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Abstract

:

Interest in improving ventilation and indoor air quality (IAQ) in California schools has grown since the COVID-19 pandemic. This paper presents a field protocol for simultaneous monitoring of usage patterns of in-room portable air cleaners (PACs), indoor and outdoor concentrations and composition of particulate matter (PM), and CO2 as an indicator of outdoor air ventilation rates (VRs). This protocol was implemented for a 7-week pilot study in four occupied California classrooms in 2022. Monitoring results showed that VRs and indoor PM were generally well maintained in the classrooms studied. One classroom had much higher overall VRs, as well as higher average indoor PM2.5 concentrations compared to similar classrooms, suggesting a possible strong impact of window/door opening behavior on both VRs and indoor PM. The actual use patterns of PACs in these classrooms varied significantly. No clear correlations were observed between PAC use patterns and indoor PM2.5 concentrations in this pilot study, possibly due to low outdoor PM2.5 concentrations and already efficient central filtration (i.e., MERV 13 filters in central ventilation systems). Information gathered through such field monitoring can help schools to understand the actual classroom ventilation and IAQ conditions and best allocate resources to classrooms that need further IAQ improvements.
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1. Introduction


Good indoor air quality (IAQ) is vital to public health because people spend most of their time indoors [1]. Indoor air pollutants, including particulate matter (PM), can have significant adverse health effects and contribute significantly to the global burden of disease [2]. The devastation caused by the COVID-19 pandemic further highlighted how poor ventilation and filtration in buildings can increase the transmission risk and severity of airborne respiratory diseases [3,4]. This is particularly important in schools, given the heightened vulnerability of children to air pollution.



Outdoor air ventilation in buildings dilutes indoor concentrations of multiple indoor-generated pollutants. Ensuring sufficient outdoor air ventilation is one of the most important measures for maintaining adequate IAQ. In California, the California Building Standards Code (Title 24) requires all buildings, including educational facilities, to have ventilation systems capable of providing at least the minimum outdoor air ventilation rates (VRs) specified in the code at the time that their building permit (for new construction or major innovation) was issued [5]. In addition, the California Education Code requires school districts to maintain schools in good repair, including providing heating, ventilation, and air conditioning (HVAC) systems that are functional and supply an adequate amount of air to all classrooms [6]. The California Code of Regulations (Title 8, §§ 5142–5143) also includes ventilation provisions that apply to schools and other public workplaces for the protection of workers [7,8]. Despite all these requirements, studies have shown that the actual ventilation in many California classrooms is less than the minimum VR specified in California building codes [9,10,11,12]. For example, one study estimated VRs in 162 California elementary school classrooms in three school districts using real-time carbon dioxide (CO2) monitoring results. They found that all school districts had median classroom VRs below the current California minimum VR standard of 7 L/s-person (i.e., more than half the classrooms in each district provided inadequate ventilation). For air-conditioned classrooms specifically, 25% had VRs less than 2 L/s-person [11]. Another more recent study of 94 California classrooms with recently retrofitted HVAC equipment estimated VRs using daily maximum 15 min CO2 concentrations. They observed that the mean VR across 94 classrooms was 5.2 L/s-person, which is also below the California minimum VR standard [12].



Beyond code-required minimum outdoor VR air flows, a broader definition of “equivalent outdoor” (or “clean”) air flow rates is now more commonly used in considering removal of virus-laden airborne particles [13,14]. Equivalent clean air flow rates are calculated as a combination of the outdoor air provided by mechanical or natural ventilation, recirculated HVAC air that has been filtered, and air that has been filtered by portable air cleaners (PACs). Studies have shown that the use of PACs can help to remove particles and pathogens indoors to reduce the risk of airborne transmission [15,16,17] and to reduce indoor exposure to outdoor pollution (e.g., due to wildfire smoke or heavy traffic) [18,19]. Many classrooms in California are now equipped with PACs intended to provide supplemental clean air. Online tools are now available to assist schools in sizing PACs and estimating their effectiveness [20,21]. However, these tools provide only theoretical estimates and assume ideal conditions (e.g., continuous PAC operation at the highest speed), which can differ significantly from actual operating conditions. Park et al. (2020) conducted an observational study of 34 elementary schools in Korea that did or did not use PACs, to evaluate the effect of using air cleaners on concentrations of indoor PM. They found that school location, classroom occupant density, and ambient PM levels could all significantly affect classroom PM concentrations, and the adjusted PM levels in classrooms using PACs were approximately 35% lower than in classrooms not using them [22]. To the best of our knowledge, there is no large-scale published study available on simultaneously monitored PAC in-use operations, outdoor VRs, and corresponding indoor and outdoor PM in California classrooms under various conditions of classroom ventilation and outdoor air quality. Since the COVID pandemic could have influenced the ways in which school facility staff and teachers operate classroom HVAC system ventilation and PAC settings [23,24], it is important to conduct studies that monitor the state of ventilation and IAQ conditions in California K-12 schools.



