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Abstract

:

There are three main approaches to human thermal comfort; a psychological approach, a thermo-physiological approach, and an approach based on human energy balance. According to the ISO 7730 and ASHRAE Standard 55-2023 standards, the psychological approach defines thermal comfort as a mental state in which individuals feel satisfied with their surrounding environment. According to this definition, thermal comfort is very subjective and may vary between individuals, as well as according to the environment and climate. This study aimed to evaluate the thermal comfort levels of students in primary and high school classrooms situated within the semi-arid climatic conditions of Şanlıurfa. For this purpose, 15 Temmuz Şehitleri Secondary School, Kadir Evliyaoğlu College, and TOBB Science High School in Şanlıurfa were chosen as fieldwork locations. Within the scope of the study, the climatic conditions (classroom temperature, air velocity, humidity, radiant temperature, Tw, Tg carbon dioxide) were measured, and how the students felt under the thermal conditions of these classrooms was evaluated. The study encompasses both the heating season (winter) and the non-heating season (summer). Based on the findings obtained from the study, PMV (Predicted Mean Vote) and PPD (Predicted Percentage Dissatisfied) values and whether they are suitable thermal comfort for the people in these places tried to be determined by mathematical modeling and standards such as ASHRAE Standard 55-2023. While PMV values ranged between −0.58 (North) and 2.53 (East+South+West), PPD values were observed between 5% (South and some North facades) and 94% (East+South+West). While the South facade offers values close to the comfort range of 0.01–0.02 in terms of PMV, the East+South+West facade shows serious thermal discomfort with a PMV value of 2.53 and a PPD value of 94%.
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1. Introduction


Climatic comfort conditions refer to the ideal climatic conditions that a building controlled by mechanical systems should provide. To achieve the goal of creating a comfortable indoor environment, it is crucial to identify climatic comfort requirements and integrate them early in the building’s design process.



As has been emphasised in the extant literature, analysis of the energy exchange between the human body and its environment alone is insufficient for a comprehensive understanding of the perception of comfort [1]. Comfort can be represented through indices and the sensation of warmth. This section highlights various indices and their associated measurement tools, particularly focusing on the Predicted Mean Vote (PMV). It also explores research on evaluating parameters such as adaptive thermal comfort, indoor air quality, and indoor environmental quality simultaneously while considering social and cultural influences. A paper emphasised the critical challenges and the paramount importance of addressing indoor air quality (IAQ) and thermal comfort issues in school buildings. This is especially pertinent when considering the vulnerability of children, the age of the buildings, and the limited opportunities for control [2]. Current standards, including ASHRAE Standard 55-2023 and 62.1, address IAQ, and thermal comfort as distinct issues but fail to provide specific provisions for children. The results of this study, which relied on data collected from schools in Northern Italy, suggest the importance of avoiding discrepancies between standards, utilising operational temperature scales to ensure thermal comfort, and integrating IAQ with thermal comfort considerations.



A study was conducted to explore the effects of solar radiation, shading, and glazing configurations on both indoor thermal comfort and air quality in multipurpose halls situated in Auckland, New Zealand [3]. By employing computational fluid dynamics (CFD) simulations alongside a design of experiments (DOE) approach, they analysed variables such as window size, overhang angles, and lengths. The research revealed that the sensitivity of temperature to glazing parameters peaked at 95% during summer at 11:00 a.m. and dropped to 50% at 9:00 a.m. when shading was present. Additionally, CO2 concentration was found to be heavily influenced by glazing and shading features.



The importance of maintaining optimal thermal conditions within educational settings was emphasised. To explore this, a field study was carried out at Politecnico di Milano during the summer of 2017 [4]. Moreover, a more exhaustive investigation has been conducted in Italy, encompassing a sample of over 4000 students. This investigation has also addressed issues pertaining to adaptation [5]. The study focused on comparing naturally ventilated (NV) and air-conditioned (AC) environments by analysing the thermal perceptions of 985 students. Results showed that the Fanger model provided accurate predictions of thermal sensations in air-conditioned classrooms. In contrast, naturally ventilated spaces were better suited to the adaptive model as outlined by ASHRAE 55. Furthermore, comfort temperatures specified by EN 15251 were found unacceptable by a considerable number of students.



Another approach is the thermo-physiological approach, which defines thermal comfort as a condition in which nerve signals from thermal receptors in the skin are minimal [6]. According to the heat balance approach, in order to ensure thermal comfort, the heat flowing from the human body to the body should be balanced and the skin temperature and sweating rate should remain within certain ranges depending on metabolic activity [6,7]. While the body temperature of a healthy individual is about 37 °C, the skin temperature ranges from 31–34 °C. The human body generates about 70 W of heat during sleep and around 700 W during intense physical activity [8].



