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Abstract: Thermal comfort in educational environments affects not only students' well-being but also 

their concentration and academic performance. In the context of climate change, university 

classrooms in Mediterranean climates face particular challenges due to higher and more variable 

temperatures. This study evaluates thermal comfort in classrooms in southern Portugal, comparing 

natural ventilation (NV) and air conditioning (AC) modes. Through environmental measurements 

and student surveys, thermal perceptions, preferences and factors such as position within the 

classroom were analysed. The results reveal that NV classrooms offer sustainable benefits, but their 

effectiveness decreases when outside temperatures exceed 28°C, increasing thermal discomfort. In 

contrast, AC classrooms maintain more stable and comfortable conditions, although they have 

thermal gradients that affect specific zones, such as areas near windows or air vents. This study 

highlights the need for hybrid strategies that prioritise NV in moderate temperatures and use AC as 

a support in extreme conditions. Furthermore, it underlines the importance of appropriate 

architectural design and specific adaptive models for Mediterranean climates, balancing thermal 

comfort and energy efficiency. 

Keywords: thermal sensation; higher education; indoor environment; adaptive strategies; energy 

saving strategies 

 

1. Introduction 

Thermal comfort, understood as the sensation of thermal well-being experienced by people in a 

given space [1,2], has increasingly relevant implications for buildings in the context of climate change 

[3,4]. Rising global temperatures and the increasing frequency of extreme weather events increase the 

demand for energy to maintain adequate indoor thermal conditions [5]. This phenomenon is 

particularly relevant in Mediterranean regions, whose climate is characterised by very hot and dry 

summers and cold and wet winters [6]. This type of climate can pose certain challenges, as the 

interaction between outdoor climatic conditions and indoor thermal environments can profoundly 

affect energy consumption patterns, contributing significantly to operating costs and greenhouse gas 

(GHG) emissions, as well as occupant well-being [7]. Energy used for heating, ventilation and air-

conditioning (HVAC) systems accounts for a considerable share of global energy consumption [8], 

with estimates suggesting that it can account for up to 60-70% of total building energy use [9]. 
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In specific spaces, such as schools, thermal comfort becomes even more critical, as an inadequate 

indoor environment can be detrimental to students' health, concentration and, consequently, learning 

outcomes [10,11]. Unlike other types of spaces, classrooms are characterised by the fact that they 

concentrate on large groups of people for prolonged periods in an enclosed environment [12]. This 

generates particular thermal demands related both to the need to maintain a stable and comfortable 

temperature and to adequate ventilation to ensure indoor air quality (IAQ) [13]. In this regard, IAQ 

has become even more relevant since the emergence of COVID-19, as a well-ventilated environment 

is essential to reduce the spread of respiratory viruses and improve the general well-being of 

occupants [12,14]. 

In many areas with a Mediterranean climate, schools often lack HVAC systems, especially air-

conditioning (AC), due to the high costs associated with their installation, operation and maintenance 

[15,16]. Moreover, it was traditionally considered unnecessary, as the periods of exceptionally high 

temperatures mostly coincided with the summer holidays outside the school calendar. However, 

changes in weather patterns, with high outdoor temperatures generally recorded in the early and late 

months of the academic year, have increased the importance of ensuring adequate thermal comfort 

in spaces where air conditioning is unavailable or not feasible [17]. 

In these cases, natural ventilation (NV) strategies can offer effective and sustainable solutions. 

Designs that encourage cross-ventilation through the strategic placement of operable openings, 

together with appropriate building orientation, help to maintain more suitable indoor temperatures 

throughout the year [18]. However, as most classrooms lack cooling systems, the incorporation of 

shading elements (blinds, curtains, etc.) and other solutions can significantly reduce the thermal 

discomfort of the occupants [7,19]. Although these strategies do not always completely replace air 

conditioning systems in more extreme weather conditions, they are very effective most of the year, 

reducing energy dependency [20].  

In addition to possible measures taken in buildings, behavioural adaptations among occupants 

also play a vital role in achieving thermal comfort. Research has shown that people can adjust their 

clothing, activity levels, and comfort expectations depending on environmental conditions [21,22]. 

This adaptive approach can be especially beneficial in university classrooms, where diverse student 

populations may have different preferences and comfort tolerances [23,24]. Understanding these 

dynamics is essential to developing effective strategies that not only address the physical aspects of 

thermal comfort but also take into account the psychological and social dimensions that influence 

occupant satisfaction [8,21].  

The assessment of thermal comfort in naturally ventilated versus air-conditioned university 

classrooms is key, especially in regions with variable climatic conditions, such as the Mediterranean. 

This analysis reveals significant differences in occupant satisfaction, adaptive behaviours and indoor 

environmental quality. Classrooms with natural ventilation tend to offer a more adaptive 

environment for occupants, allowing them to experience a wider range of thermal comfort due to 

their ability to adapt to changing environmental conditions [25]. For example, Dias Pereira et al. noted 

that occupants in naturally ventilated environments can adjust to a greater diversity of microclimatic 

conditions, demonstrating remarkable thermal adaptability compared to air-conditioned spaces, 

where conditions are more controlled [26]. This flexibility is reinforced by the findings of Miao, who 

noted that students in naturally ventilated classrooms employed a variety of adaptive behaviours 

that improved their thermal comfort, especially during seasonal fluctuations typical of 

Mediterranean climates [27]. In addition, Subhashini et al. emphasised that natural ventilation 

contributes to thermal comfort and indoor air quality, although it may be less effective in conditions 

of low air velocity or high outdoor temperatures [28]. In terms of energy efficiency, Buonocore et al. 

indicated that indoor temperatures up to 26°C do not compromise thermal comfort, which could help 

attempts to minimise cooling energy consumption in hot climates [29]. Similarly, Romero-Lara et al. 

found that strategies such as cross-ventilation in naturally ventilated classrooms significantly 

improved thermal comfort during the warmer months, achieving optimal conditions in 

approximately 51% of the occupancy periods [30]. However, very few studies have analysed thermal 
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comfort in air-conditioned classrooms in these regions, despite the growing relevance of these 

systems due to the increase in global temperatures and the extension of warm periods in this area, as 

already mentioned. In such work, it has been observed that refrigerated spaces offer a more stable 

thermal environment, which can be advantageous in meeting established comfort standards [2]. 

Thus, Shaari et al. concluded that these classrooms consistently remain within the defined comfort 

limits, which is not always the case in naturally ventilated classrooms during the highest summer 

temperatures [31]. Also, Marino et al. noted that HVAC systems are effective in keeping indoor 

temperatures within comfortable ranges, which improves the learning environment [32]. In line with 

this, Aparicio-Ruiz et al., in a study conducted in southern Spain, found that students preferred air 

conditioning when outdoor temperatures exceeded 25°C [33]. 