This paper reports a pilot monitoring study of classroom outdoor air VRs, PAC operation, indoor and outdoor PM, and indoor temperature and relative humidity (RH) over a 7-week period in 2022 in four mechanically ventilated classrooms in California. Indoor CO2 concentrations were continuously monitored and used to estimate VRs based on the mass-balance equation, an approach commonly used because directly measuring outdoor VR airflows can be difficult in many classrooms [11,12,25]. The concentrations of indoor and outdoor PM were also continuously monitored. Qualitative information on the morphology and elemental composition of indoor and outdoor particles, integrated over the entire study period, was also obtained. During the study period, facility staff and teachers were asked to maintain their usual operation of classroom HVAC systems, PAC, and opening/closing windows/doors.



The study was observational, with the primary goals of (1) testing a field protocol for simultaneous monitoring of VRs, PAC operation, and the correlation between indoor and outdoor PM, and (2) gaining an initial understanding of how teachers actually operate PACs in classrooms when they are not given specific operation instructions. Although limited by a small sample size, this study provides useful data on the actual ventilation and PAC operation conditions and their impact on IAQ in California classrooms already equipped with mechanical ventilation systems and efficient filters (Minimum Efficiency Reporting Value (MERV) 13). Additionally, this study provides insights on factors to consider in designing an effective larger study about the real-world use and effects of PACs in California classrooms.



The protocol proposed in this study combines existing methods previously used separately (low-cost sensors for PM monitoring, passive air samplers for PM morphology and composition, CO2 measurement as a ventilation rate indicator, and power measurement for PACs), and links the data together to gain overall insights into how a school’s ventilation and air cleaning systems are operated and performing on a daily basis. Traditionally, sustainable buildings often place more emphasis on the efficiency of resource use (e.g., energy efficiency), greenhouse gas emission reduction, and decarbonization. Building operations intended to ensure good IAQ, although acknowledged for the importance of enhancing health and student learning performance, have sometimes been associated with concerns of higher energy consumption. However, an important aspect of sustainability for buildings is the direct impact on occupants’ health and well-being. Sustainability requires a balance between immediate human impacts and larger environmental impacts. For this reason, it is important to fully understand the implications of specific building operation practices on both the welfare of the occupants and on energy use. The insights gained though the combined IAQ, ventilation, and air cleaner monitoring reported in this study can help schools to operate their ventilation and air cleaning systems more efficiently and effectively, and to optimize the balance of human and environmental effects. Schools can both maintain good IAQ and achieve their building sustainability goals if they make prompt system and behavior adjustments based on monitoring data.




2. Materials and Methods


2.1. Classroom Selection


This pilot study includes measurements in four classrooms in a California K-8 school (i.e., serving kindergarten to 8th grade students). The school site is in San Jose, California, and was selected based on availability. The nearest fixed ambient air monitoring site operated by the U.S. Environmental Protection Agency (EPA) is about 3 miles from the school site. Within this school, we purposely selected four similar mechanically ventilated classrooms based on the following considerations:




	
Elementary classrooms usually have a fixed group and number of students, which implies a more consistent total generation rate of CO2 and allows for more accurate estimation of daily VRs from CO2 measurements.



	
Having classrooms of the same mechanical ventilation system design and floor plans and within the same building helps to minimize the effects of variation in these factors on IAQ measurement results. The remaining influencing factors are mainly related to operational behaviors (e.g., HVAC maintenance and operation by school facility workers; classroom PAC operation, thermostat setting, and window/door opening by teachers), which were not altered in this observational study.









2.2. Classroom Characterization and Occupancy


Table 1 summarizes information about classroom characteristics and occupancy. Each classroom has its own separate but identical packaged rooftop unit providing mechanical ventilation. According to the school maintenance staff, the HVAC systems are programmed to operate from 2 h before classes start and then continuously until 2 h after classes end. The filters installed in the HVAC systems, all with a Minimum Efficiency Reporting Value (MERV) of 13, are replaced every 3 months. According to the school’s HVAC contractor, the outdoor air dampers were set at a fixed opening that could provide about 15–18% outdoor air fraction (i.e., outdoor air supply was about 15–18% of the total supply air flow rate) for all classrooms during the study period. Additionally, each classroom had already been equipped with a PAC. We conducted field visits before and after the study period and obtained characteristics of each classroom, including classroom dimensions, floor material, and PAC type and model. During the field visits, we also measured the classroom supply and return air flow rates using a balometer (CH-15D Standard Hood, Evergreen Telemetry, Mesa, AZ, USA) and then converted the measurements to air changes per hour (ACH). As for occupancy, the selected classrooms were either Grade 1 or 2 and expected to have a fixed group of students daily. We obtained daily records of the number of students in attendance from the school office.




2.3. Portable Air Cleaner Characteristics


Two brands/models of PAC were used in these classrooms (see Table 1). Both PAC models are based on a high-efficiency particulate air (HEPA) filter with an optional ionizer (i.e., a selection button turns it on or off). During the field visits, all ionizers were turned off. We assumed that the ionizers were kept off during the whole study period, and that our results reflect the effect of only the HEPA filters.



Before the study period, by measuring the power consumption at different speed settings for each PAC, we established a link between the power usage and specific PAC speed level settings (see Table 2).