Inadequate thermal comfort in environments can result in various health issues, including asthma, irritability, nasal irritation, and dry eyes. It may also contribute to occupational illnesses among workers. Additionally, such conditions often lead to personal discomfort, such as excessive sweating in summer and feeling cold in winter, as well as financial losses due to increased energy consumption. This is typically a consequence of poor insulation in buildings. However, when thermal comfort is ensured in compliance with standards like ISO 7730:2005 and ASHRAE 55, it not only enhances individuals’ health but also significantly reduces energy usage and greenhouse gas emissions.



Urbanisation and modernisation have led to people spending the majority of their time indoors. The elements that influence user performance, either positively or negatively, play a crucial role in shaping the comfort levels of indoor spaces. Among these, thermal comfort stands out as a key factor influencing work efficiency and productivity. In educational settings, the thermal comfort of classrooms plays a significant role in facilitating the learning process and optimising energy efficiency. As outlined by ISO 7730:2005, an international standard, thermal comfort is described as the state in which individuals feel satisfied with their thermal surroundings.



Another study examined the influence of air movement and temperature on the thermal sensitivity of seated individuals [9]. Tests conducted with 90 participants indicated that air velocity and temperature significantly affected skin temperature and thermal sensitivity. Increased metabolic rates were associated with elevated skin temperature and discomfort due to higher perspiration demands, especially under high humidity [10].



The impact of humidity and temperature variations on thermal sensitivity was investigated [11], revealing no significant effects of periodic temperature changes at 50% RH. However, at 80% RH, male participants reported greater discomfort than females. A separate review [12] highlighted differences in thermal comfort between children and adults, emphasising the importance of artificial intelligence-based prediction models for improving adaptive strategies in educational environments.



The PMV model was shown to be insufficient in accurately representing thermal conditions, whereas adaptive models demonstrated improved performance [13]. An analysis in Brazil using ANOVA highlighted variations across cities, and clustering analysis provided insights into individuals’ thermal comfort experiences. Another study [14] in Sweden observed that, while temperature-based ventilation ensured thermal comfort, CO2 levels exceeded acceptable thresholds, necessitating system modifications.



In Poland, natural ventilation strategies were analysed for summer thermal comfort [15]. External shading and reduced solar absorption effectively increased the number of days within the comfort zone. A study in India [16] explored children’s perceptions and adaptive behaviors in primary school classrooms, revealing that while most students were satisfied with conditions, their perceptions often did not align with actual environmental conditions. Adaptive strategies, such as adjusting clothing and using fans, were common among students.



In this study, it was aimed to investigate the thermal comfort levels of students in primary and high school classrooms located in the semi-arid climate conditions of Şanlıurfa. 15 Temmuz Şehitleri Primary and Secondary School (east and north facing classrooms), Kadir Evliyaoğlu College (north and south facing classrooms), and TOBB Science High School (north, south, and west facing classrooms) in Şanlıurfa were selected for the field study. Within the scope of the study, the physical environmental conditions (classroom temperature, air velocity, humidity, etc.) of the places where students study were measured, and how the students felt under the thermal conditions of these classrooms were evaluated. The study involves both the heating period (winter) and the non-heating period (summer). Measurements of the physical environmental conditions of the classrooms (air temperature, relative humidity, air velocity, and indoor surface temperature) and questionnaires, including questions from Fanger’s 7-point thermal sensitivity scale were conducted simultaneously.



PMV and PPD (Predicted Percentage Dissatisfied) were determined with the obtained data and the thermal comfort conditions of the examined classrooms were evaluated according to ISO (International Standards Organization) Standard 7730 thermal comfort standard.



The objective of this article is to analyse the thermal comfort parameters of the indoor air in classrooms in educational establishments with a view to optimising student performance during class hours. Furthermore, the objective is to establish a safer environment for those who are currently confined indoors due to the recent outbreak of the Coronavirus disease (COVID-19) pandemic. Additionally, the provision of thermal comfort is intended to reduce the risk of occupational diseases among employees. It should be noted that no similar studies have been identified in the existing literature on the subject of investigating student lecture notes and facade-related thermal comfort conditions.




2. Materials and Methods


The 15 Temmuz Şehitleri School, where the measurement was made, is located in the central district of Haliliye in Şanlıurfa Province. The classrooms of the school are located on 4 floors, north and east facing. The school is located in the same location as some public buildings. There is a shade afforestation on the east facade and there are walls at a height that can shade the ground floors on both the north and east facades. The school is located in a busy location with crowds and traffic. The altitude where 15 Temmuz Şehitleri Secondary School is located is 505 m. All classes of the school have the same area and have a similar scale. Each classroom is 36 m2 in size. The classrooms are for 24 students and the number of pairs of desks is 12 and they are placed in 3 groups (Figure 1).



