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Abstract

:

Indoor air quality (IAQ) in educational buildings is a key element of the students’ well-being and academic performance. Window-opening behavior and air infiltration, generally used as the sole ventilation sources in existing educational buildings, often lead to unhealthy levels of indoor pollutants and energy waste. This paper evaluates the conditions of natural ventilation in classrooms in order to study how climate conditions affect energy waste. For that purpose, the impact of the air infiltration both on the IAQ and on the efficiency of the ventilation was evaluated in two university classrooms with natural ventilation in the Continental area of Spain. The research methodology was based on site sensors to analyze IAQ parameters such as CO2, Total Volatile Organic Compounds (TVOC), Particulate Matter (PM), and other climate parameters for a week during the cold season. Airtightness was then assessed within the classrooms and the close built environment by means of pressurization tests, and infiltration rates were estimated. The obtained results were used to set up a Computational Fluid Dynamics (CFD) model to evaluate the age of the local air and the ventilation efficiency value. The results revealed that ventilation cannot rely only on air infiltration, and, therefore, specific controlled ventilation strategies should be implemented to improve IAQ and to avoid excessive energy loss.
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1. Introduction


Indoor air quality (IAQ) is essential to create healthy and comfortable spaces for users in which to carry out their daily activities, especially considering that people spend more than 90% of their time indoors [1]. There is a large volume of published studies describing the role of IAQ in the health of building users [2,3]. When the use of the building is academic, the importance of IAQ is higher because poor indoor air for long academic periods can have a negative impact on both the students’ health and intellectual performance [4,5].



The European ventilation standard (CEN) [6] establishes mechanical ventilation as the strategy to guarantee the minimum outdoor airflow to maintain adequate IAQ. In Spain, regulations established mandatory mechanical ventilation in educational buildings in 2007 [7]. A total of 90% of the compulsory educational buildings in Spain were built before 2007 when mechanical ventilation systems were not mandatory [8]. In the case of higher educational centers such as universities, the share of buildings constructed before ventilation systems were mandatory remains unknown. However, it could presumably be higher since they are often located in historical buildings. Therefore, educational buildings in Spain are mainly naturally ventilated. Ventilation (single-sided or cross ventilation) is only promoted by the occasional opening of windows when users consider it necessary, based on no objective IAQ indicator [9]. Thus, maintaining acceptable IAQ during the whole academic period remains a challenge [10]. This manual control of the openings is even more limited during the cold season since it causes uncomfortable airflows and a considerable drop in the classroom hygrothermal conditions.



In this scenario, air infiltration through cracks and other unintentional openings in the building envelope is the only mechanism that can provide the continuous renovation of the indoor air. For this reason, it is important to determine the airtightness of the building envelope, since it impacts directly on air infiltration, caused by pressures gradient [11].



This paper addresses the indoor conditions of a higher educational building with natural ventilation in the Continental climate area of Spain, considering different parameters such as temperature, relative humidity (RH), CO2, TVOC, and PM, assessing the ventilation performance through the analysis of the ventilation efficiency caused by air infiltration.



Background


In recent years, there has been an increasing amount of literature on indoor comfort in university buildings [12,13,14,15]. Although most of the previous research focuses only on IAQ, others have considered the Indoor Environmental Quality (IEQ), focusing also on physical parameters related to sound and visual comfort as well as user’s perception through questionnaires [16,17,18].



There is a wide range of airborne pollutants that can affect users inside buildings; among them is CO2, which is closely connected to human activity since it is mainly caused by users’ breath. Harmless as it may be considered, a high concentration of CO2 can have a negative impact on the attention of the students, hindering academic achievement [19]. It is important to highlight that CO2 concentration has been associated with the presence of other pollutants. Therefore, it is often considered as a good indicator of the air change capacity of the rooms and it is important to evaluate its performance avoiding unventilated areas. However, some sources warn that CO2 should not be considered as a unique IAQ indicator [20,21]. It has been suggested that other compounds such as particulate matter (PM) or total volatile organic compounds (TVOCs) should be also considered to assess IAQ [22].