2.4. Air Sampling and Monitoring of Indoor Environmental Parameters


2.4.1. Real-Time Measurements and Instruments/Sensors


The PAC operation and selected IAQ parameters were continuously monitored over a 7-week period (25 April 2022–9 June 2022). All monitors were installed during the week of school spring break (18 April 2022–22 April 2022). Table 3 summarizes the parameters that were measured, the instruments/sensors used for each, and their specifications. All the sensors and dataloggers were newly purchased before the study. Sampling boards were preassembled containing a low-cost PM sensor, a passive aerosol sampler, and a datalogger with sensors for CO2, temperature, and relative humidity (RH). For each classroom, a sampling board was hung on a side wall about 1.6–1.8 m above the floor and at least 2 m away from the door and operable windows (Figure 1a). The PM sensor is based on light scattering technology with remote calibration by the sensor company. The CO2 sensor is based on nondispersive infrared (NDIR) detection technology. A plug load data recorder was connected to each PAC to record its power consumption, allowing us to track both PAC operation and fan speed level.



For outdoor air quality monitoring, a PM sensor and a passive aerosol sampler were installed on poles at a height of about 3 m above the ground at the school site (Figure 1b). The simultaneous indoor and outdoor monitoring allowed assessment of the relationship between indoor and outdoor PM.



No further operation instructions were given to school facility staff and teachers, so that measured results would reflect normal HVAC operation, PAC use, and window/door operation in each classroom.




2.4.2. Open-Face Passive Aerosol Samplers


The morphology and chemical composition of PM are important information for understanding toxicity and identifying the sources and types of PM. In this study, we collected PM using open-faced passive samplers (OPS) both outdoors and inside each classroom. The in-house-developed passive samplers were left open to the air during the entire study period, and later analyzed using scanning electron microscopy (SEM) (Tescan MIRA3 field emission SEM (Tescan, Brno, Czech Republic) with Bruker Quantax EDS (Bruker corporation, Billerica, MA, USA)) to measure qualitative PM morphology and elemental composition for particles sizes of 1–100 μm. The SEM was operated in high-vacuum mode, at 20 KV accelerating voltage and a working distance of 10 mm. The samples were not coated to avoid introducing unnecessary interference. To avoid charging effects, the analysis used either back scattering electron (BSE) mode or a combined imaging mode of 50% secondary electrons (SE) + 50% BSE. The same samplers have been used in our previous study for IAQ in childcare facilities [26].





2.5. Estimation of Daily Average Outdoor Air Ventilation Rate (VR)


The steady-state CO2 method was used to estimate daily VRs. Several previous school studies used a similar approach to estimate classroom VRs [11,12,27,28,29]. The underlying assumptions for using a steady-state approach, as outlined by Kabirikopaei and Lau (2020) [27], include:




	
The classroom can be reasonably regarded as a well-mixed single zone.



	
The number of students, the outdoor VR, and the outdoor CO2 concentration can be approximated as constants during the analysis period.



	
The student cumulative occupied hours are sufficiently long and the outdoor VRs are sufficiently high that a true (or near) steady-state can be reached within a school day.








In this study, since the number of students was fixed, the cumulative student-occupied hours were mostly over 5 h, and the classrooms were all mechanically ventilated with the aim of providing at least the minimum VRs required by the building code, we assume that the classrooms were well mixed and could reach near steady-state CO2 concentrations during a school day.



All VR estimations using CO2 concentrations were limited to school hours according to the official bell schedule (i.e., 8:10 a.m. to 2:35 p.m. for Monday/Tuesday/Thursday/Friday; 8:10 a.m. to 12:35 p.m. for Wednesday/Minimum Day). Using the steady-state mass balance model, the VR per person can be estimated for each school day by Equation (1).


  Q =     10   6   G     C   S S   −   C   o u t d o o r      



(1)




where



	
Q—outdoor air ventilation rate per person (L/s per person).



	
G—average CO2 generation rate per person in classroom (L/s per person).



	
Css—steady-state CO2 concentration in classroom (ppm).



	
Coutdoor—outdoor CO2 concentration (ppm).






The CO2 generation rate (G) is affected by factors such as the student age group, gender, body mass, and activity level. The choice of the average CO2 generation rate per person could lead to uncertainties in the estimated VRs. In this study, we used the value for age group 6–8 (i.e., 0.0031 L/s-person) from Batterman (2017) [30].



For the steady-state CO2 concentration (Css), we used the 95th percentile of CO2 values during school hours as an estimate. Based on the manufacturer’s specifications, the measurement accuracy of the CO2 sensors used in this study (HOBO MAX 1102A, ONSET, Bourne, MA, USA) was ±50 ppm or ±5% of the reading at 25 °C. This level of uncertainty is common for indoor CO2 sensors available in the market today.



For the outdoor CO2 concentration (Coutdoor), we assumed 400 ppm. Even though 400 ppm is often used as a reasonable estimate, actual outdoor values vary by location and may often be higher. Therefore, the assumed value of Coutdoor can be another source of uncertainty in VR estimates.



Due to the uncertainties discussed above for each input parameter, the estimated VRs based on the steady-state CO2 method were provided here only as an approximate indicator of classroom daily VRs.




2.6. Characterization of Indoor–Outdoor PM Relationships


The PM sensors report both PM2.5 (i.e., fine particles with a diameter of 2.5 µm or less) and PM10 (i.e., particles with a diameter of 10 µm or less). However, existing studies [31,32] and communications with the sensor company suggest that such low-cost sensors may not provide accurate readings for PM10. Therefore, we only focused on the analysis of PM2.5 concentrations.