Similarly, no research has been found that specifically analyses the influence of student position 

within these spaces as a function of mode of operation (AC or NV). This gap in the literature 

represents an opportunity to explore how factors such as proximity to windows, doors or air 

conditioning vents affect the thermal experience of occupants. The lack of studies on this topic is 

particularly relevant, as positions within the classroom generate significant thermal gradients, which 

impact individual perceptions of comfort and the effectiveness of air conditioning strategies in 

ensuring a thermally adequate environment.  

In this context, it is key to adopt a perspective that combines practical and sustainable solutions 

to improve thermal comfort in educational spaces, considering both the environmental characteristics 

and the specific needs of students. This involves not only optimising the design of buildings and 

taking advantage of passive strategies, such as natural ventilation but also understanding how 

students perceive and adapt to thermal conditions. Ensuring a comfortable and healthy classroom 

environment not only promotes physical well-being but also improves concentration and academic 

performance. 

This work will analyse the thermal comfort in university classrooms in Portugal, with natural 

ventilation and air conditioning, using environmental measurements and surveys addressed to 

students. These tools will allow us to evaluate their thermal sensations and preferences and their 

degree of comfort with the thermal environment. Likewise, neutral and comfort temperatures will be 

calculated, and the results obtained will be compared with the applicable regulations in force. In 

addition, the influence of the position of the students inside the classroom, an aspect that is little 

addressed in the literature, and how this variable affects the thermal perception of the occupants will 

be studied. This analysis will identify variations in thermal sensations associated with proximity to 

windows, doors and air conditioning vents, providing key information to propose strategies for 

improving the design and operation of these spaces. Through an approach combining objective and 

subjective data, this study will generate a solid basis for optimising thermal comfort and energy 

efficiency in university classrooms, particularly in Mediterranean climates where extreme 

temperatures are increasingly frequent. 

2. Materials and Methods 

As mentioned above, this study has focused on assessing the thermal comfort in classrooms in 

two university buildings in a Mediterranean climate zone during the transition between spring and 

summer 2022. For this purpose, two modes of operation were analysed: natural ventilation and air 

conditioning. Environmental measurements were taken indoors and outdoors, collecting data on 

temperature, relative humidity and air velocity. In addition, surveys were administered to students 

that included personal variables, subjective thermal perceptions, questions about their position in the 

classroom and academic aspects. All data collected were subjected to descriptive analysis and 

calculation of key thermal parameters, complemented by a case study focusing on the spatial 

distribution within the classrooms, allowing comparison of the two modes of operation and 

concluding thermal comfort in educational environments.  

A schematic diagram summarising the methodology used in this work is shown in Figure 1. 
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Figure 1. Study methodology. 

2.1. Location and Climatic Conditions 

Beja is located in the southern interior of Portugal (38°00'56‘’N, 7°51'55‘’W) and, according to the 

Köppen-Geiger climate classification, it belongs to the Csa category, corresponding to a 

Mediterranean climate with dry summers and mild winters [6]. Average monthly temperatures can 

exceed 35°C in summer, while in winter, they rarely fall below 10°C, reflecting a moderate annual 

temperature range [18]. Annual rainfall is low and mainly concentrated in the winter months. Figure 

2 shows the temperature profile, air velocity and precipitation in 2022 in Beja. 

 

Figure 2. Average monthly climate data for Beja in the year 2022. 

Given that the school term lasts from September to June or July, and considering the data shown 

in Figure 2, it is foreseeable that the university centres in Beja will have a higher demand for cooling 

than for heating [26]. 

2.2. Description of Selected Buildings ans Classrooms 

This study was carried out at the Higher School of Education (ESE) and the Higher School of 

Health (ESS), both belonging to the Polytechnic Institute of Beja (IPBeja).  

The Higher School of Education, built in 1986, has three floors: floor -1, the ground floor and the 

first floor. For this study, 11 tests were carried out in 9 of the 12 classrooms available, distributed 

between the ground floor and the first. The classrooms have an average surface area of approximately 
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40 m² and a height of 3 metres. They all have opening windows located on the left-hand side to avoid 

glare while students are writing. The predominant orientation of the windows is north-west, 

although some face east or south-east. La puerta de entrada está situada en la pared opuesta a las 

ventanas, al inicio del aula. De las 9 aulas analizadas, 4 contaban con equipos de aire acondicionado 

tipo Split. Finally, the average occupancy was 17.40 people, with a maximum of 42 students and a 

minimum of 6 students. 

The Higher School of Health, built in 2006, has two floors: ground and first. The six classrooms 

of the building are located on the first floor and share identical characteristics in terms of surface area 

(85 m²), height (2.80 metres), orientation (south-east), window design (openable and located on the 

left-hand side) and number and arrangement of desks (35 desks). All classrooms are equipped with 

cassette air conditioning systems installed in the centre of the ceiling. However, during the analysis, 

only two of the four classrooms studied had air conditioning in operation, while natural ventilation 

strategies were implemented in the other two. The average occupancy during the measurements was 

20.75 persons, with a maximum of 30 and a minimum of 13 students. 

Figure 3 shows the location of the city of Beja and the buildings in which the tests were carried 

out, accompanied by a representative image of the classrooms studied, while Table 1 shows the 

characteristics summary of the classrooms selected for this study. 

 

Figure 3. (a) Location of study; (b) Higher School of Education; (c) Higher School of Health. 

Table 1. Summary of the classrooms in the study. 

University 
No. of classrooms 

studied 

No. of students 
Operation mode 

Max. Min. 

ESE 
7 42 9 NV 

4 17 6 AC 

ESS 
2 30 20 NV 

2 20 13 AC 

2.3. Thermal Comfort Questionnaire 

The thermal comfort assessment questionnaire was distributed to the students in the classrooms 

in paper format and translated into Portuguese (the official language of the country) and consisted 

of the following parts: (1) collection of personal and demographic information (age, gender, etc.); (2) 

level of insulation level of clothing, expressed in clo, according to the ISO 7730:2005 Standard [34]; 

(3) analysis of the thermal sensation (TS), comfort level (TC) and thermal preference (TP) of the 
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respondents; (4) educational questions regarding the actions taken by the students if they feel thermal 

discomfort; and (5) position of the occupants in the classrooms.  

The thermal sensation was evaluated with the seven-point thermal scale according to the 

ASHRAE 55 Standard, ranging from “Cold” (-3) to “Hot” (3) [2], while the five-point scale for thermal 

comfort was used to quantify the responses from “Very comfortable” (1) to “Very uncomfortable” (5) 

adopted by McCartney and Nicol [35]. For thermal preference, a three-point scale was used to 

indicate whether students wanted the classroom temperature to be cooler (-1), the same (0) or warmer 

(1) [36,37]. Table 2 shows the scales used in the subjective thermal questionnaire. 

About the actions students take in the face of thermal discomfort, two specific questions were 

asked. The first question asks how this discomfort affects following the class, with response options 

ranging from “I don't mind, I continue as normal” to “The discomfort makes me miss the class”. The 

second question focuses on who they address their complaints to in situations of thermal discomfort, 

with options such as: “I do not make any kind of statement”, “I complain to the teacher during class”, 

“I complain to the class delegate” and “I raise my complaint to the Management Team or Student 

Council”. 