Volatile organic compounds (VOCs) can be produced by the construction materials of the building, its furniture, as well as cleaning products and academic materials such as adhesives, paints, or office machinery [15]. Common sources of PM include human activity, the use of scholarly materials, or even the outdoor environment [23]. High concentrations of these pollutants can produce irritation of the mucous membranes, fatigue, headaches, or aggravation of asthma in the users, among others [24]. Previous research has suggested that TVOC concentration could be related to sick building syndrome (SBS) [25].



The relationship between airtightness and IAQ in educational buildings in Mediterranean countries with natural ventilation has already been addressed in previous research [9,26,27]. No direct relationship between airtightness and IAQ was found in a study that assessed 42 classrooms, especially if windows were open [9]. In this regard, previous research in southern European climates has revealed that air infiltration must be complemented with other ventilation mechanisms in order to maintain good IAQ [26,27].



However, air infiltration in buildings is usually not considered as part of the design of the ventilation system [1]. This causes a non-predictive air track model that entails an inhomogeneous air quality distribution through the indoor space, whose impact depends on the occupants’ location [28]. The distribution of the air quality can be evaluated by assessing the ventilation efficiency and age of the air [29], which can be modeled by knowing the air infiltration rate and the position of the air leakage paths using Computational Fluid Dynamics (CFD) software. Yet the existing literature has overlooked this approach, which relates air infiltration, the efficiency of ventilation, and IAQ to verify the suitability of air leakages as a ventilation source.





2. Materials and Methods


2.1. Site and Building


Two classrooms of the Campus “Duques de Soria” (Universidad de Valladolid), built in 2006, were assessed. The campus is located in a suburban area of Soria (Spain), which has a temperate climate type “Cfb” in the Köppen-Geiger classification. The summer is short and hot, and the winter is cold, long, and windy, both seasons being very dry. The average temperature during the summer is 23 °C and 10 °C during the winter. The wind has a predominant direction west–north–west, and its annual mean velocity is 10.8 km/h (type 2 in the Beaufort scale [30]).



The envelope of the building where the classrooms under study are located is made of sandstone boards that are fixed to 11.5 cm of perforated brick, thermal insulation of extruded polyethene, vertical air chamber, and an interior layer of 11.5 cm of double-hollow brick. The windows are made of aluminum profiles with double glazing. Rolling shutters, a typical mechanism used in Spain to provide shadow and protection, are built within a non-integrated box over the windows. The classrooms have a false ceiling 70 cm high made of acoustic panels of rigid plaster. The heating system has hot water radiators made of aluminum as terminal units.



For the purpose of the study, the most unfavorable classrooms of the building in terms of IAQ based on its configuration and use were determined. To that end, the type of ventilation, occupancy, volume, orientation, and nearby environment were considered. Concerning ventilation, all the classrooms of the building had natural ventilation, which is considered the most unfavorable scenario. The determination of the classrooms with higher levels of occupation over time was done according to the classrooms’ lesson schedules, considering the number of students and the classroom’s volume. Also, classrooms located near the car park were chosen due to the possible negative impact of vehicles on the outdoor air conditions. Orientation was considered, given its relationship with indoor temperature, because the heating system was homogeneously designed. Classrooms with the main façade facing south were expected to reach higher indoor temperatures and, therefore, have poorer conditions regarding IAQ. In this sense, it was first taken into account that high temperatures favor chemical reactions that lead to the production of certain pollutants such as VOCs or microorganisms [31]. Secondly, lower infiltration rates were expected as a result of a lower temperature gradient, causing a reduction of the stack effect [32] in these classrooms during the cold season.



After the analysis of the aforementioned parameters, it was determined that the block of classrooms A04 and A05 was the most unfavorable of the campus, with the following characteristics (Table 1 and Figure 1).




2.2. IAQ Equipment and Parameters


Air quality measurement stations were used to register variations in the levels of different air contaminants that are usually present in the air (CO2, TVOC, and PM1.0, PM2.5, and PM10.0). These parameters were chosen as indicators because of their presence in educational environments and their influence on the students [22]. Each device registered temperature, Relative Humidity (RH), and barometric pressure as well, saving all the information in the data logger of the station.



