

  buildings-12-01921




buildings-12-01921







Buildings 2022, 12(11), 1921; doi:10.3390/buildings12111921




Article



Indoor Thermal and Ventilation Indicator on University Students’ Overall Comfort



Lin-Rui Jia 1, Qing-Yun Li 2, Xi Chen 3[image: Orcid], Chi-Chung Lee 1,*[image: Orcid] and Jie Han 1,*





1



School of Science and Technology, Hong Kong Metropolitan University, Hong Kong 999077, China






2



Teaching and Learning Centre, Lingnan University, Hong Kong 999077, China






3



Department of Mechanical and Automation Engineering, The Chinese University of Hong Kong, Hong Kong 999077, China









*



Correspondence: cclee@hkmu.edu.hk (C.-C.L.); chan@hkmu.edu.hk (J.H.)







Academic Editor: Benedetto Nastasi



Received: 10 October 2022 / Accepted: 4 November 2022 / Published: 8 November 2022



Abstract

:

Thermal comfort (TC) and CO2 concentration significantly influence the overall indoor comfort sensations of building occupants. However, few studies have focused on educational buildings regarding both TC and CO2 concentration in tropical regions, and they also lack guidelines for short-term evaluation, which is essential for university classrooms. In this study, a mechanically ventilated university classroom was selected to investigate the 5 min-averaged comfort ranges for indoor parameters and the impacts of TC and variation of CO2 on student overall comfort. The real-time indoor environmental parameters were monitored, including indoor air temperature (Ta), mean radiant temperature (Tm), relative humidity (RH) and CO2 and air velocity (va); the operative temperature (Top) was calculated. Moreover, an online-based questionnaire survey related to thermal sensation (TS) and CO2-related air sensation (AS) was carried out. Linear and nonlinear regression models of comfort sensation predictions were obtained based on the questionnaires and corresponding measured indoor environmental data. The 5 min-averaged comfort ranges for Top, CO2 and RH are 21.5–23.8 °C, <1095 ppm and 47–63.5%, respectively. The comfort range of the TS and AS are 2.3–3.1 and 1–1.55, respectively. The result shows that students prefer a relatively cold indoor environment, as this improves their ability to tolerate bad indoor air quality (IAQ) with high CO2. A regression analysis indicated that AS is the most critical aspect, with a weight of 0.32, followed by TS, with 0.18. Finally, it was also found that individual weighting coefficients were not equivalent and differed across geographical locations and building types. Thus, obtaining the prediction models for a particular building is necessary. The results can give meaningful suggestions to adopt the appropriate operations for HVAC and improve indoor environmental quality in university buildings in tropical regions.
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1. Introduction


Indoor environmental quality (IEQ) has a strong relationship with the occupant wellbeing, affecting health, emotions, and productivity. IEQs are different for various types of buildings [1]. In detail, compared with residential, educational and commercial buildings, educational buildings have unique traits due to their 3–4 times higher population density than the other two types [2]. In addition, occupants in educational buildings are not static. The students change their positions frequently from one place to another, underlining the importance of short-term indoor conditions instead of the daily averaged conditions [3,4]. Moreover, learning processes can happen at any time and place [3,4]. Therefore, providing comfortable IEQ in classrooms and exploring the relationships between comfort sensations and various indoor parameters have attracted more attention from academics and governments [5,6,7].



IEQ, as a complex research aspect, is influenced by thermal comfort (TC), indoor air quality (IAQ), visual comfort (VC), and acoustic comfort (AC) [8,9]. Among these four aspects, TC and IAQ are commonly suggested for priority consideration to avoid health-related symptoms, absenteeism, and loss of concentration [10,11]. Thus, to guarantee the health and efficiency of occupants, a better indoor environment with suitable TC and IAQ is suggested [12], and many studies have focused on particular methods to achieve better IEQ, such as the use of windcatchers [13,14,15].



In mechanically ventilated classrooms, the performances of TC and IAQ are significantly related to the heating, ventilation and air conditioning (HVAC) system, which accounts for a large proportion of energy consumption (50% of the total energy consumption in a building) [16,17,18]. Using different control strategies for HVAC systems will result in varying levels of indoor air temperature (Ta), relative humidity (RH), and various pollutants [19]. Moreover, occupants’ thermal sensations (TS) interact mutually with their air sensations (AS), especially in HVAC system-dominated rooms [20]. Thus, discussing only one or the other is insufficient to provide accurate control strategies for the IEQ. Under this situation, it was suggested that TC and IAQ should be discussed together. However, though most studies investigated all IEQ aspects, they just discussed the relationship between overall comfort and individual aspect and didn’t elaborate on their interferences among different IEQ aspects [9,21,22]. Moreover, it has been found that most relevant studies considering the interactions among various IEQ aspects select only offices as research targets [23,24,25,26]. Few studies have been conducted on university classrooms with unique traits compared to other rooms [27].



In Hong Kong, almost all published papers also focused on commercial buildings [28,29,30], consultation rooms [31], and street canyons [32]. By contrast, it was found that only Yang et al. [33] performed relevant experiments on overall IEQ in university classrooms in Hong Kong. Evidently, almost no studies pay attention to the university in terms of TC and IAQ and no corresponding models were put forward to facilitate the indoor environment design and control.