TOBB Science High School, where the measurement was made, is in the central district of Haliliye in Şanlıurfa Province. The altitude where TOBB Science High School is located is 545 m. It is located at a higher altitude than the “15 Temmuz Şehitleri School” but lower than “Kadir Evliyaoğlu College”. The trees around the school, which is located on a newly built campus, have not yet grown. Therefore, it cannot cast shadows on the facades. Since there are very few settlements around the school in terms of population, the traffic density is almost non-existent. Classrooms are divided into south, north, and southwest and are located on 3 floors. The classrooms of the school are mostly 54 m2 in size. The classes are 30 people, and the number of rows with double seats is 15, and they are placed in 3 groups (Figure 2).



Kadir Evliyaoğlu College is located in the central district of Karaköprü, Şanlıurfa. Compared to the 15 Temmuz School, it is located at a higher altitude. The altitude where Kadir Evliyaoğlu College is located is 720 m. The school is in an area with a medium level of population and traffic. There are no trees or structures around the school that can shade the facades of the school. Classrooms are separated as south or north facing and are located on 3 floors. All classrooms of the school have the same area and are of similar scale. Each classroom is 39.5 m2 in size. The classrooms are for 24 students and the number of pairs of desks is 12 and they are placed in 3 groups (Figure 3).



Class hours are 40 min, and recess periods are the same in all schools for 15 min. Measurements were made at a height of 1.5 m from the ground. Measurement points were made at 5 points for each class. For example, measurements were made at the beginning and end of the first row, the middle of the middle row, and the beginning and end of the last row. In order to better examine the indoor air quality and to obtain healthier results from the parameters that make up thermal comfort, the measurements were mostly selected in summer or winter conditions when the air conditioners or heaters were in operation, and the windows could not be opened frequently. In summer conditions, the measurements in the classrooms that are not ventilated when the air conditioners are turned off and in the classroom environment where the air conditioners are on and the windows are closed were made for one hour. In winter conditions, the results obtained at the end of the 1st hour as the first measurement in each classroom at the beginning of the first class hour were compared with the data obtained at the end of the 2nd hour as the last measurement without a break in the class. In winter conditions, only the heaters are active in classrooms in all schools. While making the measurement, it was important to ensure that the same conditions were provided in the outdoor air as much as possible in all schools during the heating or cooling periods. In order for the indoor parameters not to be affected by the outdoor parameters between the schools, measurements were made considering the same outdoor air conditions in all schools. For example, during the measurements in the 15 Temmuz Şehitleri Secondary School, measurements were made under the same conditions in other schools, taking into account parameters such as humidity, temperature, and air velocity of the outdoor air. The measurements were made in May, June, November, and December in 2022 and in January and February in 2023.



In this study, measurements were carried out using Testo 435, Testo 440, and PCE WB 20SD devices. The technical specifications of the devices are detailed below. Testo 435 was used to measure indoor air velocity (m/s). Testo 440 was used to measure indoor CO2 concentration (ppm). PCE WB 20SD was used to measure parameters such as humidity, temperature (°C), globe temperature (Tg), and wet-bulb temperature (Tw). The parameters and source of the measurements are shown in Figure 4 and Table 1. 15 Temmuz Şehitleri Secondary School has a classroom area of 36 sqm and the percentage of glass in the class is 22.86%; TOBB Science High School has 3 windows in each class and has a classroom area of 54 sqm and the percentage of glass in the class is 18.83%; Kadir Evliyaoğlu College has 2 windows in each class and has a classroom area of 39.5 sqm and the percentage of glass in the class is 10.63%.



Radiant temperature (°C) is calculated (ISO 7726 Standard) using the following formula:


  M R T =   [     T g + 273.15     4   +    1.1 ×   10   8   ×  υ  a   0.6     ε ×   D   0.4      ×   T g − T a   ]      1   4      − ( 273.15 )  



(1)




where:




	
MRT = Mean Radiant Temperature (°C)



	
Tg = Globe Temperature (°C)



	
υa = Air velocity (m/s)



	
ε = Emissivity of the globe (dimensionless)



	
D = Diameter of the globe (m)



	
Ta = Air Temperature (°C)








For the standard globe: D = 0.075 m, ε = 0.95.