The devices integrated different sensors to determine the level of each parameter. Model K30 10,000 ppm was used to measure CO2, with a margin of error of ±30 ppm/±3% of the measured value. TVOC concentration was measured with an iAQ-Core Indoor Air Quality Sensor Module device, whereas PM was measured with a Digital Universal particle concentration sensor PMS5003 with a margin of error of ±10%. The temperature and RH sensor SHT2x had a margin of error of ±0.3 °C and ±1.8% RH.



Concerning the temperature and RH analysis, the ranges specified by Spanish regulations (RITE [33]) for the cold season were taken into account: temperature between 21 and 23 °C, and RH between 40 and 50%.



The CO2 analysis was done considering the values established in the Spanish regulations [33] as well. This regulatory framework establishes CO2 as an indicator of the human bio-effluent emissions, used to set the minimum ventilation airflow needed. RITE defines classrooms as places where good IAQ is needed and fixes a maximum corrected concentration of 500 ppm above the CO2 concentration in the outdoor air to reach acceptable conditions. Therefore, the corrected concentration is obtained by deducting the average CO2 concentration outdoors from the values registered inside the building. However, no consideration is made concerning TVOC or PM concentration by RITE. An acceptable range of up 500 ppb of TVOC concentration within the classroom environment was considered, according to several sources and recommendations [22,34,35]. In the case of PM, the maximum concentrations of PM2.5 and PM10.0 were set at 25 and 50 µg/m3, respectively [36].




2.3. IAQ Monitoring


Measurements were carried out between February and March for a week. The data collection was done simultaneously in classrooms A04, A05, the adjacent corridor, and the exterior of the building. Measurements were taken for approximately 5 s every minute during the whole academic period, although the subsequent analysis of the data focused on times when evidence of occupation in the classroom was found, which corresponds to the highlighted parts of the schedule: this was 21 h in classroom A04 and 28 h in classroom A05 (Figure 2).



The location of the devices inside the classrooms was determined to avoid distortions: separated from the usual traffic areas of the students and the teacher, and one meter away from doors or windows. The devices were fixed to the wall 1.2 m above the floor so that the samples were taken at the height of the breathing zone of a seated person. Two devices were installed in both classrooms to guarantee data collection during the test.



The device in the corridor was fixed to the wall where the entrances to the classrooms were located. It was positioned more than one meter away from both doors, far from the waiting zones, and 2.5 m high to assure its security, while possible distortions caused by users’ activity were avoided. The specific location of each device can be seen in Figure 3 and Figure 4.



The measurement devices inside the building were fixed to the wall using a plastic casing made of polylactide (PLA) in 3D printing. The device used to measure the outdoor conditions was placed on the roof of the building using a support that raised it 0.5 m from the deck. It was protected from weather conditions with a perforated casing, so air circulation was enabled.



The students, teachers, and administrative staff were only informed about the general functioning of the devices and were asked to stay away from them to avoid distortions. In this way, users’ behavior was not conditioned concerning ventilation performance in order to maintain normal operational conditions.




2.4. Airtightness and Air Infiltration


Pressurization tests were performed in classrooms A04 and A05 according to ISO 9972 [37] in order to assess the airtightness of the building envelope that allows infiltration airflows. Indications described for Method 2, which tested the airtightness of the building envelope, were followed. For this purpose, only windows and doors were closed since the classrooms had no other kind of intentional openings or air conditioning system. Semi-automatic tests were carried out generating both an overpressure and a depression in the spaces to be tested. The air change rate (n50), the air permeability rate (q50), and the pressure exponent n, which can be considered as an indicator of the airflow regime, were obtained from the power law equation [38]. The correct calibration of the equipment was ensured to maintain accuracy specifications of 1% of sampling, or 0.15 Pa.



To characterize both the global airtightness and interzonal leakages, three tests were performed for each classroom: individual classroom test (A04 and A05), guard-zone pressure test (simultaneously pressurizing the upper classroom, 1.04 and 1.05), and guard-zone test (simultaneously pressurizing the adjacent classroom). Airflow rates of the guard-zone tests were deducted from those of the single-unit test in order to determine the proportion of leakages between classrooms. However, it was not possible to carry out guard-zone tests in circulation areas due to technical limitations. Consequently, the rate of air leakage of the external envelope and walls in contact with circulation areas could not be discriminated.