Another limitation in other countries/regions on university classroom IEQ improvement is the lack of particular standards regarding short-time assessment (Within 1 h or shorter) [34,35,36,37,38]. According to Table 1, most countries utilize the guidelines with 8-h and 24-h averaged indoor values as indoor control references. However, these guidelines are unsuitable for university classrooms due to the shorter class time of not over 3 h in a particular classroom, compared with high, middle, and primary schools. Noticeably, university students’ density could summit suddenly in a short time. Thus, using 8 h-averaged guidelines cannot guarantee the indoor temperature, CO2, and RH stay in comfortable regions.



Although there are guidelines for short-term recommendations (15 min) [39,40,41,42,43,44], these guidelines mainly focus on CO2, neglecting temperature and RH. Besides, the acceptable range of CO2 defined by these 15 min-based guidelines is relatively huge, resulting in a low ventilation rate. Thus, short-term measurement and the proposed threshold concentrations by the guidelines or standards are insufficient. Accurately predicting the relationship between CO2 and comfort sensations is benefinicial to improving the IAQ, since CO2 is regarded as the indicator for ventilation rate. Moreover, as the densest city in the world, Hong Kong has the highest and most strict demands on the indoor environment, especially with the influence of the COVID-19 pandemic. Under this circumstance, min-based studies in university classrooms are becoming increasingly important.



This study investigates the short-term comfort ranges of Top, CO2, and RH for a typical university classroom with mechanical ventilation and explores the relationships between TS, AS, and overall comfort sensations. Thus, a questionnaire-assisted on-site experiment in a mechanically ventilated university classroom in Hong Kong was carried out. The objectives of this study include 1. To explore the AS, TS, and overall comfort sensations of students studying in the selected university classroom; 2. To figure out the min-based comfort levels of Top, CO2, and RH through the collected questionnaires and the recorded real-time indoor data; 3. Based on objectives 1 and 2, to evaluate the students’ relative significance of TS and AS; 4. Based on objective 3, to develop comfort regression models to facilitate indoor environment control for university classrooms. The results can give more accurate recommendations for short-term IEQ control to improve comfort sensations. This study provides meaningful advice on the min-based assessment regarding educational buildings. It can be treated as a case study for educational buildings located in tropical climates.




2. Methodology


2.1. Site Description


A typical classroom in Hong Kong Metropolitan University (HKMU) was selected as the target classroom. The campus of HKMU was built in 2003 in Hong Kong (latitude: 22.33° N and longitude: 114.19° E). Figure 1 shows the geographical location of HKMU. The campus is located in an urban area without major traffic roads surrounding the campus. Near HKMU, most of the buildings are residential buildings, and there are no industrial buildings that can produce enormous pollutants that affect the outdoor environment around the campus. Thus, the noise and pollutants near the campus keep at low levels, providing a comfortable learning environment for students. This building is certificated with a Gold level by the Building Environmental Assessment Method (BEAM) released by the Hong Kong Green Building Council (HKGBC), including the demolition, planning, design, construction and commissioning of a new building project.



Figure 2a shows the exterior appearance of the HKMU. There are many different types of rooms in HKMU, such as computer rooms, classrooms, and libraries. Compared with other types of rooms, university students spend most of their time in the classroom, which can accommodate more than 200 students. During the COVID-19 Pandemic, huge classrooms with mechanical ventilation systems instead of small classrooms were assigned to different classes to ensure a certain seating distance and better ventilation. Thus, a classical central mechanical ventilated classroom on the 3rd floor of HKMU was selected as the target classroom for monitoring in 2021. Figure 2b,c show this selected classroom’s interior view and sampling layouts. The classroom size is 254.69 m2, which can accommodate 246 students maximumly. The students can access the classroom through two doors lying on the two sides of the rostrum in the front.




2.2. Monitoring of Real-Time IAQ Parameters


Four measurable environment variables (Ta, RH, va and Tm) recommended by PMV–PPD thermal model [47] are measured in this study. The va and Tm aim to obtain the Top, which can comprehensively reflect the influences of heat convection and radiation on the comfort sensations [48]. The RH is the ratio of water vapour pressure to the maximal quantity of water vapour pressure embodied in the air at a given temperature [49], which is commonly expressed in percentage. It has been proved that RH can strongly affect TS and AS [50]. CO2 concentration is a crucial factor in the IAQ and can also be used as an indicator of ventilation rates [51]. It should be noted that IAQ is affected by many kinds of indoor parameters, such as CO, CO2, NOx, NH3, and O3. However, the target classroom in the study is mainly used for teaching. CO2, as the primary production by the students, is considered the crucial parameter for assessing the IAQ. Lower CO2 concentrations demonstrate that IAQ is acceptable, air exchange is suitable, and sufficient fresh air is being transferred from outdoor to indoor spaces sufficiently. Thus, indoor parameters monitored in this study include indoor air temperature Ta, relative humidity RH, CO2, air velocity va and mean radiant temperature Tm.



Seven on-site experiments were conducted from October to November 2021. It was a pandemic period, but the situation became controllable gradually, resulting in the possibility of the offline questionnaire survey. Ta, RH, and CO2 were measured at an interval of 5 min by an Awair sensor (Model No. AQM3001A) [52]. The va and Tm were also measured by the DELIXI sensor and SWEMA sensor with the same interval of 5 min, respectively. Detailed information on the sensors has been listed in Table 2, including the monitoring range, resolution, and accuracy.



