot be considered an 
adaptive model, since it is based on a limited period (winter period in 
Europe), but it is essential to show how adaptation can also be exploited 
during the heating season. 

Fig. 7. Relationship between occupants’ TSV/PMV and Top for Italy (a) and France (b).  
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4.3. Comparison with Fanger’s rational model 

For the comparison, the relationship between TSV and the Percent-
age of Dissatisfied (PD) was analysed and compared to the typical PMV- 
PPD model (Fig. 6). PD was calculated from TCV as shown in paragraph 
3.3.1. 

The minimum percentage of dissatisfied was lower than the 5% given 
by Fanger and reached almost zero for a slightly warm thermal sensa-
tion. It means that students during winter were more accepting the 
warm sensations than cold ones. This could be a similar effect to that 
found for TPV, where students preferred higher temperatures to TN. 

Furthermore, the relationship is not symmetrical, showing again how 
students accepted more the thermal sensation of warmth than cold. 

It is interesting to remark, however, that the relationships found 
between TSV and PD for the Italian and French cases have a minimum at 
the same point, i.e. for TSV between 0 and 1. Based on the results of the 
present study, for the sub-climates considered during the heating season, 
the relationship between the thermal sensation and the Percentage of 
Dissatisfied does is not symmetrical and reaches the minimum for 
slightly warm sensations. 

Then, the relationship between the predicted and observed comfort 
temperatures was analysed. The neutral temperatures were evaluated 
through the weighted regression analysis between the operative tem-
perature and the predicted (PMV) and observed (TSV) thermal sensa-
tion, binning data for 0.5 ◦C steps of operative temperature (Fig. 7). 

The regressions were all significant (p-value < 0.05, R2 = 0.97 for 
PMV, R2 = 0.64, and R2 = 0.68 for TSV in Italy and France, respectively). 

The slope of the regression was lower for TSV, showing that people 
tend to adapt to their usually experienced thermal environments, and 
therefore they are more thermally neutral than the PMV predicts. 

Regarding the neutral temperatures, the PMV tended to predict 
higher neutral temperatures than the TSV, and the calculated neutral 
temperatures were:  

– 24.2 ◦C for PMV and 23.6 ◦C for TSV in Italy  
– 24.0 ◦C for PMV and 20.5 ◦C for TSV in France 

The difference in neutral temperatures is particularly evident for 
France (ΔTN = 3.5 ◦C), where the outdoor conditions were colder, and 
less for Italy (ΔTN = 0.6 ◦C). This is further evidence of the influence of 
the outdoor environment on thermal comfort. 

This means that using PMV as an index for assessing thermal comfort 
and setpoint temperatures can lead to an overestimation of the neutral 
thermal sensation in the winter case, with consequent discomfort and an 
increase in energy consumption. 

4.4. Limitations and future studies 

This study investigated the influence of climate on students’ thermal 
comfort and provided results that can be useful to deploy their thermal 
adaptation. However, some limitations are present and further studies 
are needed. 

First, in the present study, it was possible to analyse the comfort 
clouds, but more samples (also extended for wider Trm) are needed to 
derive an adaptive model for school buildings. Students in fact present 
different needs and preferences compared to other building types that 
should be analysed. 

Second, the adaptive actions may have been inhibited by the COVID- 
19 pandemic situation. Indeed, the survey was carried out during the 
pandemic, when people were more aware of the need for ventilating 
classrooms. Even if the expectation is that attention to air quality will 
not decrease in the future, this may have affected the window and door 
operation. 

Third, Griffiths’ method was used to derive comfort clouds. Although 
this is a widely used method in the literature, recent investigations have 
shown that Griffiths’ constant may in fact be variable [43,44]. However, 
as no studies defining a constant for university classrooms are currently 
available, it was deemed reasonable to use the value of 0.5 ◦C− 1 (a value 
widely used in the literature) to derive comfort clouds. Future studies 
could analyse thermal sensitivity by deriving Griffiths’ constant in 
school buildings. 

Finally, this study showed how climatic conditions can influence 
students’ thermal perception, especially by reducing thermal neutrality 
in colder climates. This can have consequences on the management of 
HVAC systems and therefore on the reduction of energy consumption by 
linking the indoor setpoint temperatures to the running mean outdoor 
temperatures. Future studies should quantify these energy savings. 