Air infiltration under natural conditions was estimated from the airtightness results using a simplified model [39] that assumed a linear relationship between the air change rate at 50 Pa (n50) and the mean annual air change rate (ACH). The model was adapted to the climate characteristics of the location under study and building parameters. Interzonal leakages were considered negligible due to similar pressure and temperature conditions and taking into account that interzonal airflows cannot be considered a contribution to ventilation.




2.5. Ventilation Efficiency


The ventilation efficiency of classroom A04 was analyzed using CFD software Ansys Fluent 19.0. The evaluation of the ventilation efficiency encompasses the age of the air of the masses that move around the space, identifying air stagnation areas within the room. The air inside a building is progressively polluted from its inlet to its exhaust as a consequence of different sources such as occupants’ breathing, furniture, equipment, or other pollutants emissions.



The method used to obtain the values of the mean age of the air   〈  τ ¯  〉   and the local age of the air in the exhaust surface     τ e    was defined by [40,41]. The ventilation efficiency ε was obtained from the relationship between both values [42] (Equation (1)).


  ε =    τ e    2   ·    〈  τ ¯  〉                       [ % ]  .  



(1)







The isothermal model used for this purpose was preprocessed using the parameters described in Table 2. The obtained mesh had a skewness of over 90%.



Reynolds-averaged Navier Stokes (RANS) equations [43] were applied to simulate the airflow and air mass movement along the classroom. The numerical simulation was carried out in a four-stage approximation, using the k-ε equations with Standard Wall Treatment proceeding, Renormalization Group (RNG) with standard and near wall approximation, and Realizable with Enhanced Wall Treatment. Each step was accepted after convergence criteria of 10−4 for air velocity, momentum and turbulence parameters (k-ε). The values of the local age of the air were also obtained by applying the physics related to the characterization of the model through User Defined Functions (UDFs). Convergence criteria for the age-of-the-air value defined by the UDF was fixed under 10−5. The final simulation took approximately 18,000 iterative cycles. The isothermal setting accuracy had been previously validated [44].



Boundary conditions of the model were defined according to the built model. Walls, ceiling, and floor were defined as ideally airtight boundaries, while envelope window perimeters were defined as velocity inlet and the gap under the door as pressure outlet. Velocity inlet boundary type was set up as a vectorial air velocity, including a maximum turbulence distortion length of 14 mm according to the gap.



The airflow consigned to the classroom was obtained from the annual air change rate estimated from the airtightness tests results, excluding interzonal leakages. The air inlets were located along the envelope window perimeters, according to leakage identification through thermal imaging. The openings (windows and doors) of the classrooms were assumed to be closed, and all the architectural elements (leakage paths, materials, and envelope) were assumed the most unfavorable conditions.





3. Results


3.1. IAQ Results


The average IAQ values registered in both classrooms during the occupied period are shown in Table 3.



A relationship between the increase in the levels of pollutants and occupation in the classrooms during teaching hours can be observed, especially concerning CO2 and TVOC concentration. The temperature also increased slightly when the classrooms were occupied.



The average temperature was 23.4 and 22.6 °C for classrooms A04 and A05, respectively. In the case of classroom A05, the temperature was within the range set by RITE [33]. The scenario was different in classroom A04, where the average temperature was above the limit value. Temperatures were under 21 °C for less than 1% of the whole time in the case of classroom A04 and 22% of the time in classroom A05. The maximum temperature limit was exceeded for 74.5% of the time in classroom A04, and 22% in classroom A05.



In the case of RH, the average values registered during the week were 40.5% for classroom A04 and 42.9% for classroom A05. RH was under the optimal range [33] for 53% of the time when classroom A04 was occupied and 26% in the case of classroom A05. The limits were exceeded less than 1% of the time in the case of classroom A04 and 12% in classroom A05.