Awair sensors are authorized by RESET Air Standard released for built environment regarding the corresponding sensor-based and performance-driven data standard and certification program. Before performing the field experiment, the Awair sensors were calibrated in the laboratory by comparing the measured data with those of the validated sensors (SIRIUS datalogger ST-501 certificated by LEED) to guarantee the monitoring accuracy and operation stability, as well as the DELIXI sensor and SWEMA sensor.



For the sampling location, six measurement points away from the main airflows with a height of 0.6 m as recommended by ANSI/ASHRAE 55 for seating positions [53]. The layout of the sensors has been demonstrated in Figure 2c. All the sensors were placed in the classroom before the student’s arrival to prevent disturbing teaching and learning activities.




2.3. Questionnaire Survey


During the same period of monitoring the real-time indoor parameters, the corresponding online survey was carried out instead of the traditional paper-based survey to instantly obtain students’ sensation votes on TS and AS. Online questionnaires can record the time of filling out the questionnaire in time. It should be noted that before the questionnaire survey, the basic knowledge of IEQ was introduced to students to help them express their comfort sensations accurately. There were 60 students registered for this class including 31 males and 29 females, and over 95% of the students were between the ages of 20 and 24. Finally, a total of 655 valid responses were collected.



The questions are mainly about occupants’ AS, TS and overall comfort. In detail, a five-scale-based classification was used for TS and AS. The indoor TS was classified into five scales, including “Cold”, “Cool”, “Neutral”, “Warm”, and “Hot”. The AS was also classified into five levels, including “Very fresh”, “Fresh”, “Neutral”, “Stuff”, and “Very stuff”. Then, the occupants’ overall comfort sensations under each categorization were summarized according to the statistical methods introduced by Korsavi et al. [3]. Three-scale-based classification for overall comfort sensations was used, including “Comfort”, “Neutral”, and “Not comfort”. Detailed information about the questionnaires is listed in Appendix A.




2.4. Statistic Analysis


Firstly, the voting results of all questionnaires are discussed together. The total number of students voting for different TS, AS, and comfort sensations are counted. Then, the regressions to describe the relationships among comfort sensations, individual indoor parameters, and individual IEQ aspects are fitted. It should be noted that for each questionnaire survey, the real-time indoor parameters are recorded automatically by the sensors. However, the questionnaire results vary from student to student. To reflect the representative comfort sensations, the average of voting results is calculated for each questionnaire survey. Then the Statistical Package for the Social Sciences (SPSS) 20 (SPSS Inc., Chicago, IL, USA) is used for obtaining the Pearson correlation coefficient (p-value) and mathematical regressions.



In order to obtain the regression models for predicting the relationship between comfort sensation and various indoor parameters, linear regression, multiple linear and quadratic regression were applied. Utilizing linear regression can obtain a linear fitting equation with minimum RSS (residual sum of squares), indicating the correlation between the measured data and the predicted data. In contrast, multiple regressions describe the linear dependency between a single dependent variable and several predicted variables. This study used linear and multiple linear regression analyses to explore the relationships between indoor parameters and overall comfort sensations. Due to the nonlinear relationships between comfort sensations and TS, quadratic regression was applied.





3. Results Analysis


Based on this study’s objectives, this section discusses the influences of students’ activities on the variations in indoor parameters. Besides, the comfort sensations under various TS and AS, the mutual influences between TS and AS, and the relative significance of TS and AS are analyzed.



3.1. Indoor Environment Monitoring


During the measurements, the indoor Top for the classroom ranged from 20.1 to 27.2 °C, RH from 61.7 to 78.6%, CO2 from 575.9 to 1652.4 ppm, and va from 0 to 0.79 m/s. Students’ activities in the classroom affected the IAQ significantly, especially the CO2. To further demonstrate the hourly variations of the indoor parameters during the class period (with students and teachers as occupants), Figure 3 depicts indoor Top, CO2, and RH profiles for each indoor experiment.



Top, CO2, and RH vary dramatically during the class period. The case performed on November 4 was of representative significance due to the existence of discussion sections which is a common part before the final subject test or group presentations. It should be noted that this class started at 14:00 and ended at 16:30. The class had two group discussion sections (starting from 14:30 and 15:50, representatively). During the discussion period, students accessed the classroom frequently, and thus the doors were kept continually opening. At the beginning of the class, the HVAC system was turned on with closed doors. Therefore, the indoor Top decreased dramatically during the initial period, from 22 °C to 20.8 °C until the first group discussion. In contrast, due to the influences of the students’ metabolism, the RH and CO2 increased significantly, rising from 892.1 ppm to 1359.4 ppm and from 65.9% to 72.4%, respectively. At about 14:30, there was a group discussion. Due to the frequent access to the classroom, the two doors were kept opening. Thus, the accumulated CO2 could be released outdoors, but the indoor Top and RH were kept at high levels due to the influence of the out-classroom environment with relatively higher RH and outdoor temperatures. During the second discussion period, these three parameters had similar varying profiles. Relative high levels of CO2 can limit students studying and thinking efficiency, as well as their health. Thus, it is necessary to appropriately increase the proportion of break time to exchange fresh air with the external environment, especially for classrooms without newly introduced fresh air.