5. Conclusive remarks 

This study investigated the effect of sub-climates on thermal comfort, 
analysing Italian and French university classrooms and collecting 1377 
samples of subjective responses associated with measured environ-
mental parameters. 

The main results can be summarised in the following points:  

1. Adaptive capacities (clothing behaviours, windows and doors’ 
operation, and perceived control) change according to the sub- 
climate. Despite colder indoor conditions, French students adapted 
less than Italian students. This suggests that there is a different 
perception of thermal sensation depending on the environmental 
conditions students are generally subjected to.  

2. The neutral temperatures were affected by the outdoor climate, and 
they significantly reduced in the French colder climate compared to 
the Italian one, as much as 3.1 ◦C, despite French students presenting 
less adaptive capacities. 

3. Students preferred warmer conditions and were satisfied at tem-
peratures above neutrality (TN = 23.6 ◦C, TC = 24.0 ◦C, TP = 24.1 ◦C 
in Italy and TN = 20.5 ◦C, TC = 23.7 ◦C, TP = 27.3 ◦C in France).  

4. The adaptive capacities of the students can be also deployed in the 
winter period (even for outdoor temperatures below the 10 ◦C sug-
gested by the standards).  

5. The presence of sub-climate-dependent adaptation is evident in the 
comparison with the PMV-PPD model. TN in winter conditions 
calculated with PMV are higher than those obtained from TSV and 
the difference increases for colder climates (ΔTN,ITALY = 0.6 ◦C; ΔTN, 

FRANCE = 3.5 ◦C).  
6. There are differences between neutral temperatures that cannot be 

explained by the TSV alone but depend on a different perception of 
the environment linked to the environmental conditions to which 
students are usually subjected. The differences between Italian and 
French TN are statistically significant (p-value < 0.01) and the me-
dian values of the TN were 22.1 ◦C for Italy and 21.0 ◦C for France.  

7. However, there is a strong relationship between thermal comfort and 
the Trm and to account for inter-individual differences, it is necessary 
to consider comfort clouds. 

5.1. Future implications 

The differences in thermal perception within the two sub-climates 
considered show that it is indeed complex to define “comfort for all” 
because even in close sub-climates there are substantial differences, 
especially in terms of thermal neutrality. 

In fact, within the same climatic zone (Zone C), the variations in 
thermal adaptation and perception are particularly high. Contrary to 

G. Lamberti et al.                                                                                                                                                                                                                               



Energy & Buildings 294 (2023) 113227

12

what is usually reported in the literature, the assessment of indoor 
comfort requires the evaluation of differences related to sub-climates 
and not only the macro-categories defined according to the Koppen- 
Geiger classification. This has repercussions on the setting of HVAC 
systems, which should be modified according to the differences found, in 
order to improve comfort and reduce energy consumption. 

Furthermore, it is crucial not to consider comfort as a punctual 
condition, as it is highly dependent on the variability of inter-individual 
perception. The ranges defined by PMV are too narrow to accurately 
predict occupants’ thermal sensations, even considering the mean 
thermal sensation rating of a group of people. 

To ensure comfort and reduce energy consumption, it is necessary to 
consider comfort clouds, which do not depend on the sub-climate, 
defined through the running mean outdoor temperature. 

By moving within these comfort clouds, possibly with the addition of 
Personal Comfort Systems, winter setpoint temperatures can be reduced 
to the lower limit to decrease energy consumption while preserving 
comfort. 

Finally, it is necessary to consider winter adaptation, as this study 
showed that it also occurs during the heating season below the 10 ◦C Trm 
that is generally indicated. Future studies should focus on this issue to 
obtain an adaptive relationship that considers winter adaptation. 
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Appendix A. Characteristics of the classrooms 

In this appendix, the characteristics of the classrooms are reported. 
Tables A1 and A2 show data on the building, classroom, doors, windows, 
ventilation type, and heating system for the Italian and French cases, 
respectively. Figs. A1 and A2 display the external view of the different 
buildings and the indoor configuration of the probes during the moni-
toring campaign. 

Table A1 
Characteristics of the selected university classrooms located in Pisa.    