Table 2. Subjective thermal comfort scales. 

Scale Thermal Sensation (TS) Thermal Comfort (TC) Thermal Preference (TP) 

-3 Cold   

-2 Cool   

-1 Slightly cool  Cooler 

0 Neutral  No change 

1 Slightly warm Very comfortable Warmer 

2 Warm Comfortable  

3 Hot Slightly uncomfortable  

4  Uncomfortable  

5  Very uncomfortable  

2.4. Application of Questionnaires and Indoor Thermal Measurements 

The data collection, which included both environmental measurements and the application of 

questionnaires, was carried out during the last weeks of the 2021-2022 academic year, specifically 

from 6 to 17 June, during class hours (9:00 a.m. to 4:00 p.m.). The questionnaires were distributed and 

explained at the beginning of the lessons but were completed at the end so that the participants could 

evaluate how they had felt during the class.  

Measurements of indoor environmental parameters were performed close to the students, 

avoiding any disturbance to the normal course of the classes [38]. Air temperature (Ta), relative 

humidity (RH) and air velocity (va) were measured using an HD32.1 thermal environment analyser 

(DeltaOhm), which complies with the accuracy ranges of ISO 7726:1998 [39]. The mean radiant 

temperature (Tmrt) was calculated, following the recommendations of ASHRAE 55 [2], with equation 

(1). This calculation was based on the globe temperature measurement (Tg) obtained using a black 

globe thermometer with a diameter of 150 mm. 

���� = ���� + 273�
�

+
1.1 ∙ 10� ∙ ��

�.�

� ∙ ��.�
∙ ��� − ����

�/�

− 273 (1)

where ε is the emissivity of the surface of the globe thermometer and D is its diameter, being 0.95 and 

0.150 metres, respectively. 

Table 3 provides the technical specifications of the equipment used for the measurements of 

indoor environmental conditions. 

Table 3. Specification of the equipment and probes used. 

Equipment Parameter Probe Range Accuracy 
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Thermal  

microclimate 

HD32.1  

instrument  

(Delta Ohm) 

Ta (°C) HP3217R -40 to 100°C 1.5+1.5% measure (15 to 35°C) 

Tg (°C) TP3275 -30 to 120°C  

RH (%) HP3217R 0 to 100% RH 
±1.5% RH (0 to 90% RH) 

±2%RH (90 to 100% RH) 

va (m/s) AP3203 0.02 to 5 m/s  

On the other hand, the comfort temperature (Tc) is related to the operative temperature (Top) and 

the average outdoor operating temperature (Trm). As shown in equation (2), the calculation of Top 

considers air temperature (Ta), mean radiant temperature (Tmrt), convective heat transfer coefficient 

(hc) and radiant heat transfer coefficient (hr) [2,40]. For hr, a constant value of 4.7 W/m2°C was taken, 

while hc is calculated according to the ASHRAE Handbook [41].  

��� =
�� ∙ ℎ� + ���� ∙ ℎ�

ℎ� + ℎ�

 (2)

In turn, the mean outdoor operating temperature (Trm) was determined with equation (3) [42,43].  

��� = (1 − �) ∙ �����,��� + � ∙ ����,��� + �� ∙ ����,��� + ⋯ � (3)

where Tout,n-x is the daily average outdoor temperature of day “x” days before day “n” [43]. According 

to EN 16798-1:2020, a value of 0.8 has been taken for α. 

2.5. Adaptive Model and Comfort Parameters 

In this study, comfort parameters for building thermal conditioning (temperature, relative 

humidity and air velocity) were determined, and an adaptive thermal comfort model has been 

proposed for AC and NV modes of operation. The comfort zone and neutral temperature (Tn) have 

been determined based on TSV and Top, and the temperatures are calculated using the Griffiths 

method [18,38,40]. P For TSV, 90% and 80% of the thermal acceptability are between -0.5 and 0.5 and 

-1 to 1, respectively, on the ASHRAE seven-point scale [2,38]. 

The adaptive thermal comfort model is established through linear regression analysis, 

considering two different approaches. In the first, Top is used as the independent variable and TSV as 

the dependent variable. In the second, Trm acts as the independent variable, while Tc, calculated using 

Griffiths' method according to equation (4), is defined as the dependent variable. 

�� = ��� +
(0 − ���)

�
 (3)

The value "0" indicates a neutral condition, while α corresponds to the constant that defines the 

rate of change of wind chill as a function of indoor air temperature, also known as Griffiths' coefficient 

[44]. For this study, α is considered with values of 0.25, 0.33 and 0.50 [18,38,40,45–47]. 

2.6. Description of Case Studies on the Spatial Distribution of Students and Other Associated Factors 

This case study focused on assessing in detail how the specific position of each student within 

the classroom influences their thermal perception, considering the effects of different modes of 

operation and the level of thermal insulation of their clothing. Four classrooms were selected from 

the Higher School of Health (ESS), designed identically in their construction and layout, ensuring 

comparability between them. The tests, conducted under similar outdoor temperature conditions, 

included two air-conditioned and two naturally ventilated classrooms: one with only the door open 

and one with both door and window open. This approach allowed a thorough analysis of the 

differences in thermal sensation derived not only from the general environmental conditions but also 

from the particularities associated with the specific position of each student within the space. 
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3. Results 

3.1. Study Sample Characterisation 

As shown in Table 4, a total of 276 questionnaires were completed, of which 274 were valid: 191 

in ESE and 83 in ESS. The remaining two questionnaires were discarded due to inconsistencies in the 

responses. Regarding gender, in ESE, 44.50% were male, 55% were female, and 0.50% were identified 

in another category. In the case of ESS, 6% were male and 93% female. Regarding age, the majority 

of students (83.8% in ESE and 86.7% in ESS) were between 18 and 24 years old. All the students 

surveyed remained seated during the lessons given by the teachers, which made it possible to 

establish a metabolic rate of 70 W/m² (1.2 met), as stipulated in ASHRAE Standard 55 [2]. The average 

clothing insulation (Iclo) was slightly higher for ESE students (0.33 clo) compared to ESS students 

(0.25 clo). In both schools, the most common clothing combination included long trousers, tank tops 

for females, and short-sleeved T-shirts or shirts for males, complemented by trainers. In many cases, 

they also chose to wear shorts. 

Table 4. Subject information. 

University Sample 
Gender Age 

Iclo (clo) 
Activity 

(W/m2) Male Female Other 18-24 24-30 +30 

ESE 191 85 105 1 160 27 4 0.33 
70.00 

ESS 83 6 77 0 72 8 3 0.25 

3.2. Outdoor and Indoor Environmental Conditions 

The outdoor environmental conditions during the trials showed significant variations (Table 5). 

The average temperature was 28.24°C, with a maximum of 33.29°C, recorded during a test at ESS, 

and a minimum of 21.49°C, measured in the early morning during a test at ESE. Relative humidity 

ranged from 33.33% to 76.15%, with an average of 50.62%, reflecting temporal variations in the timing 

of the measurements. Air velocity averaged 12.80 km/h, ranging from 9.49 km/h to 16.38 km/h. 