Each school in the study area has a system in which all students wear the school uniform according to this rule. Each school has its own uniform, summer and winter, and the values of the clothing insulation ratio as suggested in the CBE tool (https://comfort.cbe.berkeley.edu/ (accessed on 5 July 2024)) developed by Tartarini et al. (2020) [17], according to ASHRAE Standard 55:2005 [18], were utilised. The total clothing insulation can be calculated by adding individual garments.



In Figure 5, the CBE Thermal Comfort Tool illustrates the PMV (Predicted Mean Vote) value, which quantifies thermal comfort. This value was calculated using a web-based application developed by Tartarini et al. (2020) [17]. PMV mathematically represents the influence of personal and environmental factors on thermal comfort. As specified by ASHRAE Standard 55-2023, this tool, available at https://comfort.cbe.berkeley.edu/, was created by the University of California, Berkeley.



In this study, carbon dioxide (CO2) levels were quantified in accordance with the standards set forth by the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) in Standard 55-2023, with the objective of assessing the quality of indoor air. In accordance with ASHRAE Standard 55, the concentration of CO2 in indoor air should not exceed 1000 ppm to ensure acceptable indoor air quality. The outdoor CO2 level is typically within the range of 400–450 ppm. An increase in the indoor CO2 level of more than 600 ppm in comparison to this value suggests inadequate ventilation ASHRAE Standard 55-2023 [19].



As evidenced by the data obtained from the measurements,



	
The range of 350 to 1000 ppm is deemed to represent acceptable air quality.



	
The range of 1000–2000 ppm is defined as the point at which the quality of the air begins to decline, resulting in mild discomfort.



	
A CO2 concentration of 2000 ppm or above was identified as indicative of poor air quality, with the potential for increased prevalence of symptoms such as headache and fatigue at this level.






In the context of this study, CO2 levels were quantified using a Testo 440 instrument, and the resulting data were subjected to analysis with the objective of evaluating ventilation efficiency.




3. Results


3.1. Analysis of Measurement Results Based on Classroom Facades


There is no ventilation system in any of the schools where the measurements were made. The central heating system with natural gas as the heating system during the winter period is the same for all three schools. 15 Temmuz Şehitleri Secondary School and TOBB Science High School are public schools and Kadir Evliyaoğlu serves as a private school. Air conditioning is available in the classrooms of all schools and is usually activated in private schools according to need; in public schools, air conditioning is not activated in winter as much as possible. In summer, air conditioners are active in all schools.



During the summer season, measurements taken at 15 Temmuz Şehitleri Secondary School without air conditioning showed an average air temperature difference of 1.36 °C between the east- and north-facing classrooms. With air conditioning, this difference decreased to 0.5 °C. Although the classrooms on both facades share the same dimensions and window specifications, the longer exposure of the east-facing facade to sunlight is the primary reason for the temperature variation. A similar pattern was noted in the other two schools, where north-facing classrooms consistently recorded lower temperatures in both air-conditioned and non-air-conditioned conditions.



The altitude of Kadir Evliyaoğlu is 720 m, 15 Temmuz Şehitleri Secondary School is at 505 m, and TOBB Science High School is at 545 m. All three schools have classrooms with a north-facing orientation. In air conditioning-free measurements, the school with the lowest temperature was Kadir Evliyaoğlu College, located at the highest altitude. This is due to the natural temperature drop of approximately 1 °C for every 200 m of elevation.



During the summer months, an increase in temperature of 3.79 °C was observed in the classrooms situated on the east facade of 15 Temmuz Martyrs Secondary School, in comparison, to the air-conditioned measurements. Similarly, on the north facade of the same school, the average temperature value was found to be 3.92 °C higher than the air-conditioned measurements. The humidity levels differed significantly between the two facades, with the east-facing classrooms without air conditioning exhibiting 12.29% higher humidity levels compared to the north-facing counterparts. The observed variance in humidity levels between the east- and north-facing classrooms during the summer period can be attributed to the differing levels of sun exposure on the exterior facades of the buildings.



The mean temperature difference on the north facade of Kadir Evliyaoğlu College was 6.06 °C higher in the absence of air conditioning. A similar trend was observed on the south façade of the same school, where the temperature difference reached 5 °C without the use of air conditioning. The primary cause of this temperature difference is the lack of shade from surrounding buildings and trees, resulting in prolonged exposure of the south-facing classrooms to solar radiation.



The observed temperature differences between the north- and south-facing classrooms in the air-conditioned measurements compared to the measurements on the same façade of Kadir Evliyaoğlu College and 15 July Secondary School can be attributed to the change in the glass surface ratio of the classrooms. It is noteworthy that the glass surface-to-classroom area ratio in Kadir Evliyaoğlu College is the lowest among the schools under consideration.