The CO2 concentration outside the building was between 369 and 441 ppm, and the average concentration throughout the week was 386 ppm. In order to obtain a more accurate CO2 correction, the CO2 average per day was used. The average CO2 concentration registered in the corridor was 608 ppm. Users’ behavior regarding the opening of both doors and windows can be observed in the results since it caused the decrease of the concentration of the pollutants even when the classroom was occupied. It was possible to observe this reduction or stabilization even during the breaks between lessons.



The average values of CO2 corrected concentration were 1017 ppm in the case of classroom A04 and 1328 ppm in classroom A05, although Spanish regulations set a maximum value of 500 ppm [33]. This means that the values exceeded the maximum limit for 88% of the time in classroom A04 and 74% in the case of A05. Values that doubled the maximum allowed limits were reached 62% of the time, reaching even four times above the limits for 25% of the time that the students were inside classroom A05. The highest value registered during the week was on Wednesday in classroom A05 at 11:50, only two hours after the beginning of the classes, when the CO2 corrected concentration was 2871 ppm.



The values registered in the case of PM were not significant. The mean concentration of PM1.0, PM2.5, and PM10.0 was below 7 µg/m3 in both classrooms during the whole duration of the measurements when the classrooms were occupied. However, it should be highlighted that PM levels registered outdoors were slightly higher than indoors, likely motivated by other activities surrounding the building, such as a construction site. The peak values registered outside the building, especially on Friday, had an impact on the registered PM results inside the classrooms, which were in any case within acceptable ranges.



The average values registered in the case of TVOC concentration were 540 and 562 ppb in classrooms A04 and A05, respectively. During the teaching period, the concentration of this pollutant was over 500 ppb 64% of the time in classroom A04 and 57% in classroom A05. The highest values registered were 973 ppb in classroom A04 and 1044 ppb in classroom A05, both registered on Monday.




3.2. Airtightness and Air Infiltration Results


The airtightness results obtained for the individual classroom tests (A04 and A05), guard-zone tests with the adjacent classroom (A04-A05 and A05-A04), and guard-zone tests with the upper classroom (A04-1.04 and A05-1.05) are shown in Table 4. Blank values are results discarded due to invalid tests that did not comply with the measurement standard.



In the individual tests carried out in each classroom, the average air change rate at a reference pressure of 50 Pa (   n  50    ) obtained in classroom A04 was 19.7 h−1, while in classroom A05 it was considerably higher: 27.4 h−1. The dispersion of the results obtained at depression and overpressure should be highlighted. Additionally, great variability of the pressure exponent n could be observed (between 0.64 and 0.86).



Results regarding the interzonal airflow rates obtained from the guard-zone pressurization tests are shown in Table 5.



The proportion of the infiltration rate at 50 Pa between classrooms A04 and A05 was between 53.5 and 63.8%. In the case of interzonal infiltration between the classrooms under study and the upper floor classrooms, the proportion seemed to be significantly reduced to an average of 1%. Therefore, the infiltration rate between adjacent classrooms represented up to 65.3% of the total air infiltration.



The air change rate under natural pressure conditions   A C H   [h−1] due to air infiltration obtained, excluding infiltration between classrooms, was 0.44 h−1 in classroom A04 and 0.49 h−1 in classroom A05.



Thermal images taken during the depressurization stage of the airtightness test were used to locate air leakage paths of the building envelope (Figure 5). Air infiltration was identified in the perimeter of exterior windows, especially in rolling-shutter boxes and joint window–wall. In view of the numerical results obtained, air leakage paths were also expected to be found around interior windows. However, this kind of leakage could not be thermally identified given the lack of temperature gradient.




3.3. Ventilation Efficiency Results


The ventilation efficiency for classroom A04 was assessed by means of CFD simulation of the isothermal model considering the estimated annual air change rate obtained (0.44 h−1). This means that 44% of the air volume of the classroom (309 m3) was changed every hour through the leakages of the envelope. Therefore, an airflow of 136 m3/h was set up, reaching an air velocity of 2.89 m/s close to the infiltration paths (Figure 6). The model revealed that the worst scenario was detected in the wall opposite the windows, where the age of the air reached a value of 9000 s (Figure 7).