3.2. Voting Results of TS and AS


In total, 655 effective questionnaires were collected during the three-month questionnaire survey. Figure 4 and Figure 5 show the voting results for TS and AS, respectively. TS is a crucial factor that significantly determines occupants’ overall comfort sensations. As shown in Figure 4, the overall proportion of “Comfort”, “Neutral”, and “Not comfort” were 41.8, 44.3, and 13.9%, respectively. In general, the overall “Not comfort” proportion was less than 15.0%, indicating that the indoor thermal environment was acceptable for most students. However, the proportion of “Neutral” was greater than that of “Comfort”, indicating the indoor environment was not consistently staying at a comprehensively comfortable level.



The total number of students voting “Cold”, “Cool”, “Neutral”, “Warm”, and “Hot” were 155, 192, 216, 63, and 15, respectively. The corresponding proportions were 24.2%, 30.0%, 33.70%, 9.8%, and 2.3%, respectively. The total number of students voting “Cold” and “Cool” was over 50.0%. Only 30.0% of students voted “Neutral”. In general, it can be attributed that the indoor Top was relatively lower. The “Not comfort” proportions in TS scales “Cold”, “Cool”, “Neutral”, “Warm”, and “Hot” were 32.9%, 3.1%, 5.1%, 19.0%, and 60.0%, respectively. Excepting the extremely terrible conditions (“Cold” and “Hot”), with the TS getting hotter, the uncomfortable proportion increased correspondingly. Thus, it can be concluded that students prefer a relatively cold indoor environment.



The IAQ also influences the overall comfort sensations of the students. As shown in Figure 5, in total, the number of students voting “Very fresh”, “Fresh”, “Neutral”, “Stuff”, and “Very stuff” were 32, 179, 314, 101, and 16, respectively. The corresponding proportions were 5.0%, 27.9%, 48.9%, 15.7%, and 2.5%, respectively. The total proportions of “Stuff” and “Very stuff” were less than 20%, indicating that most students accepted the IAQ of the target classroom.



Any individual IEQ aspect cannot influence the overall indoor comfort significantly. However, it was found that the indoor comfort sensations tend to be worse if any individual IEQ aspect was extremely terrible. As shown in Figure 5, the TS scale “Hot” is an extremely terrible sensation, and the “Not comfort” proportion exceeded over 50%. Besides, in the classification of “Hot” and “Cold”, compared with voting results of “Cool”, “Neutral”, and “Warm”, the “Comfort” and “Not comfort” proportions were the lowest and highest, respectively. The “Very stuff” indicates that students think the IAQ was unacceptable, and the “Not comfort” proportion exceeded 50%. Overall, every indoor environmental quality aspect should be kept at acceptable levels and prevented from being extremely terrible to provide a comfortable indoor environment.




3.3. Analysis of the Relative Significance of IAQ and TC


Overall, the TS interacts significantly with AS due to the operation of the HVAC system. The relationships between TS and AS and their relative significance to students are investigated in this section. To better qualify the students’ priority perceptions of the TS and AS, the AS performances under each scale of TS are discussed. Figure 6a shows the AS under different TS. Figure 6b–f show the comfort proportions under different AS and TS.



The total proportions of “Very fresh”, “Fresh”, and “Neutral” are defined as acceptable AS proportions, while the rest scales are defined as unacceptable AS proportions. As shown in Figure 6a, when the TS was “Cold”, “Cool”, “Neutral”, “Warm”, and “Hot”, the corresponding acceptable AS proportions were 87.5%, 95.3%, 83.9%, 33.3%, and 33.3%, respectively. The acceptable AS proportions of “Cold” and “Cool” voted by students were huger than those of “Warm” and “Hot”. Thus, it can be concluded that a relatively cool environment can improve AS and the durability of terrible IAQ.



The summarized results generally suggested that a cold indoor environment improves AS for students. The proportions of AS scale “Neutral” under TS scales “Cold”, “Cool”, and “Neutral” were higher than those on scales “Warm” and “Hot”. On the TS scale “Cold”, 43.75% of students voted “Neutral” for AS, followed by “Fresh” (30.63%), “Very fresh” (13.13%), “Stuff” (9.38%), and “Very stuff” (3.13%). The unacceptable AS proportions were smaller than 25%. For students who voted for “Cool”, nearly half of them (46.88%) felt that the AS was “Neutral” and “Fresh”, followed by “Stuff” (4.69%), “Very fresh” (1.56%), and “Very stuff” (0.0%). The unacceptable AS proportions were smaller than 5%. In the TS scale “Neutral”, the proportion of AS scale “Neutral” peaked at the maximum. In contrast, the proportion of “Very fresh” and “Fresh” decreased, which can be attributed to the relatively hotter feeling of TS. As the indoor TS got hotter, the proportion of AS “Stuff” and “Very stuff” increased correspondingly.