Table 5. Summary of outdoor conditions. 

 Air temperature (°C) Relative humidity (%) Air velocity (km/h) 

Mean 28.24 50.62 12.80 

SD 2.99 10.91 2.08 

Max 33.29 76.15 16.38 

Min 21.49 33.33 9.49 

Table 6 compiles the average indoor environmental conditions in each of the tests carried out in 

the two selected university centres, classified according to the number of occupants (N), the state of 

doors and windows (CW: windows closed, OW: windows open, CD: doors closed, OD: doors open) 

and the mode of operation (AC: air conditioning, NV: natural ventilation). 

Overall, the classrooms showed an average Top of 25.90°C, with a maximum of 31.33°C (ESS03) 

and a minimum of 22.94°C (ESS04). RH averaged 49.02%, with extreme values of 63.11% (ESE07) and 

32.75% (ESE03). Air velocity (va) is low in general, with an average of 0.03 m/s, a maximum of 0.08 

m/s (ESE02 and ESS04) and a minimum of 0.00 m/s in several tests (ESE06, ESE09, ESE10 and ESS02). 

Table 6. Summary of indoor conditions. 

University
Classroom 

code 
N Windows/Doors

Operation 

mode 

Ta 

(°C) 

Tg 

(°C) 

Tmrt 

(°C) 

Top 

(°C) 

RH 

(%) 

va 

(m/s) 

ESE ESE01 16 CW/OD NV 26.14 25.56 24.88 25.51 48.96 0.03 

ESE02 19 OW/OD NV 27.03 26.22 25.79 26.41 33.99 0.08 

ESE03 21 OW/OD NV 27.32 26.49 26.06 26.69 32.75 0.07 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 January 2025 doi:10.20944/preprints202501.0105.v1

https://doi.org/10.20944/preprints202501.0105.v1


 9 of 26 

 

ESE04 6 CW/CD AC 22.38 22.82 23.49 22.94 48.02 0.01 

ESE05 42 OW/OD NV 25.39 25.29 25.26 25.33 57.54 0.04 

ESE06 10 CW/OD NV 25.59 25.56 25.57 25.58 51.60 0.00 

ESE07 24 CW/OD NV 26.69 26.28 25.80 26.25 63.11 0.04 

ESE08 13 CW/OD NV 25.57 25.31 25.25 25.41 53.22 0.01 

ESE09 17 CW/CD AC 24.95 24.42 24.24 24.60 59.44 0.00 

ESE10 9 CW/CD AC 24.96 25.29 24.66 24.80 59.36 0.00 

ESE11 14 CW/CD AC 24.48 26.19 24.86 25.17 53.44 0.01 

ESS ESS01 20 CW/CD AC 24.67 24.59 24.57 24.62 47.00 0.02 

ESS02 13 CW/CD AC 24.47 24.27 24.15 24.31 38.67 0.00 

ESS03 20 CW/OD NV 31.24 31.33 31.42 31.33 39.40 0.05 

ESS04 30 CW/OD NV 29.73 29.63 29.51 29.62 48.74 0.08 

When comparing the results of the AC and NV tests with international thermal comfort 

standards, such as ASHRAE 55 [2] or EN 16798-1:2019 [48], relevant differences emerge. On the one 

hand, these regulations recommend operative temperatures in the range of 23 to 26°C [2,48] to be 

considered a comfortable environment. As can be seen, in the AC classrooms, this criterion was met, 

with an average Top of 24.41°C, while in the NV classrooms, the upper limit was exceeded by almost 

1°C, with an average Top of 26.90°C. Specifically, this limit was exceeded in 5 of the 9 tests conducted 

under this mode of operation. In studies carried out in educational buildings with both modes of 

operation and during the same seasons and climatic zones, indoor temperatures generally similar to 

those measured in this study were recorded [18,33,49–51].  

As for relative humidity, the Standards suggest keeping it between 30 and 60% to avoid 

discomfort and health problems related to dry or excessively humid air [2,48]. Both categories of 

classrooms meet this criterion, although NV classrooms have slightly lower values on average 

(47.70%) than AC classrooms (50.99%). Finally, regarding air velocity, it is recommended that it 

should be below 0.10 m/s to provide adequate ventilation without generating annoying draughts [48]. 

As can be seen, the va in all cases was below the proposed level. However, in general, higher va were 

measured in the OW/OD tests, especially in the case of ESE02, ESE03 and ESS04. 

3.3. Subjective Thermal Responses 

This section analyses the subjective responses on thermal sensation and preference and degree 

of comfort of the 274 students surveyed (195 with NV and 79 with AC). 

3.3.1. Thermal Sensation, Comfort and Preference Votes 

Table 5 presents a summary of the average ratings for each thermal category analysed in the 

different classrooms, together with the mode of operation and the indoor operative temperature. 

As can be seen, classrooms with natural ventilation (NV) presented, on average, a TSV of 1.33, 

indicating a thermal sensation between slightly warm and hot, accompanied by a TCV of 3.35, 

suggesting a level above slightly uncomfortable. In these classrooms, only 13.33% of occupants 

reported a "Neutral" thermal sensation. On the other hand, the average TPV was -0.76, reflecting an 

inclination towards cooler conditions. In contrast, in the air-conditioned (AC) classrooms, the average 

TSV was -0.42, indicating a thermal sensation in the neutral range [2], while the TCV was 2.55, 

suggesting that students were more comfortable with this mode of operation. The mean TPV of 0.20, 

in this case, showed the students' preference for maintaining almost the same thermal conditions in 

the classrooms. These results show that, although air conditioning generates a somewhat cooler 

thermal perception, it provides a higher level of comfort than NV classrooms, possibly due to the 

ability of this system to maintain more stable conditions and closer to the range preferred by students. 

NV classrooms, perceived as warmer, are more uncomfortable, probably influenced by exposure to 

thermal fluctuations and outdoor environmental conditions. 
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Table 7. Average values of subjective votes. 