Tobacco Science High School comprises classrooms that face three different facades. The classrooms oriented east, south, and west simultaneously exhibited elevated temperature and diminished humidity levels in the measurements conducted without air conditioning in comparison to the classrooms oriented solely south or solely north. Furthermore, the measurements conducted in this classroom exhibited higher temperature and lower humidity values compared to the facades of the other two schools. This phenomenon can be attributed to the prolonged exposure to high temperatures during the summer months, compounded by the classroom’s multi-facade design, which allows for greater heat retention.



Despite the students at Tobb Science High School having an average clothing coefficient resistance lower than that of the other two schools, rendering them more suited to the summer season, the highest rate of thermal comfort dissatisfaction was recorded in the classroom with an East+South+West facade, and this was measured without air conditioning in the summer season.



In the three schools measured in the winter season, a minimum temperature difference of 3.3 °C was observed between the initial and final measurement results. In the final measurements, warmer values were obtained in all three schools in comparison to the initial measurements. The absence of a ventilation system in all schools indicates that this increase is attributable to the elevated body temperatures of the students, resulting in an increase in the ambient temperature due to respiration in the closed environment. For instance, on 15 July, Martyrs Secondary School recorded a temperature of 4.1 °C higher than the initial measurement on the east façade. The location of this school in the city centre, with a façade facing a thoroughfare with significant traffic, is identified as a contributing factor to this variation.



Likewise, there is at least a 6.04% difference between the humidity values of the classrooms of the three schools measured between the first and last measurements in the winter season. In the south-facing classrooms of Tobb Science High School, the last measurements are 12.56% more humid than the first measurements. This is due to the fact that it has more windows than other schools. Because there are three windows in each classroom, it increases the sunbathing time in the classroom and affects the formation of a drier ambient air.




3.2. Analysis of Thermal Comfort Levels


In the measurements made in the summer period without air conditioning, the PMV values of the classrooms on all facades of the schools are outside the neutral zone. The highest value in terms of dissatisfaction was 94% in TOBB Science High School with east+south+west facade. Since this classroom has windows on three sides, it receives sunlight during class hours.



In the air-conditioned measurements, while PMV values are in the neutral zone in all schools, only Kadir Evliyaoğlu College has a value of −0.53 slightly below the neutral zone, giving a slightly cool feeling. Table S1 presents the average thermal comfort parameters measured in classrooms during the unheated period (summer), while Table S2 provides the averages of these parameters recorded during the heated period (winter).



In line with the findings obtained within the scope of the study, it is seen that the indoor air temperatures of the classrooms insulated from the external environment and where air conditioners are not operated during the summer period are considerably higher than the comfort temperature required according to ISO 7730:2005 Standard. The most important reason for this is the inadequate thermal insulation, especially on the facades where sunbathing is prolonged, and the lack of designs such as louvers, etc. that reflect the solar rays back in the windows of the classrooms.



In the measurements conducted during the summer months in the absence of air conditioning, the PMV value lies outside the neutral zone. The classroom with the highest PMV value is the East+South+West facing classroom of Tobb Science High School, with a PMV value of 2.53, resulting in a calculated PPD value of 94. Conversely, the measurements conducted on 15 July at 15 July Martyrs Middle School, in the absence of air conditioning, yielded a PMV value of 2.38, resulting in a calculated PPD value of 91.



The observation that the PMV and PPD values obtained in the measurements of both TOBB Science High School and 15 July Martyrs Secondary School, which do not have air conditioning during the summer period, are close to each other and higher than those of Kadir Evliyaoğlu College can be attributed to the fact that both schools are located at a lower altitude close to the city centre. In particular, 15 July Martyrs Secondary School is close to roads with high traffic density, and the glass surface area of these two schools is larger than that of Kadir Evliyaoğlu College.



Despite the initial PMV and PPD values being in the neutral zone (i.e., −0.5 to +0.5) on the east facade of 15 July Martyrs Secondary School during the winter period, the subsequent measurements revealed a shift in the PMV value to 1.00 and a significant increase in the PPD value to 26. Similarly, while the PMV value was found to be in the neutral zone between −0.5 and +0.5 in the initial measurement of the south façade of Kadir Evliyaoğlu College and the south façade of Tobb Science High School, as well as the east, south, and west facade classrooms, it was observed that the PMV value increased to 1.33 and the PPD value increased up to 42 in the subsequent measurements. The primary reason for these observations is the absence of thermostat valves in the heating systems, with the majority of valves fixed at the maximum level, thereby preventing students from adjusting the heating settings.