The 1 h mean PM2.5 calibrated mass concentrations obtained from the sensor data platform were used. All analyses were limited to school hours according to the official bell schedule (i.e., using 1 h mean concentration data from 8 a.m. to 3 p.m. for Monday/Tuesday/Thursday/Friday, and from 8 a.m. to 1 p.m. for Wednesday/Minimum Day). The average daily PM2.5 concentrations (for school hours only) were calculated for outdoors and for each classroom. The indoor/outdoor (I/O) ratios and the percent indoor reductions from outdoor PM 2.5 concentrations (i.e., [(Outdoor Concentration − Indoor Concentration)/Outdoor Concentration]) were then calculated for each classroom.



The average indoor and outdoor particle morphology and elemental composition (i.e., integrated over the entire study period) were also compared through analysis of the passive aerosol samplers. Since the analysis was conducted qualitatively (rather than quantitatively), we report only the qualitative differences between indoor and outdoor PM types in Section 3.3 and Appendix A as additional information to support the general study findings.





3. Results


3.1. Classroom PAC Use Pattern


Table 4 summarizes classroom PAC use patterns based on the continuous power usage measurements and our prior determination of power usage for each fan speed level (see Table 2).



For the PAC operation time, we observed three general patterns, with some variation:




	
Continuous operation (i.e., including days/nights/weekends).



	
Operation during occupied hours only (i.e., turned on when teacher arrived in the morning and turned off when teacher left in the afternoon).



	
Sporadic/random operation with no clear pattern.








For the speed level settings, we observed PAC operation at all speed levels (i.e., Levels 1–4 but not Turbo), although the mid-level speeds (i.e., Level 2 or 3) seemed to be used more often.



These results suggest a lack of standardized direction in the operation of PACs, as teachers used them in a wide variety of ways.




3.2. Classroom CO2 Concentrations


Figure 2a shows the classroom CO2 concentrations over the 7-week study period. A typical classroom CO2 concentration profile during a school day that further illustrates daily details is shown in Figure 2b. The CO2 pattern is clear. The background CO2 concentrations during unoccupied times (e.g., nighttime and weekend) were stable. There were apparent increases in CO2 concentration in all classrooms during the occupied school hours. For each school day, the indoor CO2 concentration began to increase at the beginning of the day when students entered the classroom. Indoor CO2 had a dynamic increase or decrease corresponding to the class bell schedule during the day. After dismissal of the students, it gradually decreased to near background level. Except for a few days in classroom 1, the peak CO2 concentrations were all below 1100 ppm. Although no CO2 guideline value exists for current California classrooms, the 2022 California Green Building (CalGREEN) Code has set an indoor CO2 threshold of 1100 ppm for triggering notification to the facility staff or the teacher in newly constructed K-12 classrooms.



Figure 3 presents box plots comparing the distribution of daily 95th percentile CO2 concentrations during school hours among the four classrooms studied. The results indicate that although these four classrooms have the same mechanical ventilation systems by design, the 95th percentile daily CO2 concentrations varied for different days in each classroom and among different classrooms. The 95th percentile CO2 concentrations in classroom 1 had larger daily variations compared to the other classrooms, as shown by the larger interquartile range. The 95th percentile CO2 concentrations were less than 600 ppm on most days in classroom 3, which is substantially lower than in other classrooms.




3.3. Estimated Classroom Outdoor Air Ventilation Rates (VRs)


Figure 4 presents the box plot of estimated daily VRs per person using the method described in Section 2.5. Similar to the CO2 concentration measurement results, the estimated VRs varied for different days in each classroom and among different classrooms. It is important to note that the VRs estimated based on CO2 measurements reflect the total amount of outdoor air entering indoors (i.e., the sum of outdoor air entering through the mechanical HVAC system, open windows and doors, as well as infiltration through the building envelope), not only from mechanical ventilation.



The median values of estimated daily VRs during school hours were 6.0, 6.8, 37.4, and 9.2 L/s-person for classrooms 1 to 4, respectively. The mean values of estimated daily VRs over the study period were 8.8, 6.9, 48.8, and 9.5 L/s-person for classrooms 1 to 4, respectively. The median and mean values were close for classrooms 2 and 4. The larger difference between the median and mean value of estimated daily VRs in classroom 1 was consistent with the larger daily variations of 95th percentile CO2 concentrations measured in this classroom. From the one-time measurement during the field visit day, we observed a substantially larger difference between the total supply air flow rates and return air flow rates measured using the balometer in this classroom compared to classrooms 2 and 4, suggesting that the mechanical ventilation system in this classroom might not be well balanced and thus led to more variation in providing daily outdoor air ventilation. As for classroom 3, the estimated daily VRs were much higher (i.e., with a mean almost six times as high as the overall mean of the other three classrooms, and substantially above the minimum 7 L/s-person VR required by the California building code) compared to the other three classrooms. This was consistent with the much lower 95th percentile CO2 concentrations measured in this classroom, suggesting that outdoor air other than that from the mechanical ventilation alone was entering indoors during the study period (such as from open windows/doors). The low indoor CO2 concentrations also led to larger uncertainties in the estimated VRs, which will be discussed in more detail in Section 4.3.