University 
Classroom 

code 

Operation 

mode 
Top (°C) TSV (SD) TCV (SD) TPV (SD) 

ESE ESE01 NV 25.51 0.75 (±0.68) 2.63 (±0.50) -0.63 (±0.50) 

ESE02 NV 26.41 1.15 (±0.76) 3.31 (±0.82) -0.84 (±0.37) 

ESE03 NV 26.69 1.19 (±0.93) 3.24 (±0.99) -0.76 (±0.44) 

ESE04 AC 22.94 -0.33 (±0.52) 2.67 (±0.52) 0.17 (±0.41) 

ESE05 NV 25.33 0.95 (±0.82) 3.00 (±0.88) -0.69 (±0.47) 

ESE06 NV 25.58 1.00 (±0.67) 3.10 (±0.87) -0.80 (±0.42) 

ESE07 NV 26.25 1.50 (±0.88) 3.45 (±0.98) -0.75 (±0.44) 

ESE08 NV 25.41 1.00 (±0.82) 3.00 (±0.82) -0.62 (±0.51) 

ESE09 AC 24.60 -0.59 (±0.87) 2.35 (±0.49) 0.23 (±0.44) 

ESE10 AC 24.80 -0.55 (±0.53) 2.56 (±0.53) 0.56 (±0.53) 

ESE11 AC 25.17 -0.71 (±0.83) 2.57 (±0.76) 0.21 (±0.43) 

ESS ESS01 AC 24.62 -0.20 (±0.69) 2.40 (±0.60) 0.15 (±0.49) 

ESS02 AC 24.31 -0.15 (±0.80) 2.77 (±0.93) -0.15 (±0.69) 

ESS03 NV 31.33 2.70 (±0.73) 4.70 (±0.73) -0.95 (±0.22) 

ESS04 NV 29.62 1.73 (±1.01) 3.70 (±1.06) -0.80 (±0.41) 

When comparing the results of this study with those reported by other authors, significant 

differences are observed for the same operating temperature ranges measured in this study. For 

example, Guevara et al. researched thermal comfort in three climatic zones in Ecuador. In that study, 

it was found that students in AC classrooms indicated cooler thermal sensations (TSV=-0.35) and 

showed a higher level of comfort in NV classrooms, with a TCV of 1.44. Thus, almost half of the 

occupants (49.37%) experienced thermal neutrality. Also, in terms of thermal preference (TPV), 

students were more inclined towards warmer environments [38]. Similar trends were observed in the 

work of López-Pérez et al., who found patterns consistent with the aforementioned results, also 

reflecting a relationship between the type of ventilation and the thermal sensations reported by the 

students [40]. These differences can be explained by the higher heat tolerance of people living in hot 

and humid climatic zones, who tend to adapt more effectively to the usual thermal conditions of their 

environment, even when these exceed the established standards [46,52]. On the other hand, Fabozzi 

and Dama carried out an investigation in an Italian university in the same climatic zone as the present 

study and obtained similar results in terms of thermal sensation for classrooms with NV (TSV=1.49) 

and with AC (TSV=-0.46) [53]. Finally, the work of Aparicio-Ruiz et al., carried out in southern Spain 

with primary school students, showed that most children felt comfortable and preferred cooler 

environments for both modes of operation studied [33]. This preference for cooler environments in 

children living in temperate climate zones has been reported by other authors [51,52,54].  

To continue, Figure 4 compares the thermal comfort ratings (TCV) as a function of perceived 

thermal sensations in the two modes of operation. In AC mode (Figure 4a), the average TCV was 2.55, 

indicating that the majority of students were positioned between the "Comfortable" and "Slightly 

uncomfortable" categories. The results show that 53.85% of the students who experienced neutral 

thermal sensations (0) felt comfortable, while 38.46% reported being very comfortable. In addition, 

18.52% of students reported comfort under slightly cool sensations (-1). However, more extreme 

sensations, such as cold (-2), registered an increase in discomfort levels, with 33.33% of the votes 

placed in the uncomfortable category. When students voted cold thermal sensations (-2) they 

presented the highest levels of discomfort (33.33%). In contrast, the NV mode of operation (Figure 

4b) had an average TCV of 3.45, indicating that students felt slightly uncomfortable to mostly 

uncomfortable. Thermal comfort was mainly concentrated in neutral thermal sensations (0), while as 

thermal sensations became warmer, the level of discomfort increased significantly. In particular, 

warm thermal sensations (3) reached 100% of votes in the very uncomfortable category. These results 

are consistent with those reported by Guevara et al. for NV classrooms in a tropical climate zone [38]. 
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Similarly, Romero et al. showed that the majority of students who voted a TSV of "Warm" 

(approximately 90%) felt very uncomfortable [18]. The results indicate that the AC mode offers better 

performance in maintaining acceptable thermal comfort over a wider range of thermal sensations, 

although it does not always guarantee comfort, especially if students feel cold. On the other hand, 

NV mode shows higher acceptance in neutral thermal conditions, but its effectiveness decreases 

significantly as thermal sensations become warmer [53,55]. 

 

Figure 4. Cross-tabulation of thermal comfort votes on thermal sensation scale for (a) AC mode and (b) NV 

mode. 

In this case, Figure 5 presents the cross-tabulation of the thermal preference votes about the 

perceived thermal sensations in both modes of operation. In AC mode (Figure 5a), the mean TPV was 

0.19. In neutral thermal sensations (0), most students voted for "No change", indicating satisfaction 

with the perceived temperature. However, in slightly cool thermal sensations (-1), a little more than 

half of the students (51.85%) preferred a "Warmer" environment. For cold thermal sensations, this 

percentage rises to 100%. For slightly warm thermal sensations (1), a significant percentage expressed 

a preference for a "Cooler" environment. For the NV mode (Figure 5b) the average TCV was -0.76, 

indicating that, in general, students preferred a "Cooler" thermal environment. For neutral thermal 

sensations (0), most students preferred "No change", indicating that these conditions are perceived 

as adequate. As the thermal sensations become warmer (1, 2 and 3), the preference for a "Cooler" 

environment increases dramatically, reaching 100% for extreme heat sensations (3). Overall, the 

results indicate that the AC mode allows a more consistent balance of thermal preferences to be 

maintained, as it satisfies the majority of occupants in neutral and moderately warm conditions. In 

contrast, the NV mode shows a clear tendency towards thermal dissatisfaction when temperatures 

rise, evidenced by a predominant preference for cooler environments in warm thermal sensations. 
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Figure 5. Cross-tabulation of thermal preference votes on thermal sensation scale for (a) AC mode and (b) NV 

mode. 

In the study conducted by Guevara et al. in a tropical climate zone, greater variability was 

observed in the distribution of thermal comfort (TCV) and thermal preferences (TPV) under natural 

ventilation (NV) conditions, particularly in the range of thermal sensations considered comfortable 

(-1 to 1) [2]. In contrast, in classrooms with air conditioning (AC) systems, the results showed more 

consistent patterns similar to those obtained in the present study. This suggests that natural 

ventilation strategies are more influenced by individual differences in thermal perception, whereas 

air-conditioning systems tend to provide more uniform and predictable control over occupants' 

thermal responses [38]. Similar findings have been reported by Talukdar et al. in tropical climates 

[46]. 

In the context of Mediterranean climates, the studies by Romero et al. [18] and Aparicio-Ruiz et 

al. [33] also found consistent results for naturally ventilated classrooms, highlighting similar TCV 

patterns to those of this study. 

3.4. Comfort Temperature 

In this study, a linear regression model was used in conjunction with the Griffiths method to 

calculate both the neutral and comfort temperature. 

