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Abstract

:

Ventilation and filtration control play a critical role in determining indoor PM2.5 (particles less than 2.5 μm in aerodynamic diameter) concentrations of outdoor or indoor origin in residential environments. The objective of this study was to investigate the combined effects of flow rates and filter efficiency on indoor PM2.5 concentrations of residential buildings in Seoul, Korea. Using a particle model based on a mass–balance equation, parametric analysis was performed to examine indoor PM2.5 concentrations according to flow rates and filter efficiency under a wide range of outdoor concentrations and indoor generations. Results showed that ventilation control equipped with a medium–efficiency filter was as effective as that with a high-efficiency filter under normal outdoor concentration and high indoor generation rate conditions. It is not recommended to apply a low-efficiency filter because indoor concentration increases rapidly as outdoor PM2.5 increases when ventilation flow rate is high. For filtration control, it is important to increase both flow rate and filter efficiency in order to improve indoor PM2.5 concentration.
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1. Introduction


Human exposure to high particle concentrations was identified as an important cause of various diseases, including asthma, lung cancer, cardiovascular disease, coronary heart disease, and premature death [1,2,3]. In particular, particles less than 2.5 μm in aerodynamic diameter (PM2.5) have a larger surface area than that of coarse particles, thus, they are more likely to adsorb harmful substances such as heavy–metal elements on the surface while staying in the atmosphere for a long time [4]. Moreover, smaller particles can penetrate deeper into the human body and therefore have a higher potential of hazardous health risk than that of larger particles [5,6].



Since people spend most of their time indoors, indoor particle concentrations need to be managed below acceptable levels to minimize exposure to particle pollutants. Several studies evaluated parameters that affect indoor PM level and potential control strategies. Fisk et al. [7] evaluated indoor-fine-particle concentration depending on filter efficiency. Howard–Reed et al. [8] analyzed the effect of ventilation and filtration on indoor particle concentration reduction under different indoor generation conditions and concluded that filtering with an air cleaner reduces indoor particle concentration more effectively than ventilation does. Jamriska et al. [9] analyzed the impact of the ventilation rate on indoor PM concentration according to four different indoor and outdoor conditions: (1) high outdoor and low indoor concentration, (2) high outdoor and high indoor concentration, (3) low outdoor and high indoor concentration, and (4) low outdoor and low indoor concentration. Ben-David and Waring [10] reported that an outdoor air economizer and filter efficiency could greatly impact indoor PM2.5 concentration.



To date, relatively few studies have investigated combined effects of air-flow rate and filter efficiency on indoor particle concentration when a ventilation system and filtration device are applied. Ruan and Rim [11] examined the combined effects of outdoor air-flow rate and filter efficiency in controlling outdoor–pollutant concentrations, and proposed proper filter efficiency and ventilation flow rate to control indoor PM2.5 during extreme outdoor conditions. Ren et al. [12] analyzed the performance of five control strategies, including higher-level filters, minimal outdoor air-flow rate, portable air cleaners, and combinations of these options to reduce PM2.5 exposure in offices. The results of two studies [11,12] showed that it is advantageous to reduce ventilation rates and increase filter efficiency because indoor PM2.5 concentration increases mainly due to outdoor origin particles rather than indoor origins in the office environments.



Unlike office environments, residential indoor PM2.5 increases not only by penetration from outdoors but also by generation from indoor combustion sources, including burning of candles [13,14,15], cooking [14,15,16,17], and smoking [13,18,19]. Since indoor-sourced particles contribute substantially to PM2.5 concentrations of the residential environment, indoor PM2.5 level is determined by both outdoor and indoor conditions, and the combined effects of parameters associated to control. Zhong et al. [20] analyzed the effect of the air-flow rate and filter efficiency of ventilation systems in residential buildings and showed the different effects of ventilation on indoor- and outdoor-sourced PM2.5. Results indicated that an increase in ventilation rates reduced the exposure concentration from indoor sources, while increasing exposure concentration from outdoor sources. However, Zhong’s study only considered ventilation control and proceeded under indoor and outdoor environmental conditions limited to three outdoor–particle concentration levels, and an identical indoor particle generation schedule. The objectives of this study are to (1) evaluate the combined effects of ventilation- and filtration-control parameters on indoor PM2.5 concentrations; and (2) to present recommendations for operation of ventilation and filtration system in accordance with outdoor and indoor PM2.5 conditions. For this purpose, indoor PM2.5 was analyzed according to the flow rates and filter efficiency of the ventilation and filtration system in a typical Korean residential building, in a wide range of indoor and outdoor PM2.5 conditions. The results of this study contribute to understanding the effect of control parameters on indoor PM2.5 and addressing the basic control strategies for ventilation and filtration system of residential building.