In contrast, the proportion of AS scale “Stuff” in the TS scale “Warm” and the proportion of AS scale “Very stuff” in the TS scale “Hot” were huger than those in other TS scales. Noticeably, the proportion of AS scale “Very stuff”, as the extremely terrible perception, reached the maximum in the TS scale “Hot”. Specifically, in the TS scales “Warm” and “Hot”, the unacceptable AS proportions were both 66.67%, indicating that the indoor environment was unacceptable for most students.



When the TS was “Cold” as shown in Figure 6b, even though the AS was “Very fresh”, the students still felt “Not comfort” with a proportion of 9.0%. As the AS tended to be terrible, the proportions of “Not comfort” got higher correspondingly, increasing from 9.0% to 100.0%. While the proportions of “Comfort” decreased gradually, declining from 52.4% to 6.7%. In AS classification “Very stuff”, all the students voted “Not comfort”. In Figure 6c–e, when the TS was “Cool”, “Neutral”, and “Warm”, the proportions of “Not comfort” in each AS classification were kept at low levels. For students who voted “Hot” in Figure 6f, the “Not comfort” proportions in each classification were kept at relatively high levels, indicating that the terrible thermal conditions influence the AS significantly, causing the bad sense of the IAQ.



Due to the influences of the weather conditions, the configuration of the buildings, personal conditions, et al., the significance of TS and AS are different in different regions. Thus, the relative importance of TC and IAQ in Hong Kong is discussed. Two groups (“Y” and “N”) are applied for both TS and AS [3] to discuss the relative significances further. It should be noted that both the TS and AS are classified into five scales in the above sections. In each scale, it is grouped as “Y” if the corresponding comfort proportion is over 50%, and the rest scales are grouped as “N”. For instance, the proportion of TS “Neutral” exceeded 50%. Thus, it was defined as “Y”. While the “Cold”, “Cool”, “Warm”, and “Hot” were grouped and defined as “N”. For AS voting results, “Very fresh” and “Fresh” were grouped as “Y”, and the rest scales were grouped as “N”. Then, based on these “Y” and “N”-related categorizations, all the voting results were classified into four groups, as shown in Figure 7.



When the TS and AS were both “Y”, the comfort proportion reached 72.0%, and the “Neutral” and “Not comfort” proportions were 25.6% and 2.3%, respectively. Comfortable indoor thermal conditions with better IAQ can improve indoor comfort sensations. When the TS was “N” and AS was “Y”, the comfort proportion reached 48.5%. In contrast, When the TS was “Y” and AS was “N”, the comfort proportion was only 37.8%. It can be concluded that the students were more sensitive to the AS rather than the TS.





4. Comfort Model Establishment and Discussion


The TS and AS significantly interact with the various indoor parameters, and some indoor parameters can simultaneously influence the TS and AS. Deeply and qualitatively understanding the relationships between indoor comfort sensations and the various indoor parameters benefit in predicting the comfort sensations of the students accurately. Thus, based on the collected questionnaires and measured indoor real-time data, the comfortable indoor Top, CO2, and RH are investigated in this section. The relative significance of TS and AS is qualified, and comfort regression models to predict comfort sensations are also obtained.



To qualify the relationships between the comfort parameters and comfort sensations and obtain the regression models, each item is represented using different values, shown in Table 3.



4.1. Physical Variable-Based Models


Linear regression of comfort sensation and indoor Top, CO2, and RH is one of the useful methods for evaluating comfort levels for the target spaces. This section explores the relationship between comfort sensations as the dependent variable with individual aspects of IEQ as the independent variable. Regression equations, p-value, and R2 values for fitted regressions are demonstrated in Table 4. As illustrated in Table 4, operative temperature Top, CO2 and RH are correlated with overall comfort. Noticeably, The R2 value shows the deviation levels between the observed and calculated data. The p-value is the probability of obtaining a test result at least as extreme as the observed result.



In this study, it was found that the R2 of fitting results of PM2.5 and TVOC were smaller than 0.001, allowing us to exclude them from further discussion in this section. Based on the minimum and maximum values in this study, ranges of Top, CO2, and RH were chosen, i.e., 20.1 to 27.2 °C, 575.9 to 1652.4 ppm, and 61.7 to 78.6%, respectively.



For indoor parameters, changes in comfort sensations were mainly interpreted by Top and RH because of the higher R2 values. Top accounted for 50% of changes in overall comfort (R2 = 0.5), CO2 for 20% (R2 = 0.2), and RH for 19% (R2 = 0.19). It can be concluded that Top is the most significant individual indoor parameter influencing comfort sensation. According to the regression, the comfort temperature was determined by setting the thermal sensation to a value smaller than 1.5. Thus, the range of comfortable temperatures set at 21.5–23.8 °C, while the ranges of CO2 and RH were set at <1095 ppm and 47–63.5%, respectively.



Multilinear regression models were obtained to find relationships among multiple correlated variables and overall comfort, as listed in Equation (4) in Table 4.



The fitting result illustrates that when the variables had been integrated, their correlations and regressions changed correspondingly, which can be attributed to the fact that independent variables affect each other. The regression coefficient explains how an independent variable affects a dependent variable quantitatively. Using Equation (4), the relative significance of Top, CO2, and RH were evaluated. Obviously, Top (0.52) had a more evident impact on overall comfort sensations, followed by CO2 (0.28) and RH (0.18). The reason that Top had the highest weight can be attributed to the fact that the indoor temperature influences TS and AS.