3.4.1. Linear Regression Method 

The application of linear regression between thermal sensation votes and operating temperature 

facilitates the analysis of how variations in interior temperature affect occupants' thermal perception 

[18,38]. Thus, Figure 6 shows the relationship between TSV and Top in each test, according to the 

thermal responses of the respondents in both modes of operation. From the linear equation, our 

temperature (Tn) and the temperature range where the votes are within the comfort range have been 

determined. 
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Figure 6. Linear regression between the thermal sensation vote and operating temperature in (a) AC mode and 

(b) NV mode. 

As can also be seen in Table 8, the slope of the linear regression line for the NV mode was slightly 

steeper than that for the AC mode. This suggests that occupants are more sensitive to changes in 

operative temperature when natural ventilation is used. This increase in slope is attributed to the 

higher percentage of people who experienced discomfort, as assessed by the TSV scale. The slope 

values obtained in this study are consistent with those reported in research conducted in 

Mediterranean climate zones during the same time of year [18,56–58]. However, they were lower 

than those observed in research conducted in warmer and more humid climates, highlighting the 

higher adaptation of students in these regions to higher temperatures. These findings highlight how 

regional climatic characteristics influence the relationship between operative temperature and users' 

thermal perception [28,38,40,59].  

In the AC tests, the Tn defined as the operative temperature at which the mean TSV is zero, was 

25.80°C. According to the 7-point scale of the ASHRAE 55 standard, the thermal acceptance range for 

90% of the participants is between -0.5 and 0.5, which corresponded to a temperature range between 

24.20 and 27.40°C. For 80% acceptability, the range extends from -1 to 1, with temperature limits for 

this case between 22.60 and 29.00°C. While in the NV mode, the Tn was 22.00°C, with a comfort range 

of 90% acceptability between 20.00 and 24.00°C and 80% acceptability between 18.00 and 26.00°C. As 

can be seen, the Tn calculated for the AC tests is significantly higher compared to the NV tests. This 

could reflect that, in controlled environments, users have a higher tolerance to slightly higher 

temperatures [60,61]. In the research carried out by Haddad et al. [62] and Teli et al. [57] in this type 

of climate and with NV, temperatures very similar to those calculated in this work were obtained.  

Finally, the coefficients of determination (R²) were 0.2762 for the AC mode and 0.4754 for the 

NV mode, while the significance (p) values were less than 0.001 in both cases, indicating that the 

correlations between operative temperature and wind chill votes were statistically significant and 

adequate. 

Table 8. Summary of TSV regression equations. 

Operation 

mode 
Equation Tn (°C) 

90% 80% R² 
p-value 

AC TSV=0.2729·Top-7.0719 25.80 ±1.60 ±3.20 0.2762 
<0.001 

NV TSV=0.2864·Top-6.2608 22.00 ±2.00 ±4.00 0.4754 
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3.4.2. Griffiths Method 

La Table 9 presenta una comparación de las temperaturas de confort (Tc) calculadas utilizando 

el método de Griffiths, considerando tres valores de la constante α aplicados a la escala de TSV en los 

modos de operación AC y NV. Los valores de la constante α utilizados fueron 0.25, 0.33 y 0.50, 

conforme a las recomendaciones de múltiples autores [45–47,63].  

Table 9. Comfort temperature based on the Griffiths method for AC and NV operation mode. 

Operation mode N 
Tc (°C) 

α=0.25 α=0.33 α=0.50 

AC 79 26.23 (±3.18) 25.84 (±2.46) 25.42 (±1.71) 

NV 195 21.42 (±3.52) 22.74 (±2.76) 24.14 (±2.15) 

In the AC mode, Tc decreased slightly with increasing α, from 26.23°C (α=0.25) to 25.42°C 

(α=0.50). In addition, the standard deviations also decreased significantly, decreasing from ±3.18°C 

to ±1.71°C. These results indicate that higher α values generate more consistent Tc estimates with less 

scatter. In the case of the NV mode, similar behaviour occurred, with Tc increasing from 21.42°C (α = 

0.25) to 24.14°C (α = 0.50). Standard deviations also decreased as α increased, from ±3.52°C to ±2.15°C. 

However, compared to the AC mode, the NV mode exhibited greater variability in Tc p estimates for 

all α values. This is due to the more significant fluctuations in environmental conditions, which 

directly affect the thermal perception of occupants in naturally ventilated spaces [38,40,53].  

Overall, the results show that the AC mode provides higher comfort temperatures with less 

variability compared to the NV mode, reflecting a more controlled environment. The choice of α 

equal to 0.50 stands out as the most suitable for calculating Tc since it provides the most consistent 

and accurate estimates in both modes of operation. For this reason, this value was selected for all 

calculations performed in this study. It is important to note that numerous previous studies have also 

recommended the use of this value, supporting its applicability and reliability in the analysis of 

comfort temperatures [18,38,40,63,64].  

The comfort temperature was calculated using 0.50 as the regression coefficient was very similar 

to the neutral temperature (25.80°C) calculated from the linear regression of the thermal votes 

observed in the AC tests. In this case, uniformity in thermal conditions minimises discrepancies, as 

occupants more consistently perceive temperatures close to neutral. Whereas, in NV classrooms, the 

comfort temperature estimated through Griffith's method has a difference of more than 2°C with the 

neutral temperature (22.00°C). This difference is because, at higher temperatures, students tend to 

experience feelings of thermal comfort at slightly lower values than the measured temperatures 

[18,46]. 

In previous studies conducted in classrooms with AC systems, the calculated Tc showed minimal 

variations compared to the results obtained in this work [38,40]. n contrast, research carried out in 

Mediterranean climate regions during the spring and summer seasons, under NV conditions, 

reported Tc approximately 3°C lower than those observed [65–67]. This difference could be attributed 

to the impact of higher recorded outdoor temperatures on indoor temperatures [18,68]. 

3.5. Adaptive Thermal Comfort Model 

Figure 7 shows a scatter plot of the linear regression between Tc and Trm, in both modes of 

operation. 
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Figure 7. Adaptive thermal comfort model for AC and NV mode. 

Equations (4) and (5) represent the adaptive thermal comfort model for AC and NV mode, 

respectively. 

�� = 0.1859 ∙ ��� + 20.305 (�� = 0.1627) (4)

�� = 0.2530 ∙ ��� + 17.354 (�� = 0.1783) (5)

For the AC mode, the average predicted Tc was 25.83 ± 1.00°C, ranging from a maximum value 

of 27.31°C to a minimum of 24.60°C. For the NV mode, the average predicted Tc was 24.14 ± 2.15°C, 

with temperatures ranging from a maximum of 31.32°C to a minimum of 19.10°C. As can be seen, for 

both modes of operation, the proposed models predict temperature values in the comfort zone [40].  

Figure 8 shows the distribution of comfort temperatures according to the two operating modes 

studied.  

 

Figure 8. Comfort temperature distribution according to operating mode (NV and AC). 

In NV mode, the most represented comfort range was 24-26°C, followed by the 22-24°C and 26-

2°C ranges, while the extreme ranges (18-20°C and 30-32°C) were much less represented. Similarly, 

in AC mode, the predominant comfort range was also 24-26°C, followed by the 26-28°C range. 