3.4. Indoor–Outdoor PM Relationship


3.4.1. PM2.5 Mass Concentration


Figure 5 shows the measured classroom as well as outdoor PM2.5 calibrated mass concentrations. Currently, there is no IAQ standard that specifically regulates indoor PM2.5 concentrations in the U.S. For ambient (outdoor) air, the US Environmental Protection Agency (EPA) regulates both 24 h and annual PM2.5 concentrations. The 24 h standards (35 µg/m3) are designed to protect the public from short-term exposure, and annual standards (12 µg/m3) are designed to protect the public from long-term exposure. 12 µg/m3 is also the upper end of the range for the “Good” Air Quality Index (AQI) category defined by the U.S. EPA. The results indicate that the outdoor air quality at the school site during the study period was mostly good (PM2.5 < 12 µg/m3), with only a few days listed as moderate (PM2.5 between 12.1–35.4 µg/m3). The classroom indoor PM2.5 concentrations were all lower than 12 µg/m3, and were lower than outdoor concentrations whenever the outdoor concentrations were relatively high (>10 µg/m3), suggesting the effectiveness of the filtration strategies used in these classrooms (e.g., PACs and MERV 13 filters) for removing fine particles.



Figure 6a presents box plots of daily mean PM2.5 concentrations during school hours in classrooms, as well as corresponding outdoor values. The distribution of the daily percent indoor reductions from outdoor PM2.5 concentrations is plotted in Figure 6b. The median percent indoor reductions from outdoor PM2.5 concentrations range from 15% to 45% among the four classrooms. Classroom 3 had the lowest median percent reduction (15%). This lower reduction is consistent with the observation of substantially lower indoor CO2 concentrations and higher estimated daily VRs compared to other classrooms, suggesting that an extra amount of unfiltered outdoor air might be entering indoors through open windows or doors.




3.4.2. Qualitative PM Morphology and Elemental Composition


Figure 7 compares the morphology of PM indoors and outdoors collected by passive samplers. The SEM results for indoor passive samplers from classrooms 1, 2, and 4 were very similar. A typical SEM image from classroom 1 is shown in Figure 7a. The SEM images from classroom 3 and outdoors are shown in Figure 7b and Figure 7c, respectively. Results indicated that qualitatively more particles were deposited on the passive sampler in classroom 3 compared to those in other classrooms. The results also suggested that there were some differences between indoor and outdoor PM types. The indoor PM contained a higher proportion of carbon-rich fibers. Our previous study suggested that this particle type mainly originates from carpets and possibly from students’ clothes [26], which could be made of either cotton or microplastic fibers. The outdoor air sample exhibited greater total numbers of particles, generally larger particles, and fewer textile fibers. The higher concentrations of larger PM collected outdoors were possibly generated from resuspension caused by activities in the nearby school playground. The unique fiber morphologies shown in Figure 7c are consistent with spider webs deposited on the open-face sampler due to the long-term outdoor deployment. More details about the relative elemental profiles for indoor and outdoor PM can be found in Appendix A.






4. Discussion


4.1. Ventilation and Air Quality in the Studied Classrooms


For the four classrooms we studied, the results indicate that classroom overall outdoor VRs and IAQ (in terms of PM) were generally well maintained.



The mean values of estimated daily VRs per person over the 7-week study period ranged from 6.9 to 48.8 L/s-person, a range from close to, to far above the minimum VR requirement of 7 L/s-person. The much higher estimated VRs in classroom 3 (i.e., mean value of 48.8 L/s-person) imply that additional outdoor air was entering through open windows or doors. Based on the number of students and the classroom volume information collected (see Table 2), 48.8 L/s-person converts to an estimated air change rate (ACH) of 13.5, which is within the ACH ranges (i.e., 5–37 ACH) observed in some Southern California schools with HVAC operating in addition to open windows [33]. Further investigation would be needed to confirm the HVAC system operation status and window/door operation behavior in this classroom during the study period.



All classrooms had lower daily mean indoor PM2.5 concentrations during school hours compared to outdoors, demonstrating the overall effectiveness of the strategies the school used to control indoor particle concentrations. It should be noted that this study monitored only indoor PM concentrations, without attempting to measure or estimate the virus concentrations in those particles. The generation and dynamics of infectious particles in indoor environments are very complex and have multiple uncertainties [34]. Although it is generally believed that lowering airborne particle and pathogen concentrations indoors helps to reduce COVID transmission, it is beyond the scope of this pilot study to explicitly link the measured indoor PM concentrations to classroom COVID transmission risk levels. Additionally, classroom 3 had the highest estimated overall VRs but the lowest percent indoor reductions relative to outdoor PM 2.5 concentrations. This suggests that although higher VRs are desired for reducing indoor transmission of airborne viruses, they could bring in more outdoor contaminants if outdoor air is not filtered.