Among the three schools measured in the winter period, only in the north façade of Kadir Evliyaoğlu College, PMV values between the first measurement and the last measurement were in the neutral zone. In the other two schools, the PMV values, which were outside the neutral zone in the first measurement, were in the neutral zone in the last measurement. The reason for this is that the glass surface is less in Kadir Evliyaoğlu College. It has been observed that heat losses are less.



Air velocity has been identified as a significant factor influencing thermal comfort, alongside other contributing variables. While it is considered a secondary factor in the creation of indoor thermal comfort, its impact remains notable. Classroom measurements indicated a low air velocity of 0.1 m/s during both heating and non-heating periods, meeting the requirements for maintaining thermal comfort in the classrooms.



Another key element affecting thermal comfort is activity level. Metabolic rate measurements are conducted to determine the amount of heat generated by the body under different activity levels. In the classroom thermal comfort studies, an activity level of 1.0 met, as specified in ISO 7730:2005, was recorded. Figure 6 presents the PMV and PPD values for the non-heating period, while Figure 7 illustrates the PMV and PPD values for the heating period.




3.3. CO2 PPM Levels Measured in Classrooms: Implications for Indoor Air Quality


The investigation revealed that CO2 levels exceeded 1000 ppm in both air-conditioned and non-air-conditioned measurements of indoor air during the summer months in all educational facilities. A similar trend was observed in the winter season, with CO2 levels also exceeding 1000 ppm in the initial and final measurements. The primary factor contributing to this phenomenon is the absence of a ventilation system in these schools, with air exchange being facilitated through the opening and closing of windows and doors. In locations experiencing high levels of traffic, the impact of CO2 on indoor air is indirect.



The rationale behind the observation that the CO2 levels at Kadir Evliyaoğlu College and Tobb Science High School are marginally lower than those at 15 July Martyrs Secondary School can be attributed to the fact that these two educational institutions are situated at a greater distance from the city centre. Consequently, the levels of air pollution in the indoor environment at these schools are inherently lower. Additionally, the altitude of Kadir Evliyaoğlu College, which is 200 m higher than that of 15 Temmuz Şehitleri secondary school, contributes to more efficient air circulation, thereby resulting in lower CO2 levels in the indoor environment.



The findings of this study demonstrate the impact of various classroom conditions and external environmental factors on CO2 concentration, a crucial indicator of indoor air quality. During the summer period, when air conditioning was not in use, CO2 concentration was observed to reach as high as 1800 ppm due to the windows being closed. However, the deployment of air conditioning resulted in a reduction of the aforementioned value to 1520 ppm. These findings demonstrate the beneficial, albeit constrained, impact of mechanical ventilation in the absence of natural ventilation on indoor air quality. The concentration of CO2 was found to be dependent on a number of factors, including the number of individuals present in the classroom, the degree of isolation between the indoor and outdoor environments, and the level of cleanliness within the school premises. These findings indicate that the condition of the building facades themselves does not exert a significant influence on CO2 levels. In particular, the school’s exposure to external factors such as heavy traffic or residential areas results in fewer windows being opened due to noise, dust, and smoke, which consequently leads to increased CO2 levels. The educational facility with the highest concentration of carbon dioxide (CO2) during the winter period is 15 Temmuz Şehitleri Secondary School. This particular institution, situated in a densely populated area within the city centre, has been identified as a notable contributor to elevated CO2 levels. CO2 values for the non-heating period are presented in Figure 8, while those for the heating period are shown in Figure 9.



In Table 2, the correlation values between CO2 (ppm)—PMV and CO2 (ppm)—PPD % were analysed according to different schools, classroom facades, and seasonal variations (summer and winter). During the summer season, a perfect linear relationship (r = 1) was observed between the two variables on the east and southwest facades of TOBB Science High School, indicating that as CO2 concentration increases, PMV (thermal comfort index) and PPD % (predicted percentage of dissatisfied) values change in the same direction. On the east facade of 15 Temmuz Şehitleri School, the CO2—PMV correlation was 0.6528, and the CO2—PPD % correlation was 0.5949, demonstrating a moderate positive relationship. However, on the north facade, the CO2—PMV correlation was relatively low (0.2999), while the CO2—PPD % correlation exhibited a moderately strong relationship at 0.6628. In Kadir Evliyaoğlu College, a strong correlation (0.8924) was observed between PMV and CO2 on the north facade, whereas the correlation with PPD % remained at a lower level.