U1 U2 U3 U4 U5 U6 U7 U8 U9 

Building  Polo A Polo A Polo A Polo B Polo B Polo C Polo F Polo PN Polo PN  

Classroom Classroom type Teaching 
room 

Teaching 
room 

Drawing 
Lab 

Teaching 
room 

Computer 
Lab 

Teaching 
room 

Teaching 
room 

Drawing 
Lab 

Teaching 
room 

Classroom 
orientation 

East North North South South West North South North 

Floor 1 2 2 2 0 4 0 0 0 
Seats 109 50 70 40 75 82 139 100 198 
Width (m) 7.2 8.2 6.7 8.5 10.6 5.8 9.7 14.7 9.8 
Length (m) 11.9 8.6 21.4 4.7 17.9 7.4 13.0 15.8 14.5 
Height max (m) 5.6 3.2 2.6 2.9 2.9 2.9 3.6 4.5 7.5 
Floor area (m2) 85.7 70.5 143.4 40.0 189.7 42.9 126.1 210.4 142.1 
Volume (m3) 476 228 371 116 550.1 124.4 438.0 955.0 1000  

Doors N◦ of doors 2 1 4 1 1 1 41 2 22 

Total door surface 
(m2) 

6.2 3.0 12.0 2.2 2.5 4.5 11.8 6.3 7.2  

Windows N◦ of openable 
windows 

3 3 5 2 7 3 2 5 8 

Total window 
surface (m2) 

11.4 10.8 18 6.8 24.5 6.9 3.6 5.4 6.5 

Window frame Wood Wood Wood Metal Metal Metal Metal Metal Metal 
Type of glass Single Single Single Single Single Single Double Double Double 
Shading system Curtains – – External External External – Curtains –  

Ventilation Ventilation system NV NV NV NV NV NV NV NV NV  

Heating Heating system Radiators Radiators Radiators Radiators Radiators Radiators Air system Air system Air system 
Heating control Manual Manual Manual Manual Manual Manual Manual Manual Manual 

1Two doors are towards the outside, two towards the corridor. 
2One door is towards the outside, one towards the corridor. 
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Table A2 
Characteristics of the selected university classrooms located in Cachan.    

U10 U11 U12 U13 U14 U15 U16 U17 

Building  Colbert Vauban Laplace Vauban Colbert Vauban Galilee Recherche  

Classroom Classroom’s type Amphi Teaching room Teaching room Teaching room Teaching room Teaching room Amphi Amphi 
Classroom’s orientation North-West East North East North-East East West-North-East North-West 
Floor 1 1 2 1 0 1 1 − 1 
Seats 212 33 50 90 62 90 240 313 
Width (m) 11.5 10.8 8.2 9.9 9.0 9.9 14.9 16.2 
Length (m) 15.9 7.9 9.8 13.0 12.9 13 17.7 17.5 
Height max (m) 3.7 2.7 2.6 2.7 2.8 2.7 2.9 3.3 
Floor area (m2) 183.4 85.3 79.7 128.7 111.1 128.7 227.1 278.3 
Volume (m3) 623.3 230.4 203.3 347.5 306.6 347.5 613.5 835.9  

Doors N◦ of doors 31 2 2 2 2 2 52 43 

Total door surface (m2) 8.4 3.6 4.6 4.6 10.73 4.6 10.25 11.2  

Windows N◦ of openable windows 2 3 2 4 5 4 10 0 
Total window surface (m2) 2.4 3.9 4.8 5.2 6.4 5.2 9.02 – 
Window frame Metal Metal Metal Metal Metal Metal Metal – 
Type of glass Double glass Double glass Double glass Double glass Double glass Double glass Double glass – 
Shading system Completely shaded Curtains Curtains Curtains – Curtains Curtains –  

Ventilation Ventilation system NV NV NV NV NV NV NV NV  

Heating Heating system Air system Radiators Radiators Radiators Radiators Radiators Radiators Radiators 
Heating control Central Manual Manual Manual Manual Manual Manual Manual 

1One door is towards the outside (very permeable), one to the corridor and the last one to a technical room. 
2One door is towards the outside, one towards the corridor and three towards other rooms. 
3Two doors are towards the corridor and two towards the outside. 
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Fig. A1. Pictures of the university buildings located in Pisa and of standard classrooms of the “Polo A” (a), “Polo B” (b), “Polo C” (c), “Polo F” (d), and “Polo PN” (e).  
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Fig. A2. Pictures of the university buildings located in Cachan and of standard classrooms of “Colbert” (a), “Galilee” (b), “Laplace” (c), “Recherche” (d), and 
“Vauban” (e). 
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Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.enbuild.2023.113227. 
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