This means that the stagnated air in this region took 2.5 h to renew, increasing the pollutants’ concentration, and thus affecting the quality of the air that occupants breathe in this zone. The ventilation efficiency of the classroom obtained from the model was 53.25%. A ventilation efficiency value close to 50% represents a perfect mixing flow model, where the incoming fresh air uniformly mixes with the interior air mass, whose average residence time is twice the transit time [45,46]. The amount of 53.25% indicated that the ventilation flow rate could be reduced while maintaining the IAQ. However, the natural ventilation solution of the classroom and the poor IAQ values registered inhibited that reduction. Figure 7 shows that most of the occupied space is reached by the ventilation airflow, so the problem regarding distribution and dilution of contaminants was considered solved.





4. Discussion


According to the high levels of pollutant concentration registered and the observation of the graphs during the teaching period, it could be deduced that the windows were hardly ever opened to ventilate the occupied classrooms in order to reduce the pollutant concentration associated with the use of some materials during academic activity and human presence.



CO2 concentration monitoring offered valuable information as an indicator of ventilation performance. High values were reached in both classrooms even though the occupation of both spaces was kept below their maximum capacity, highlighting the poor ventilation performance. The data showed that windows were not opened during the teaching period despite the high values reached. The CO2 concentration graphs (Figure 8) show its rapid increase after the students entered the classrooms, registering high values during the entire teaching period, which can constitute a risk for the health and academic performance of the students. It was possible to observe as well the rapid reduction of CO2 concentration due to the opening of doors and, in some cases, windows, and when the students left the classroom. In spite of that, the decrease did not mean the recovery of acceptable values, and there was an increase in the pollutant when the classroom was occupied again.



At the end of the day and during the lunch break, there was a decrease of the CO2 levels registered in the classroom, being below or equal to the outside CO2 concentration. This means that the concentration at the beginning of each shift was adequate under the maximum accepted values and there was no accumulation of the pollutants from one day to the following one. Therefore, only poor ventilation of the spaces was responsible for these high values registered when the classrooms were occupied (Figure 8).



This was a consequence of the randomness of natural ventilation due to two factors. The first one was that natural ventilation depends on physical conditions such as interior and exterior temperature or wind direction. The second factor was that it depends as well on the users’ decisions, which are not based on objective criteria. Another problem associated with natural ventilation and air infiltration was energy loss during the cold season. This was probably one of the reasons users decided not to open the windows.



In the case of TVOC concentration, trends were similar to CO2 concentration, registering strong increases when students occupied the classrooms. However, more variations and peaks were registered. The TVOC concentration inside classes at the beginning of each day as well as at the beginning of the first class in the afternoon was equal to or lower than the outdoor concentration, and TVOC concentration in the corridor remained higher (Figure 9).



Pressurization tests performed in both classrooms revealed that the airtightness of the building envelope in both classrooms was rather poor, with values of the air change rate    n  50     greater than 20 h−1 (except for the depressurization mode in classroom A04). The interzonal leakage between classrooms on the same floor was very high, constituting an average of 58% of the total airflow at 50 Pa, while leakages between floors could be considered negligible. Although this significant permeability between classrooms did not impact the energy demand, it must be considered in terms of pollutant transmission, comfort, and noise.



The infiltration air change rate (  A C H )   of the classrooms, around 0.47 h−1, contributed to the renewal of the air in the classrooms. However, despite the poor airtightness of the envelope, air infiltration is an uncontrolled phenomenon and hence cannot be relayed as a single ventilation source confirmed by poor IAQ results. According to ventilation requirements established in the Spanish regulations for educational buildings based on theoretical occupation, air infiltration should contribute less than 5% of the total required ventilation rate [33]. Nevertheless, the ventilation efficiency obtained guaranteed a good homogeneity of the airflow along the classroom, assuming a perfect mix of the air (ε ≈ 50%) due to the inlets and exhaust location.




5. Conclusions


The IAQ of two classrooms with a natural ventilation system was assessed during the cold season. PM levels were always within acceptable ranges, while CO2 and TVOC concentration exceeded recommended concentration levels. Their increase was related to the occupation of the classrooms by the students.