4.2. PAC Operation and Its Impact on Measured Indoor PM


This pilot study demonstrated that classroom use patterns of PACs can vary significantly in field applications. Operating schedules for PACs largely depend on the operators’ underlying concerns. A school using PACs mainly for COVID risk management would, in theory, operate PACs at their highest speed during all occupied hours to achieve a maximum reduction in exposure risk. On the other hand, schools using PACs mainly for reducing wildfire smoke exposure indoors might operate them only during wildfire events when outdoor air quality is poor. Other factors that could potentially affect schools’ and teachers’ decisions on PAC operation add further complexity. For example, energy costs related to PAC operation can be a barrier preventing schools from continuously operating PACs [24]. Also, because excessive noise levels may interfere with students’ learning and have been a concern in classroom environments [35], teachers may turn off PACs or set them at lower fan speed levels to reduce the noise. More guidance is therefore needed to help schools standardize and optimize classroom PAC use (placement, operating time, speed level setting, noise considerations, etc.).



Previous field studies that demonstrated the effectiveness of PACs in reducing classroom PM concentrations have mostly been conducted in areas of heavier outdoor pollution, or during short-term events with elevated outdoor pollution (e.g., wildfire smoke) [19,22,36]. In this study, indoor PM2.5 concentrations were generally low in all classrooms. We observed no clear relationship between PAC use pattern and indoor PM2.5 concentrations. One possible reason is that each of these classrooms had a mechanical ventilation system that used an efficient MERV 13 filter to remove particles from the air supplied to the classroom (a mixture of outdoor air and recirculated air), which provides a large equivalent outdoor (clean) air flow rate. This could make any additional cleaning of air delivered by the PAC less detectable. Other contributing factors include the generally low background PM2.5 concentrations during the study period, and the limited ability of low-cost PM sensors to precisely measure low concentrations of particles.



This study demonstrated a specific set of conditions in which continuous operation of PACs may not be fully necessary under nomral situations, i.e., in classrooms with well-maintained, continuously operating HVAC systems with MERV 13 filters, when the outdoor air quality is good. Optimization of daily PAC operation considering classroom characteristics and environmental conditions is desirable because it helps schools reduce energy use related to PACs. Other existing studies have also demonstrated the effectiveness of high-efficiency HVAC filters alone in improving classroom IAQ [37,38,39]. It should be noted that our study observations only apply to normal operation periods. When a school building is operating in “infectious risk management mode” as described in the recently introduced Standard for Control of Infectious Aerosols [14], PACs would need to be continuously operated at the highest speed level setting in order to provide their nominal clean air delivery rate (CADR). In this case, control of indoor-generated pathogens (i.e., emitted from infectious persons) would be the goal rather than reducing the indoor levels of PM originating outdoors.




4.3. Uncertainties in Interpreting CO2 Data and Estimating Outdoor Air VRs


Kabirikopaei and Lau (2020) conducted CO2 measurements in 220 classrooms in the Midwestern region of the U.S. and analyzed the uncertainties of three commonly used methods for estimating VRs based on CO2 concentrations, including steady-state, decay rate, and build-up method [27]. They found that the steady-state method has the least uncertainty in estimating classroom VRs. The calculated uncertainty for estimated VRs based on the steady-state method was 6–23% for the 220 classrooms they studied. They also showed the steady-state CO2 concentration (Css) contributes to the largest portion of uncertainty for this method, followed by outdoor CO2 concentration (Coutdoor) and then the average CO2 generation rate per person (G).



In our study, we estimated VRs per person based on the 95th percentile CO2 concentration from real-time monitoring using the steady-state method. We observed that the uncertainty of estimated VRs could be bigger than the range shown by Kabirikopaei and Lau (2020) [27] and the largest contributor to uncertainty could vary depending on the level of measured CO2 concentration. Firstly, the uncertainty related to CO2 generation rate can be bigger depending on how age groups are lumped together and other assumptions about occupants (i.e., physical activity level, gender, and body mass). For example, for classrooms of age 8, the average CO2 generation rate per person used in various previous school studies range from 0.00285 L/s to 0.0047 L/s [12,27,28,30,40], a relative difference of 50% and therefore a potential uncertainty as large as ±25%. Secondly, we found that the uncertainty related to the measurement or assumption of Coutdoor cannot be neglected when the measured Css is low and relatively close to Coutdoor. Consider an example scenario in which Css is 500 ppm and Coutdoor is 400 ppm. If both Css and Coutdoor have an uncertainty of ±50 ppm, the uncertainty related to (Css − Coutdoor) (which is equal to 100 ppm) would be 71 ppm, a relative uncertainty as large as 71%. Finally, the peak observed CO2 may not reach the steady-state level if the classroom has low VRs or short class time periods. If Equation (1) is applied to CO2 concentrations measured before reaching steady state, or if steady state is never reached, the VR could be overestimated [40,41]. More research is needed to analyze various classroom scenarios and better quantify the range of systematic errors and uncertainty for estimating VRs using CO2 monitoring data.




4.4. Limitations of the Study


This pilot study had a small sample size of four classrooms and only included classrooms that have mechanical ventilation systems equipped with MERV 13 filters. The study collected purely observational and measurement data without conducting interviews or surveys on the behaviors of the school facility staff and teachers related to HVAC system operation and window/door opening. The monitoring campaign was for a 7-week period during which the outdoor air quality was mostly good with only a few days listed as moderate. Additionally, this study monitored only the indoor and outdoor PM concentrations, without attempting to estimate the specific generation and removal rate of potential virus-laden particles from indoor sources.