4.2. Comfort Sensation-Based Models


Compared with the physical indoor parameters, TS or AS can reflect the general comfort sensations of an indoor environment. The relationship between comfort sensations, TS and AS is discussed in this section, and Figure 8 shows the result of our survey.



The results in Figure 8 show that students prefer a relatively cold indoor environment. According to the participating students, a TS of 2.5–2.9 and an AS of 1–1.5 are most comfortable. Moreover, it was also found that dissatisfaction with only TS or AS does not result in significant overall discomfort unless that value is extremely unacceptable. For instance, when the TS ranged from 1.5 to 4, even if the AS was 5, most students still voted 1.5 to 2.5 for indoor comfort sensation. However, when the TS was 5, even if the AS was identified as 1, students felt uncomfortable, with comfort sensation votes of 3. When the TS and AS were both unacceptable, e.g., a TS of 5 with AS of 5, students had a high probability of feeling uncomfortable.



Based on the voting results, it was found that AS has a linear relationship with comfort sensation, but TS does not. Thus, linear regression was applied for AS, and quadratic regression was used for TS. Moreover, a multiple nonlinear regression model considering the overall relationship between comfort sensations, TS, and AS was obtained. Table 5 lists the three regression models.



TS accounts for 82% of changes in overall comfort (R2 = 0.82), and AS accounts for 98% of comfort votes (R2 = 0.98). It can be concluded that AS is the parameter which most significantly influenced the students’ comfort sensations. Using these regressions, the comfort TS was determined by setting the comfort sensation to below 1.5. Thus, the comfort TS and AS ranges were 2.3–3.1 and 1–1.55, respectively. Equation (7) determined the relationship between comfort sensations, TS, and AS. The coefficient value was higher for AS (0.32) than TS (0.18), which suggests that AS significantly impacts overall comfort more than TS. Therefore, to guarantee comfort, control of AS should be given priority.




4.3. Discussion


The indoor parameters are significantly related to the types of building and local weather conditions. It was pointed out that it is impossible to compare the prediction equations directly. However, it is possible to compare acceptable ranges with those identified in different studies. Compared with the study for small classrooms conducted by Yang et al. [33] (comfort range: 23.3–27.8 °C, <654.3 ppm), the comfort temperature range was relatively lower (21.5–23.8 °C), and that of CO2 (<1095 ppm) was higher. It can be concluded that a cold indoor environment could improve occupants’ ability to tolerate bad IAQ. Moreover, it also can be concluded that the comfort levels are different across classrooms with different sizes. Compared with Hong Kong’s recommended indoor guidelines, listed in Table 1, the comfort ranges of indoor temperature, CO2, and RH were smaller but within the recommended ranges. For thermal comfort, overheating and overcooling should be avoided. For IAQ, over a short period (5 min), students did not feel comfortable with a CO2 value of over 1095 ppm, even though this is lower than the recommended value of 30,000 ppm (15 min averaged) and 2500 ppm (1 h averaged). Using the new recommended value can avoid insufficient ventilation and can also keep RH in the acceptable range.



As mentioned previously, indoor comfort sensation refers to different parameters influencing at least one IEQ aspect. It was pointed out that fitting multiple regressions can clarify the influences of each parameter and their interferences. Therefore, a deep understanding of the significant weights of the various aspects of IEQ can improve comfort. In this section, the models proposed in this study are compared with previously published models, which focused on educational, commercial and residential buildings. Table 6 shows the comparison results.



The weighting coefficients comprised objective ones, i.e., different sorts of buildings, ventilation types, climates, etc., and subjective ones, i.e., gender, age, clothing, activity level, etc. Thus, as shown in Table 6, the weights of TS and AS changed almost randomly for different buildings with various heating, AC, and ventilation systems. Specifically, it was found that there were evident differences between commercial and educational buildings in the same country (Serbia) regarding TS and AS weights (TS of 0.29 and AS of 0.35 for offices; TS of 0.31 and AS of 0.25 for university classrooms). By contrast, compared with Serbia, the weights for TS and AS for offices and educational buildings in Hong Kong showed the opposite trend. In detail, occupants in offices were found to be more sensitive to TS, while university students prefered better AS (TS of 0.31 and AS of 0.25 for offices; TS of 0.18 and AS of 0.32 for university classrooms). The deviations in the weights of TS and AS imply that occupants have different IEQ preferences depending on the type of building and the local meteorological conditions. Moreover, even within the same country, such as Italy, the weights differed among educational level (TS of 0.5 and AS of 0.32 for secondary school; TS of 0.02 and AS of 0.12 for University).



Given the soaring developments in computer science, it is now easier to get a prediction model for TC, AC, and overall comfort sensations. Thus, obtaining a daily-based IEQ model for a particular building is suggested, instead of using the currently published model.





5. Conclusions


This study investigated the overall comfort experienced by university students with different thermal conditions and CO2 concentrations in a mechanically ventilated classroom in a tropical region with low background noise and pollution levels. We monitored the indoor environment parameters in real time, including indoor air temperature, mean radiant temperature, relative humidity, CO2, and air velocity. At the same time, an online-based questionnaire survey regarding student comfort sensations was carried out. In total, 655 effective questionnaires were collected. The regression models to predict comfort sensations were obtained based on the questionnaires and measured indoor data. The main results are as follows:



(1) According to the analysis results of the questionnaires, the “Not comfort” proportion in TS scales “Cool”, “Neutral”, and “Warm” were 3.1%, 5.1%, and 19.0%, respectively, indicating that students prefered a relatively cold indoor environment. Moreover, cold indoor conditions could improve students’ ability to tolerate high CO2 concentrations.