The CO2 concentration was within the accepted range only 26% of the time, while TVOC concentration was only acceptable 43% of the time in the most favorable scenario. These results are worrying, especially if it is considered that both classrooms were below their maximum capacity. The opening of doors and windows favors a decrease of the concentration of the pollutants, but users rarely opened them during the teaching period. Even though the acceptable limits recovered every day after the users left the building, it only took a few minutes to exceed them when the classes started the following day.



Therefore, it is undeniable that the air renewal contributed by natural ventilation and air infiltration was not enough to maintain good IAQ. However, the obtained ventilation efficiency of one of the analyzed classrooms (53.25%) was adequate for its current configuration. The ventilation performance was poor due to the randomness of both air infiltration and natural ventilation, which also encompass energy loss during the cold season, whose estimation was not the object of this study.



All things considered, the improvement of the ventilation performance of the classrooms and the airtightness of the envelope should be pursued, maintaining at the same time temperature and RH comfort conditions, to guarantee the health and good academic performance of the students. Implementing a specific controlled ventilation system adapted to the case would improve IAQ and contribute to reducing the energy demand as a consequence of a minoration of the airflow needed.



The best scenario assumes an equilibrated model, in which the inlet air and exhaust air have the same flow. Inlet and exhaust positions should promote cross ventilation, reducing the stagnation and contributing to avoid air infiltration. Nevertheless, it must be acknowledged that any change in the conditions would alter the air pattern affecting the ventilation efficiency, so a further evaluation of the ventilation system would be needed.
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Figure 1. Location of classrooms A04 and A05 within the building. 
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Figure 2. Classroom schedule. 
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Figure 3. Locations of the measurement devices during the test. 
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Figure 4. Locations of the measurement devices in (a) A04, (b) corridor. 
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Figure 5. Air leakage paths in classroom A04 via infrared images. 
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Figure 6. Air path assessment in classroom A04. 






Figure 6. Air path assessment in classroom A04.



[image: Sustainability 13 06875 g006]







[image: Sustainability 13 06875 g007 550] 





Figure 7. Age-of-the-air assessment in classroom A04. 






Figure 7. Age-of-the-air assessment in classroom A04.



[image: Sustainability 13 06875 g007]







[image: Sustainability 13 06875 g008 550] 





Figure 8. CO2 measurements during the week in (a) A04 (b) A05. 
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Figure 9. Total Volatile Organic Compounds (TVOC) concentration measurements during the week (a) A04 (b) A05. 
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Table 1. Classroom characteristics.






Table 1. Classroom characteristics.





	Classroom
	Floor
	Orientation
	Area

(m2)
	Average Occupation Time
	Height

(m)
	Volume

(m3)
	Doors

(m2)
	Windows

(m2)





	A04
	ground-floor
	SE
	103.7
	4.2 h/day
	2.96
	307.6
	1

(1.6 × 2)
	4

(1.4 × 1)



	A05
	ground-floor
	SE
	92.6
	5.8 h/day
	2.96
	274.6
	1

(1.6 × 2)
	10

(1.4 × 1)
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Table 2. Mesh parameters.
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	Y+ (Non-Dimensional Mesh Distance to Subviscous Layer)
	<30



	d (distance from the wall to the first cell)
	<0.01



	Maximum cell proportion
	1:4



	Maximum growth between cell nodes
	10%



	Number of cells
	6,116,846
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Table 3. Average values of Indoor Air Quality (IAQ) parameters.
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Classroom

	
Occupation Time

(h)

	
Tint

(°C)

	
Text

(°C)

	
RH

(%)

	
CO2

(ppm)

	
CO2 EXT.

(ppm)

	
CO2 CORR.