In the winter season, the east+south+west facades of TOBB Science High School maintained a perfect linear relationship (r = 1) between CO2—PMV and CO2—PPD %, highlighting the persistence of this strong correlation regardless of seasonal changes. On the north facade of 15 Temmuz Şehitleri School, a positive correlation of 0.7058 was observed for CO2—PMV, while the CO2—PPD % correlation was negative at −0.5676. This suggests that on the north facade, an increase in CO2 concentration improves thermal comfort (PMV) but reduces user dissatisfaction (PPD %). On the east facade, the CO2—PMV correlation was 0.9751, and the CO2—PPD % correlation was 0.9639, both indicating a very strong positive relationship between the variables. In Kadir Evliyaoğlu College, the south facade exhibited very strong positive correlations for both CO2—PMV (0.9270) and CO2—PPD % (0.9678). Conversely, on the north facade, while a positive correlation of 0.7397 was observed for PMV, the CO2—PPD % correlation showed a negative trend at −0.4895.



These results reveal that the orientation of building facades and seasonal conditions significantly influence the relationship between indoor CO2 concentration, the thermal comfort index (PMV), and the predicted percentage of dissatisfaction (PPD %). In TOBB Science High School, a perfect linear relationship was observed regardless of facade orientation or season, while in other schools, the relationships varied depending on facade orientation, particularly on the north and east facades, showing both positive and negative trends. These findings emphasize the critical role of classroom facade orientation in energy performance and indoor air quality, highlighting its substantial impact on thermal comfort and underscoring its importance in building design (Table 2).



Figure 10 shows the grade point averages of the classes in which the students are located according to the fronts. In this graph, the distribution of the GPA of the courses according to the facades of the classes is analyzed in five different grade ranges (0–49.99; 50–59.99; 60–69.99; 70–84.99; 85–100). The data provide a comparative analysis of the academic achievement levels of students from north, south, west, and east facing classrooms. It was found that the number of students with a grade point average between 85–100 was more than 2 times higher in the north-facing classrooms than in the classrooms of the other facades. As a result, it is seen that there are differences between the facade directions of the classrooms and the academic achievement of the students. South and west-facing classrooms are generally associated with lower achievement rates, while high achievement rates are more pronounced in north-facing classrooms. These results present significant indications regarding the potential influence of thermal comfort, lighting, and environmental conditions on students’ academic performance.



The measured schools are generally north and south facing. Since the PMV values in the classrooms are closer to the neutral zone in the north-facing classrooms, it was determined that the number of students with a GPA between 85–100 in the north-facing classrooms was higher than the others.





4. Discussion


In their analysis of the ASHRAE RP-884 database, [20] offered a concise summary of the inherent limitations of the PMV model. As previously noted, they found that the PMV model was most accurate in predicting actual thermal sensations when clothing insulation ranged from 0.3 to 1.2 clo, activity levels were below 1.4 met, and the environment was air-conditioned. Additionally, their findings showed that the model’s bias was less significant when room temperatures were below 27 °C, air velocities did not exceed 0.2 m/s, and relative humidity remained under 60%. Consequently, while they identified that the PMV model operates accurately within a narrower range of conditions than initially assumed, the typical conditions in North American air-conditioned office spaces generally do not fall into the range where PMV bias becomes significant. Within the framework of the COPE project, recognizing the inherent limitations of Fanger’s PMV model is crucial. Considering these factors, it is reasonable to conclude that Fanger’s PMV model is suitable for use in the COPE project and will generally provide reliable predictions of occupants’ thermal sensations [21].



The standard range of relative humidity is critical not only for ensuring thermal comfort but also for addressing various factors, including health concerns. High relative humidity levels can lead to mold growth, whereas low humidity levels can cause dryness and respiratory issues. In the classrooms where measurements were conducted as part of this study, it was found that the relative humidity levels recorded during both the heating and non-heating periods were within the acceptable ranges for thermal comfort.



In this educational facility, where ventilation is often not possible during class hours due to heavy traffic, CO2 levels were found to be elevated. Similarly, studies conducted in Turkey and other countries indicate that CO2 concentrations are typically above the recommended threshold of 1000 ppm. For example, a study conducted in the United Kingdom reported that CO2 levels exceeded 1000 ppm in 55% of measurements taken in 29 classrooms [22]. Similarly, in Poland, this limit was consistently exceeded during a 45 min lesson [23].



A series of studies conducted in various regions of Turkey, including Kastamonu and Şanlıurfa, have demonstrated that CO2 levels in educational facilities with inadequate ventilation systems can exceed 3000 ppm, particularly during the winter months. In Kastamonu, measurements conducted in a middle school revealed that CO2 levels reached 4436 ppm in February, with levels dependent on class density [24]. In Şanlıurfa, the median CO2 concentration was observed to fluctuate between 2000 and 3000 ppm during the heating season [25]. These findings demonstrate that indoor air quality in educational facilities with inadequate natural ventilation is significantly compromised, potentially reaching levels that pose a threat to the health and well-being of students [26].