(2) The most important parameters on overall comfort sensation were Top, followed by CO2 and RH. Top accounted for 50% of changes in overall comfort (R2 = 0.5), while CO2 only accounted for 20% (R2 = 0.2), and RH for 19% (R2 = 0.19). In the multiple regression, the corresponding weights were 0.52, 0.28, and 0.18. It can be concluded that the interference among the different factors cannot be ignored.



(3) Using the regressions, a comfortable temperature was determined by setting the overall comfort sensation to smaller than 1.5. Thus, the range of Top was 21.5–23.8 °C. Meanwhile, the comfort ranges of CO2 and RH were found to be <1095 ppm and 47–63.5%, respectively. These recommended values are smaller than the official values released by the Hong Kong government. Using more exact threshold values could further improve indoor comfort levels, especially for short-term assessments.



(4) IAQ and thermal environment should be considered together to avoid discomfort. Using these regressions, the comfort TS region was determined by setting the overall comfort sensation to be smaller than 1.5. Thus, the range of the comfort TS and AS were 2.3–3.1 and 1–1.55, respectively.



(5) Investigating the relevant importance of factors on occupant comfort provides designers with suggestions on which building management should be based. The coefficient value was higher for AS (0.32) than TS (0.18), which suggests that AS impacts overall comfort more than TS. It was also found that the relative significances of AS and TS differed from building to building. Thus, it is necessary to get prediction models for each building.



This study has some limitations due to the social distance policies implemented during the COVID-19 pandemic. In detail, the number of students that completed the questionnaire survey was relatively low. The survey was only conducted in a large classroom space. Thus, the obtained results are not representative of other kinds of rooms. The room selected in this study was mechanical-ventilated throughout the year. Therefore, the obtained results are not intended to serve as a reference for naturally ventilated rooms. Moreover, comfort sensations can also vary according to gender; however, this was not considered in our study due to the insufficient samples. In the future, we will apply the questionnaire survey in different kinds of rooms in university buildings.
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Abbreviation




	AC
	Acoustic comfort



	AS
	Air sensation



	ASV
	Air sensation voting



	HVAC
	Heating, ventilation and air conditioning



	IAQ
	Indoor air quality



	IEQ
	Indoor environmental quality



	MV
	Mechanical ventilation



	NV
	Natural ventilation



	RH
	Relative humidity



	TC
	Thermal comfort



	TS
	Thermal sensation



	TSV
	Thermal sensation voting



	VC
	Visual comfort








Appendix A




	
Questionnaire Questions




	
How do you feel about the thermal conditions?




	
□ Cold

	
□ Cool

	
□ Neutral

	
□ Warm

	
□ Hot




	
How do you feel about indoor air quality?




	
□ Very stuff

	
□ Stuff

	
□ Neutral

	
□ Fresh

	
□ Very fresh




	
How do you feel about the overall comfort?




	
□ Comfort

	
□ Neutral

	
□ Not Comfort
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Figure 1. The geographical location of HKMU. 






Figure 1. The geographical location of HKMU.



[image: Buildings 12 01921 g001]







[image: Buildings 12 01921 g002 550] 





Figure 2. Exterior and interior appearance of the HKMU and selected classroom (a) Exterior view; (b) Interior view; (c) layouts of seats and sampling positions. 
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Figure 3. The profiles of Top, RH, and CO2 during the class. (a) Top; (b) RH; (c) CO2. 
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Figure 4. Thermal sensation voting results. 
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Figure 5. Air sensation voting results. 
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Figure 6. Voting results for AS and TS. (a) Overall AS voting results; (b) Comfort proportions of AS under the TS “Cold”; (c) Comfort proportions of AS under the TS “Cool”; (d) Comfort proportions of AS under the TS “Neutral”; (e) Comfort proportions of AS under the TS “Warm”; (f) Comfort proportions of AS under the TS “Hot”. 
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Figure 7. Proportions of comfort sensations in four groups. 
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Figure 8. Comfort voting results with TSV and ASV. 
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Table 1. Standards and guidelines for temperature, CO2, and RH.
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	Country/Region
	Temperature
	CO2
	RH





	China [34]
	Summer: 22–28 °C; Winter: 16–24 °C
	1000 ppm, 24-h average
	Summer: 40–80%; Winter: 30–60%



	Hong Kong [39,45,46]
	20.0–25.5, 8-h average (Excellent class)
	30,000 ppm, 15-min average; 2500 ppm, 1-h average; 800 ppm, 8-h average
	40–70%, 8-h average (Excellent class)



	Singapore [40]
	22.5–25.0 (office premises)
	1000 ppm, 8-h average
	<70% (office premises)



	US [41,42,43]
	Summer: 22.5–26.0 °C (Comfort Level); Winter: 20.0–23.5 °C (Comfort Level)
	30,000 ppm, 15-min average; 5000 ppm, 8-h average
	Summer: 40–60%; Winter: 30–60%



	Australia [43]
	N.A.
	30,000 ppm, 15-min average; 5000 ppm, 8-h average
	N.A.