(ppm)

	
PM1.0

(µg/m3)

	
PM2.5

(µg/m3)

	
PM10.0

(µg/m3)

	
TVOC

(ppb)






	
Monday

	
A04

	
6

	
23.2

	
8.0

	
36.6

	
1561

	
374.5

	
1186

	
0.6

	
0.7

	
0.8

	
593.6




	
A05

	
8

	
22.5

	
40.3

	
1817

	
1442

	
0.0

	
0.0

	
0.1

	
642.1




	
Tuesday

	
A04

	
4

	
23.7

	
8.0

	
40.5

	
1506

	
379.0

	
1127

	
0.0

	
0.1

	
0.1

	
559.4




	
A05

	
6

	
22.4

	
41.4

	
1327

	
948

	
0.0

	
0.1

	
0.2

	
474.2




	
Wednesday

	
A04

	
5

	
23.1

	
11.5

	
44.1

	
1339

	
383.4

	
955

	
0.1

	
0.3

	
0.5

	
520.4




	
A05

	
6

	
22.2

	
47.2

	
1800

	
1416

	
0.0

	
0.3

	
0.7

	
522.2




	
Thursday

	
A04

	
2

	
22.6

	
7.0

	
46.8

	
1330

	
421.0

	
909

	
0.1

	
0.4

	
0.5

	
447.0




	
A05

	
6

	
22.4

	
43.5

	
1327

	
906

	
0.0

	
0.2

	
0.4

	
364.8




	
Friday

	
A04

	
4

	
24.2

	
17.4

	
34.6

	
1292

	
382.8

	
910

	
3.2

	
5.6

	
6.7

	
579.5




	
A05

	
3

	
23.7

	
42.1

	
2313

	
1931

	
2.4

	
4.2

	
5.6

	
805.3




	
Summary

	
A04

	
21

	
23.4

	
10.4

	
40.5

	
1406

	
385.7

	
1017

	
0.8

	
1.4

	
1.7

	
540.0




	
A05

	
29

	
22.6

	
42.9

	
1717

	
1328

	
0.5

	
1.0

	
1.4

	
561.7
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Table 4. Pressurization tests results.
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Depressurization

	
Pressurization

	
Mean Values




	

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    

	
  n   [-]

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    

	
  n   [-]

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    






	
A04

	
7414

	
24.1

	
22.5

	
0.74

	
4710

	
15.3

	
14.3

	
0.64

	
6062

	
19.7

	
18.4




	
A04-A05

	
2817

	
9.2

	
8.6

	
0.50

	
-

	
-

	
-

	
-

	
2817

	
9.2

	
8.6




	
A04-1.04

	
7864

	
25.6

	
23.9

	
0.74

	
9398

	
30.6

	
28.6

	
0.99

	
9631

	
28.1

	
26.2




	
A05

	
6635

	
24.2

	
23.1

	
0.70

	
8395

	
30.6

	
29.3

	
0.86

	
7515

	
27.4

	
26.2




	
A05-A04

	
2399

	
8.7

	
8.4

	
0.67

	
3352

	
12.2

	
11.7

	
0.93

	
2876

	
10.5

	
10.0




	
A05-1.05

	
6535

	
23.8

	
22.8

	
0.72

	
8346

	
30.4

	
29.1

	
0.96

	
7440

	
27.1

	
25.9
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Table 5. Guard-zone pressurization results.
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Depressurization

	
Pressurization

	
Mean Values




	

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    

	
   %   

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    

	
   %   

	
     V  50     [  m 3  / h ]    

	
     n  50     [  h  − 1   ]    

	
     q  50     [  m 3  /  m 2  · h ]    

	
%






	
A04-A05

	
4597

	
14.9

	
14.0

	
62

	
-

	
-

	
-

	
-

	
3245

	
10.5

	
10.5

	
53.5




	
A04-1.04

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A04 total

	
4597

	
14.9

	
14.0

	
62

	
-

	
-

	
-

	
-

	
3245

	
10.5

	
10.5

	
53.5




	
A05-A04

	
4236

	
15.4

	
14.8

	
63.8

	
5043

	
18.4

	
17.6

	
60

	
4639

	
16.9

	
16.2

	
61.7




	
A05-1.05

	
100

	
0.4

	
0.4

	
1.5

	
49

	
0.2

	
0.2

	
0.6

	
75

	
0.3

	
0.3

	
1




	
A05 total

	
4336

	
15.8

	
15.1

	
65.3

	
5092

	
18.5

	
17.8

	
60.6

	
4714

	
17.2

	
16.4

	
62.7
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