Other limitations include the limited particle size distribution information due to the use of low-cost PM sensors and the assumed outdoor CO2 concentration instead of actual measurements.





5. Conclusions


Adequate ventilation and good IAQ are important for schools. In this pilot study, we successfully demonstrated a feasible field protocol and data analysis procedure by applying them to simultaneously monitor classroom CO2, PAC usage patterns, indoor and outdoor PM concentrations, and composition during a 7-week period in four occupied classrooms. The results indicate that the overall outdoor VRs and indoor PM2.5 levels were generally good in the studied classrooms, which were equipped with mechanical ventilation and MERV 13 filters. Although the four classrooms had the same type of mechanical ventilation system, we were able to detect the evident impact of operational behavior on ventilation and IAQ in one classroom through the real-time monitoring of CO2 and PM concentrations, demonstrating the benefit of setting up real-time IAQ monitors in classrooms in additional to the periodic professional assessment of the HVAC system and IAQ. Our study also revealed that the uncertainty related to interpreting CO2 data and estimating VRs can be significant, which needs to be properly communicated to the school community.



As for PAC operation patterns, the results indicate that teachers used PACs in a wide variety of ways in actual classrooms. We observed no clear correlations between PAC use patterns and indoor PM2.5 concentrations or PM types in this specific pilot study, most likely due to low outdoor concentrations and efficient central HVAC filtration. When suitable additional school sites for study are identified and can be accessed, we plan to repeat these measurements under different classroom conditions (e.g., during wildfire events, in higher outdoor pollution areas, and in classrooms with no central ventilation and/or air filtration) and to investigate teachers’ operational behaviors (e.g., window/door opening, PAC setting preference) in order to provide more evidence-based guidance to schools/teachers on the optimization of PAC use and IAQ in classrooms.
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Appendix A


Figure A1 compares relative elemental profiles for indoor and outdoor PM. The results were obtained from EDS analyses of particles smaller than 2.5 μm from randomly selected images. The percentage of carbon content shown in Figure A1 has been corrected for the portion of the carbon content that comes from the sampler substrate using a similar analysis method to that described in a previous study [26]. The results show that indoor PM had much higher carbon content (i.e., more than double) compared to outdoor PM. The calcium content of indoor PM was also higher compared to that of outdoor PM. On the other hand, the amount of silicon, phosphorus, sulfur, and iron was higher for outdoor PM than indoor. It is possible the high silicon concentrations were from school playground sand outdoors where students were playing or having PE classes. The phosphorus and sulfur in outdoor PM possibly originated from biological materials, including spider webs and other small insect parts deposited on the sampler surface.
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Figure A1. Example typical element weight percentages of indoor and outdoor PM. 
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Figure 1. Example photos of deployed monitors/devices: (a) the sampling board (indicated by red rectangular box) installed on a side wall in one classroom, and (b) the low-cost PM sensor and passive air sampler (indicated by red rectangular box) installed outdoors at the school site. 
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Figure 2. Classroom CO2 concentrations: (a) Over entire study period. The red line corresponds to a CO2 concentration of 1100 ppm, the level for triggering a notification to the facility staff or the teacher in new K-12 classrooms as required in the 2022 CalGREEN code. (b) Example typical daily profile (for classroom 2 on 19 May 2022). 
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Figure 3. Summary of 95th percentile CO2 concentrations by classroom. 
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Figure 4. Summary of estimated VR per person by classroom. The expanded plot at the bottom shows VR over the range of 0–15 L/s/person for better comparison with the minimum VR required in the California building code. 
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Figure 5. Classroom and outdoor PM2.5 concentrations. The red line corresponds to a PM2.5 concentration of 12 µg/m3, the upper end of the range for the “Good” Air Quality Index (AQI) category defined by the U.S. EPA. 






Figure 5. Classroom and outdoor PM2.5 concentrations. The red line corresponds to a PM2.5 concentration of 12 µg/m3, the upper end of the range for the “Good” Air Quality Index (AQI) category defined by the U.S. EPA.



[image: Sustainability 16 02052 g005]







[image: Sustainability 16 02052 g006] 





Figure 6. Summary of indoor vs. outdoor PM2.5 concentrations: (a) distribution of daily mean PM2.5 concentrations during school hours, and (b) distribution of daily percent indoor reduction of outdoor PM2.5 concentrations by classroom. 
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Figure 7. Comparison of the morphology of indoor and outdoor PM from the analysis of passive air samplers: (a) classroom 1, (b) classroom 3, and (c) outdoors. Images were obtained using scanning electron microscopy and shown using the same scale. 
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Table 1. Characterization of studied classrooms.
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	Parameter
	Classroom 1
	Classroom 2
	Classroom 3
	Classroom 4





	Room volume a
	260 m3

(9180 ft3)
	260 m3

(9180 ft3)
	260 m3

(9180 ft3)
	260 m3

(9180 ft3)



	Floor material
	Carpet
	Carpet
	Carpet
	Carpet



	Grade level
	1
	1
	2
	1



	Number of students b
	19 (14–19)
	19 (15–19)
	22 (17–22)
	20 (17–20)



	PAC type/model c
	A
	B
	A
	A



	Ventilation system d
	Mechanical, HVAC system
	Mechanical, HVAC system
	Mechanical, HVAC system
	Mechanical, HVAC system