	UK [44]
	N.A.
	15,000 ppm, 15-min average
	N.A.



	Japan [35]
	17–28 °C (Office)
	1000 ppm
	40–70%, 8-h average (Excellent class)



	Korea [36]
	Summer: 26–28 °C (School);

Winter: 18–28 °C (School)
	1000 ppm
	30–80% (School)



	Canada [37]
	N.A.
	3500 ppm (Long term exposure)
	Summer: 30–80%; Winter: 30–55%



	Finland [38]
	Summer: 23–24 °C;

Winter: 21–22 °C (School)
	700–1200 ppm
	25–45%
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Table 2. Specifications of sensors for IAQ monitoring.
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Sensor Type

	
Parameters

	
Monitoring Range

	
Resolution

	
Accuracy

	
Appearance






	
Awair

	
T

	
−40–125 °C

	
0.1 °C

	
±0.2 °C
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RH

	
0–100%

	
0.1%

	
±2%




	
CO2

	
400–5000 ppm

	
0.1 ppm

	
±10%




	
TVOCs

	
0–60,000 ppb

	
0.1 ppb

	
±10%




	
PM2.5

	
0–1000 µg/m3

	
0.1 µg/m3

	
±15 µg/m3




	
Light

	
0.96–64,000 lux

	
-

	
-




	
Noise

	
20–20,000 Hz

	
26 dBFS

	
-




	
DELIXI

	
Wind velocity

	
0–30 m/s

	
0.01 m/s

	
±5%
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Testo

	
Black globe temperature

	
0–50 °C

	
0.1 °C

	
±5%
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Table 3. The specifications of the score scaling.
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Item

	
Comfort

	
Neutral

	
Not Comfort




	
Score

	
1

	
2

	
3




	
Item

	
Cold

	
Cool

	
Neutral

	
Warm

	
Hot




	
Score

	
1

	
2

	
3

	
4

	
5




	
Item

	
Very Fresh

	
Fresh

	
Neutral

	
Stuff

	
Very Stuff




	
Score

	
1

	
2

	
3

	
4

	
5
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Table 4. Physical variable-based regression models.
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	No.
	Parameter
	Regression Equations
	p-Value
	R2 Value





	(1)
	Top
	  C o m f o r t = 0.06  T  op  2    − 2.69   T  op     + 31.9
	/
	0.5



	(2)
	CO2
	   C o m f o r t = 0.00036 C  O 2  + 1.11   
	0.54
	0.2



	(3)
	RH
	   C o m f o r t = 0.03 R H − 0.41   
	0.47
	0.19



	(4)
	Top, CO2, and RH
	   C o m f o r t = 0.52 f  (   T  op    )  + 0.28 f  (  C  O 2   )  + 0.18 f  (  R H  )    
	/
	0.35
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Table 5. Comfort sensation-based models.
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	No.
	Independent Variables
	Regression Equation
	R2 Value





	(5)
	TS
	   C o m f o r t = 0.21    (  TS − 2.71  )   2  + 1.46   
	0.8215



	(6)
	AS
	   C o m f o r t = 0.25 AS + 1.12   
	0.9829



	(7)
	TS, AS
	   C o m f o r t = 0.32 AS + 0.18    (  TS − 2.71  )   2  + 0.46   
	0.5414
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Table 6. Regression models regarding TS and AS.
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	Ref.
	Year
	Location
	Building Types
	HVAC Types
	Sampling
	TS
	AS





	Chiang et al. [54]
	2002
	Taiwan
	Office and residential
	Unknown
	12
	0.21
	0.21



	Wong et al. [55]
	2008
	Hong Kong
	Offices
	AC
	293
	0.31
	0.25



	Cao et al. [56]
	2012
	Shanghai
	Public buildings
	Unknown
	500
	0.32
	0.12



	Mujan et al. [57]
	2020
	Serbia
	Open space offices
	MV
	70
	0.29
	0.35



	BREEAM [58]
	2017
	N.A.
	N.A.
	N.A.
	N.A.
	0.17
	0.28



	The U.S. Green Building Council [59]
	2019
	N.A.
	Green building
	N.A.
	N.A.
	0.06
	0.47



	Wei et al. [60]
	2020
	N.A.
	Green building
	N.A.
	N.A.
	0.27
	0.34



	Astolfi et al. [10]
	2008
	Italy
	secondary school
	NV
	852
	0.5
	0.32



	Fassio et al. [61]
	2014
	Italy
	University
	Centralized AC
	17
	0.02
	0.12



	Yee [62]
	2014
	Malaysia
	University
	Unknown
	40
	0.27
	0.26



	Ghita et al. [63]
	2015
	Romania
	Countryside schools
	Heating system
	708
	0.27
	0.3



	Mihai et al. [64]
	2016
	Romania
	University
	Heating system
	115
	0.25
	0.26



	Mujan et al. [57]
	2020
	Serbia
	University
	MV
	56
	0.31
	0.25



	The current study
	2021
	Hong Kong
	University
	AC
	655
	0.18
	0.32
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