It can be concluded that elevated CO2 concentrations are indicative of inadequate ventilation and the necessity for enhanced indoor air quality. The data from various regions of Turkey indicate that CO2 levels frequently exceed acceptable limits due to the absence of mechanical ventilation systems in educational facilities. Similar findings have been observed in international studies. Research carried out in nations like the USA, France, the UK, and China indicates that CO2 levels frequently exceed recommended limits, even when mechanical ventilation systems are in use. These results emphasize the urgent need for upgrading ventilation systems in schools and improving indoor air quality [27].




5. Conclusions


This study evaluated thermal comfort levels in 15 Temmuz Primary School, Kadir Evliyaoğlu College, and TOBB Science High School in Şanlıurfa. Using key comfort factors as inputs, PMV and PPD values were calculated according to ISO 7730:2005 standards for summer and winter conditions. The findings highlighted the critical role of air temperature, humidity, velocity, and mean radiant temperature in maintaining a healthy indoor environment.



Classrooms uncomfortable during winter became more comfortable in summer, with higher dissatisfaction rates in winter. Orientation significantly impacted comfort; north-facing classrooms had lower interior surface temperatures, reducing indoor air temperatures in winter, while south-facing ones benefited from warmer walls in summer. Improving thermal comfort is essential for student well-being and academic performance, particularly in high-stakes exams influencing students’ futures.



The PCE WB 20SD instrument is incompatible with the ISO 7726 recommendations. A substantial body of literature exists on the inaccuracy of globe thermometers with low diameters, as is the case here [28,29,30,31]. This study has reported this issue as a limitation of the manuscript by demonstrating that errors are negligible due to the mean radiant and air temperatures being close to each other.



A mechanical ventilation system is absent from all three schools under consideration. During the summer months, air conditioning is utilised, whereas in winter, natural gas heating is employed. Furthermore, the CBE tool does not utilise the main ventilation parameters in PMV and PPD measurements. This represents a significant limitation of the study, as it diminishes the significance of IAQ analysis.
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Figure 1. 15 Temmuz Şehitleri School Floor plan. 
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Figure 2. TOBB Science High School Floor Plan. 
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Figure 3. Kadir Evliyaoğlu College floor plan. 
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Figure 4. Placement of measurement equipment. 
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Figure 5. CBE Thermal Comfort Tool home page. 
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Figure 6. PMV and PPD values of the classes during the summer period. 
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Figure 7. PMV and PPD values of classes during winter. 
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Figure 8. CO2 ppm values measured in classrooms during summer. 
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Figure 9. CO2 ppm values measured in classrooms during winter. 
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Figure 10. Grade point average data for the classes in which the students are located according to fronts. 
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Table 1. Parameters and measurement sources used in this study.
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	Parameter
	Measurement Source





	Indoor air velocity (m/s)
	Testo 435



	CO2 (ppm)
	Testo 440



	Humidity
	PCE WB 20SD



	Temperature (°C)
	PCE WB 20SD



	Radiant temperature (°C)
	ISO 7726 Standard



	Clothing insulation (clo)
	Thermal Comfort Online Tool



	Metabolic rate (met)
	Thermal Comfort Online Tool










 





Table 2. Correlation relationship between PMV and PPD of carbon dioxide according to class front.
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Season

	
School Name

	
Class Facade

	
CO2 (ppm)—PMV

	
CO2 (ppm)—PPD %






	
Summer

	
15 Temmuz Şehitleri

	
East

	
0.652808791

	
0.594947638




	
North

	
0.299940259

	
0.662848921




	
Kadir Evliyaoğlu College

	
North

	
0.892469754

	
0.662848921




	
South

	
0.916204357

	
0.919536688




	
TOBB Science High School

	
North

	
0.9765958

	
0.976209998




	
South

	
0.902795747

	
0.915661703




	
East+ South+West

	
1

	
1




	
Winter

	
15 Temmuz Şehitleri

	
North

	
0.705863561

	
−0.567667984




	
East

	
0.975104627

	
0.963912471




	
Kadir Evliyaoğlu College

	
North

	
0.739735283

	
−0.489562652




	
South

	
0.927037796

	
0.967881946




	
TOBB Science High School

	
North

	
0.941595881

	
−0.814420513




	
South

	
0.679719813

	
0.984702616




	
East +South+West

	
1

	
1
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