	HVAC Filter
	MERV 13
	MERV 13
	MERV 13
	MERV 13



	Total supply air changes per hour during school field visit day(s) (ACH) e
	12.2
	12.9 ± 0.3
	n/a
	11.8 ± 0.1



	Total return air changes per hour during school field visit day(s) (ACH) e
	3.5
	10.3 ± 0.3
	n/a
	9.5 ± 0.2







a All classrooms have similar floor plans, with a floor area of 95 m2 (1020 ft2) and ceiling height of 2.74 m (9 ft). b This row shows, in each classroom, the expected number of students (range of actual daily attendance of students during the study period). c PAC type A is Alen Breathesmart 75i True HEPA Air Purifier (Alen Corporation, Austin, TX, USA), and type B is Medify Air MA-112 (Medify Air, Boca Raton, FL, USA). d We did not monitor the classroom window/door opening conditions. Some classroom(s) might have kpt them open during the study period, thus also providing natural ventilation. e School field visits were conducted on days without student presence (i.e., during spring break or after the semester ended). For classroom #1, results were based on measurements conducted during the 2nd school visit (i.e., on 15 June 2022 after study period) since the HVAC system in the classroom was not turned on during the 1st school visit (i.e., on 18 April 2022 before study period). For classrooms #2 and #4, results were average ± one standard deviation of measurements conducted during 1st and 2nd visits. For classroom #3, the HVAC system was not operating during both field visit days and therefore no measurements could be made. The reason why the HVAC system in classroom #3 was not on during the school field visit days was not clear.













 





Table 2. PAC fan speed level setting and corresponding power usage.
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PAC Setting Levels a

	
Power Usage (Watts) b




	
Classroom 1

	
Classroom 2

	
Classroom 3

	
Classroom 4




	
PAC Model A

	
PAC Model B

	
PAC Model A

	
PAC Model A






	
Level 1

	
63.1

	
10.7

	
66.1

	
66.1




	
Level 2

	
76.7

	
20.1

	
80.1

	
80.6




	
Level 3

	
92.1

	
39.8

	
95.2

	
95.3




	
Level 4

	
101.8

	
85.0

	
104.7

	
105.1








a PAC type A has four fan speed levels (Level 1–4) and an additional Turbo level (higher speed than Level 4); PAC type B has four fan speed levels (Level 1–4). b Power usage was measured and recorded using a plug load datalogger (HOBO UX 120-018, ONSET, Bourne, MA, USA). Power usage at Turbo level for PAC type A was not reported because it was not observed in actual PAC use monitoring.













 





Table 3. Summary of parameters measured and measurement instruments/sensors.
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Parameter Measured a

	
Instrument/Sensor

	
Accuracy Specifications






	
PAC power usage (watts)

	
Onset HOBO UX120-018 Plug load datalogger (ONSET, Bourne, MA, USA)

	
0.5% up to 14 Amp continuous




	
Indoor PM concentration (µg/m3) b

	
Clarity Node-S (Clarity, Berkeley, CA, USA)

	
±10 µg/m3 from 0 to <100 µg/m3;

within ±10% of measured value from 100 µg/m3 to 1000 µg/m3




	
Outdoor PM concentration (µg/m3) b

	
Clarity Node-S




	
Indoor CO2 concentration (ppm)

	
Onset HOBO MX1102 datalogger (ONSET, Bourne, MA, USA)

	
CO2: ±50 ppm or ±5% of reading at 25 °C from 0 to 5000 ppm;

Temperature: ±0.21 °C from 0° to 50 °C;

RH: ±2% from 20% to 80% typical to a maximum of ±4.5% including hysteresis at 25 °C




	
Indoor thermal conditions (temperature, RH)

	
Onset HOBO MX1102 datalogger








a Measurement conducted in real time, with data logged/recorded every 1–5 min. b Raw concentration data are reported for PM1, PM2.5, and PM10. Calibrated concentration data are for PM2.5 only. Accuracy specifications are based on PM2.5 calibrated mass concentrations.













 





Table 4. Summary of PAC use patterns.
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	Classroom No.
	PAC Type
	PAC Operation Time
	Fan Speed Setting a





	Classroom 1
	A
	During occupied school hours only b
	Level 2



	Classroom 2
	B
	Sporadic/random operation c
	Level 1, 2, or 3



	Classroom 3
	A
	Mostly continuous 24/7 operation d
	Level 4



	Classroom 4
	A
	Continuous 24/7 operation e
	Level 2 or 3







a PAC type A has four fan speed levels (Level 1–4, with Level 1 as lowest) and an additional Turbo level (which was not used during this study); PAC type B has four fan speed levels (Level 1–4, with Level 1 as lowest). b The PAC was turned on only during the occupied hours each school day. c The PAC operation pattern seemed random. On many days, the PAC was not turned on. When it was turned on, the fan speed level was set at either 1, 2, or 3, with no apparent pattern. d The PAC was operated continuously most days (including days, nights, and weekends). However, there were a few days in which the PAC was turned on only during occupied hours or not turned on at all. e The PAC was operated continuously every day (including days, nights, and weekends) with a fan speed setting initially at 2 and later (after 11 May 2022) at 3.
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