However, in AC mode, comfort temperatures were more strongly concentrated in these ranges, 

evidencing greater consistency and a more limited range compared to NV mode, which shows 

greater variability in thermal preferences due to environmental conditions and individual differences 

in thermal perception [53]. Buonocore et al. found that the most comfortable temperature ranges in 
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university classrooms were 24-26°C in NV mode and 23-24°C in AC mode, with greater variability 

also in naturally ventilated classrooms [29]. 

3.5.1. Comparison with International Standards 

Figure 9 presents a comparison between the comfort temperature and the comfort zone using 

different approaches: the proposed model, the ASHRAE 55 Standard [2] (Figure 9a), Norm EN 16798-

1:2020 [48] (Figure 9b) and the CIBSE guide [69] (Figure 9c). The dashed lines in the graph indicate 

the limits of the comfort ranges set by the mentioned standards, while the grey solid lines represent 

the Tc defined by these standards. The yellow (for NV mode) and blue (for AC mode) solid lines 

reflect the comfort temperature calculated according to the model proposed in this study. 

First, Figure 9a compares the proposed model with the ASHRAE 55 standard, whose equation 

for the NV mode of operation is defined as Tc=0.31·Tpma(out)+17.8 [2]. To simplify the analysis, the 

average prevailing outdoor air temperature (Tpma(out)) was assumed to be equivalent to Trm [40]. 

According to the acceptability zones established by this standard, 50% of the measurements made 

were found to be within the 90% comfort level (black dashed line), 73.33% within the 80% comfort 

zone (green dashed line) and 26.67% outside the acceptable zones. Applying the adaptive equation 

of the ASHRAE 55 standard, the average comfort temperature obtained was 26.11±1.11°C, with 

extreme values of 28.12 and 24.46°C. In comparison, the model proposed in this study generated a Tc 

approximately 2°C lower than that calculated according to the ASHRAE 55 standard, suggesting 

significant differences in the prediction of thermal comfort under specific NV conditions. In this 

regard, previous studies have pointed out that the ASHRAE 55 adaptive equations tend to 

underestimate comfort in hot climates [70–72].  

Figure 9b shows the model proposed in this work against the adaptive model of EN 16798-1:2020 

expressed with the equation Tc=0.33·Trm+18.8, also for the NV mode. When analysing the acceptability 

zones, it was observed that 76.67% of the sample was within the ±4°C thermal comfort zone 

(represented by the blue dashed line), 60.00% within the ±3°C zone (green dashed line), and 40.00% 

in the more restricted ±2°C zone (black dashed line). However, 23.33% of the sample fell outside any 

defined comfort range. For this adaptive model, the mean Tc was 26.77±0.71°C, with maximum and 

minimum temperatures of 29.14 and 25.10°C, respectively. Thus, the proposed model temperatures 

were about 2.50°C lower. These results are in line with several works that have shown that European 

standards may not adequately reflect thermal comfort needs in hot regions, where user expectations 

and environmental conditions differentiate thermal preferences. This finding reinforces the 

importance of developing localised adaptive models that are more representative of real conditions 

[72,73]. 

Finally, and in line with the previous cases, Figure 9c shows the Tc according to the model 

proposed for the AC tests and according to the CIBSE guide (Tc=0.09·Trm+22.7). In this case, 69.23% of 

the cases were within the only existing comfort zone, while the remaining 30.77% were outside it. 

According to this adaptive model, the mean Tc was 25.27±0.12°C, with a maximum temperature of 

25.53°C and a minimum temperature of 25.17°C. In this case, and contrary to the NV tests, the Tc 

calculated with the model of this work was slightly higher. In this context, several studies have 

pointed out that comfort predictions in controlled systems (such as AC) tend to be more accurate, as 

occupants are less dependent on physiological or behavioural adaptations to achieve comfort 

[40,47,53]. 
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Figure 9. Comparison of the adaptive thermal comfort model with standards: (a) NV mode and ASHRAE 

Standard 55, (b) NV mode and EN 16798-1:2020, and (c) AC mode and CIBSE guide. 

3.6. Impact of Thermal Discomfort on Educational Behaviour and Communicative Actions 

This section analyses students' responses to thermal discomfort in two respects: how it affects 

the following of lessons and the communicative actions they take in this respect, differentiating 

between AC and NV modes of operation. 

In terms of following the lessons (Figure 10), in AC mode, the majority of students (65%) 

reported that "I don't give it a thought, I carry on as normal". In comparison, in NV mode, only 45% 

of students reported this attitude, while a higher percentage (35%) stated: "Make a greater effort to 

get the most out of the lesson", suggesting that in hot thermal environments, NV may not be sufficient 

to reduce the impact of discomfort on their academic performance, students need to make a higher 

cognitive and physical effort to stay attentive [74]. It is important to note that, in NV mode, 20% of 

students indicated that they "Do not get the most out of the lesson" or that they "Waste the class", 

while in AC, these responses accounted for less than 5%.  

Figure 11 refers to the communicative actions taken by students if they feel thermal discomfort. 

The results show that a significant majority of students, both in AC mode (80%) and NV mode (70%), 

prefer not to express their discomfort explicitly ("I don't show it in any way"). However, in NV mode, 

an increase in complaints to teachers during class was observed (15% compared to 5% in AC). On the 

other hand, the use of formal channels, such as complaints to the class delegate or the student 

management team, was almost non-existent (<5% in both modes). This reflects a general tendency 

not to channel discomfort through structured means, which could limit the identification and 

resolution of problems related to the thermal environment in classrooms. 
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Ultimately, this analysis reveals that the AC mode has more effectively mitigated the impact of 

thermal discomfort on class tracking, allowing students to continue their academic performance more 

consistently. In contrast, NV mode has a higher proportion of students experiencing difficulty 

concentrating and requiring extra effort to stay focused. In addition, the differences in communicative 

actions between the two modes reflect that, although discomfort in NV is more evident, students 

prefer not to express it formally, which may reflect a perceived lack of expectation that significant 

changes in thermal conditions will not be implemented. 

 

Figure 10. Effect of thermal discomfort on class performance in AC and NV modes of operation. 

 

Figure 11. Students' communicative actions in response to thermal discomfort in AC and NV modes of 

operation. 

3.7. A Case Study on the Spatial Distribution of Students and Associated Factors 

The results of the analysis of the TSV distribution and thermal insulation levels of clothing, 

measured in clo, in the four classrooms studied at the Higher School of Health (ESS) of Beja 

(Portugal), are shown below, with an evaluation focused on the influence of the occupants' positions 

within the space. The study highlights how spatial distribution, in terms of proximity to windows, 

doors and air conditioning vents, significantly affects the thermal perception of students, generating 

spatial gradients of thermal comfort. In addition, patterns associated with classroom modes of 

operation, AC (Figure 12) and NV (Figure 13), as well as interactions between positions and 

individual characteristics, such as clothing levels, are observed. This approach allows us to identify 

how architectural factors and operational conditions contribute to differences in occupants' thermal 

experience.  
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The classrooms with AC (ESS01 and ESS02) had a mean Top of 24.46°C. In these classrooms, most 

students reported thermal sensations within the range of "Neutral" to "Slightly cool", reflecting an 

overall distribution of adequate thermal comfort. However, occupants located closer to the air 

conditioning vents (area highlighted in light blue) experienced predominantly cooler sensations than 

the rest, which is evidence of a localised effect of the system. This pattern can be explained by the 

higher intensity of the cold airflow in the vicinity of the outlets, which generates a more direct and 

perceptible cooling in these positions [75–77]. In contrast, the cases where students reported thermal 

sensations of "Slightly warm" were mainly concentrated in positions close to closed windows with 

south-east orientation. These areas are more exposed to direct solar radiation, which probably 

increases the surface temperature of the glass and surrounding areas, contributing to a localised 

increase in thermal perception. The outside temperature, which reached approximately 32°C during 

the measurements, may also have intensified heat transfer through the windows, despite being 

closed, negatively affecting the thermal comfort of students in these areas [78,79]. This phenomenon 

is consistent with the limited ability of air conditioning systems to counteract the heat generated by 

solar radiation in specific areas [80]. One particular case is that of a student who reported a thermal 

sensation of "Slightly warm" despite not being in the area of influence of the windows. This case could 

be related to individual factors, such as physiological differences in thermal perception. Specifically, 

previous research has indicated that males tend to report greater thermal discomfort due to a higher 

basal metabolic rate compared to females [58,81]. 

 

Figure 12. Distribution of TSVs, according to position and level of clothing in classrooms with AC. 

In the NV classrooms (ESS03 and ESS04), whose mean Top was 30.48°C, the influence of position 

on thermal perception was even more significant than in the AC tests [28]. Natural ventilation, 

dependent on proximity to open windows and doors, generated an uneven distribution of thermal 

comfort, creating a marked thermal gradient in the classroom. Students near the openings (light blue 

area) tended to experience thermal sensations closer to neutral or "Slightly warm". This can be 

attributed to the more constant airflow in these areas, which facilitates the dissipation of body heat 

and reduces the feeling of thermal discomfort [82,83]. On the other hand, students in positions further 

away from the openings, especially in the centre and at the back of the classrooms, reported 

predominantly "Warm" or even "Hot" sensations. In these areas, cross ventilation is insufficient to 

maintain a constant airflow, which leads to heat build-up due to a lack of effective circulation. In 

ESS03, this inequality is particularly evident, as the range of TSV varied from "Neutral" in the vicinity 

of the open windows and doors to "Hot" in the central and rear areas. This may be because this 
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classroom had fewer openings available, and the existing ones are poorly distributed, limiting the 

ability to evenly ventilate the entire space. In contrast, ESS04 showed a more balanced thermal 

perception due to the higher number of open windows and doors, which increased the cross-

ventilation effectiveness. In this case, areas close to the openings maintained "Slightly warm" or 

"Neutral" sensations, while in the centre and back of the classroom "Warm" sensations were less 

frequent compared to ESS03. This highlights the importance of the number and location of openings 

to improve airflow distribution in naturally ventilated classrooms [84]. In addition, the variability in 

thermal perception in these classrooms reflects not only the structural limitations of natural 

ventilation but also the impact of other factors, such as classroom occupancy and heat generation by 

students, which may contribute to greater heat build-up in less ventilated areas [57]. Also, the 

orientation of windows and doors concerning the prevailing air may have played a key role, as poor 

alignment with external air currents could reduce the effectiveness of cross-ventilation, especially in 

ESS03. 

 

Figure 13. Distribution of TSVs, according to position and level of clothing in classrooms with NV. 

Finally, despite the differences in environmental conditions created by the modes of operation, 

clothing insulation values show a similar trend in both cases, ranging from 0.11 to 0.40 clo. However, 

there are subtle but relevant differences between men and women that impact their thermal 

perception. In general, men tend to wear slightly more insulating clothing than women, with average 

clo values close to 0.35 versus 0.30 for women. This pattern is related to cultural norms in Portugal, 

where male students tend to dress more formally in educational settings [18]. This higher level of 

dress could affect their perception of thermal comfort, especially in warmer environments, such as 

areas away from windows in NV or areas less influenced by air vents in AC. 

5. Conclusions 

Thermal comfort is an essential factor in the design and operation of educational spaces, as it 

directly affects students' well-being, concentration and academic performance. In Mediterranean 

regions, where high temperatures during the summer and variable conditions during the rest of the 

year present particular challenges, it is essential to address thermal comfort in a context that also 

considers energy efficiency and the impact of climate change. Air conditioning systems provide 
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thermal stability, but their energy consumption underlines the importance of using more sustainable 

strategies such as natural ventilation where possible. 

This paper assessed thermal comfort in university classrooms in southern Portugal with 

different modes of operation (natural ventilation and air conditioning). Through environmental 

measurements and subjective student surveys, thermal perceptions and preferences were analysed, 

as well as the influence of factors such as classroom position and individual characteristics, including 

differences in the thermal insulation of clothing. In addition, neutral and comfort temperatures were 

calculated, and the results were compared with current standards. After carrying out the analyses, 

the following conclusions can be drawn: 

 In NV classrooms, indoor temperatures were maintained in the range of 25-32°C. It was 

observed that thermal comfort conditions can be achieved if the outside temperature does not 

exceed 28°C, provided that appropriate strategies such as cross-ventilation, good distribution of 

openings and adequate clothing are designed. However, when the outside temperature reaches 

higher values, thermal discomfort increases significantly. 

 In classrooms with AC, indoor temperatures ranged from 22-26°C, maintaining mostly ‘Neutral’ 

to ‘Slightly cool’ thermal sensations. However, cold areas were identified near air vents and 

warm areas near windows exposed to the sun, highlighting the importance of a design that 

minimises the thermal gradient. 

 Occupants' habits play a crucial role in thermal comfort. Choosing appropriate clothing for the 

environment and adopting adaptive behaviours (such as adjusting windows or positioning 

oneself strategically) can mitigate discomfort. 

 Differences in clothing levels between men and women reflect the importance of considering 

cultural and social characteristics when assessing thermal comfort. Promoting climate-

appropriate clothing habits can improve the well-being of occupants. 

The results of this work underline the importance of designing classrooms that balance thermal 

comfort and energy efficiency. In this sense, a mixed approach is proposed that prioritises natural 

ventilation as the principal solution on days with moderate temperatures, with air conditioning only 

being used when outside temperatures exceed comfort limits. 

Future lines of research will include the analysis of hybrid strategies combining NV with passive 

and active systems, as well as the evaluation of the seasonal impact on thermal comfort. It will also 

be crucial to develop localised adaptive models for Mediterranean climates, which integrate not only 

environmental conditions, but also cultural factors, such as clothing habits, and adaptive behaviours 

of students. These approaches will contribute to designing sustainable educational spaces that 

optimise occupant well-being and minimise environmental impact. 
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