2. Method


Simulations were carried out using a particle model in order to analyze the combined effects of ventilation and filtration control parameters on indoor PM2.5 concentrations in residential buildings. The research process of Figure 1 is as follows:




	(1)

	
Describe an indoor particle model on the basis of a mass–balance equation.




	(2)

	
Estimate parameters by experiments.




	(3)

	
Validate estimated parameters using indoor particle model and independently measured data.




	(4)

	
Determine the valid range of outdoor and indoor PM2.5 conditions in residential buildings.




	(5)

	
Analyze combined effect of ventilation and filtration system control parameters using a simulation model and recommend a ventilation and filtration system operation according to the indoor and outdoor PM2.5 conditions.









2.1. Mass–Balance Model


A mass–balance model was used to examine the influence of parameters on indoor PM2.5 concentrations and a MATLAB program was developed for generating indoor PM2.5 concentrations depending on    Q V  ,    Q f  ,    η v  ,    η f  ,    C  o u t     a n d   G .   Figure 2 shows the mechanism of indoor particle concentration in a space equipped with a mechanical ventilation system and a filtration system, and indoor particle concentration can be calculated using Equation (1). The first and second terms of Equation (1) describe the outdoor source, which includes outdoor particles transported to the building via infiltration and ventilation. P is defined as the fraction of particles in the infiltration air that passes through the building shell, which acts as a filter. G represents indoor–generation rates. The rest of the terms in Equation (1) explain indoor particle removal due to exfiltration, ventilation, deposition onto indoor surfaces, and indoor air filtration system. k is defined as the fraction of particles settled onto indoor surfaces during an hour:


    d  C  i n     d t   = P λ  C  o u t   +  (  1 −  η v   )     Q V   V   C  o u t   +  G V  − λ  C  i n   −    Q V   V   C  i n   − k  C  i n   −  η f     Q f   V   C  i n    



(1)







	
   C  i n    : indoor particle concentration (   μ g  /  m 3   );



	
   C  o u t    : outdoor–particle concentration (   μ g  /  m 3   );



	
 λ : infiltration/exfiltration rate (   h  − 1    );



	
 P : penetration coefficient ( − );



	
   η v   : particle removal efficiency of ventilation system ( − );



	
   η f   : particle removal efficiency of filtration system ( − );



	
   Q v   : ventilation air-flow rate (m3/h);



	
   Q f   : filtration air-flow rate (m3/h);



	
 G : indoor generation rate (   μ g   /h);



	
 k : deposition rate (   h  − 1    );



	
 V : room volume (   m 3   );



	
 t : time ( h ).







2.2. P, k, ηv, and ηf Estimation


Equation (1) includes various parameters to be fitted. Among the parameters, P and k vary greatly depending on particle size, building characteristics, and environmental conditions. P and k of PM2.5 were presented by several researchers [21,22,23,24,25,26,27]; however, P and k are also affected by building characteristics. The structure and envelop types of Korean housing is different from those of residential buildings tested in previous documents, and few studies have suggested P and k values of PM2.5 for houses in Korean [24]. Apartments are the most common type of housing in Korea (more than 50 percent of the total housing type is occupied by apartments) [28]. Most apartments of Korea have a common size (59 or 84) and common structure type (reinforce concreate). Finishing materials also have a common type. Walls and ceilings are finished with wall paper and floors are finished with wood. Recent apartments have similar plan with three- or four-bay (bay means the number of rooms facing outdoors in line with the living room, including the living room) and a mechanical ventilation system is mandatory. New apartments have high-sealed windows to save cooling and heating energy, which could affect the penetration coefficient [29]. To obtain coefficients P and k as well as filter efficiency of system in a new apartment house in Korea, experiments were carried out for 20 days from 4 July 2017 to 23 July 2017. The apartment was equipped with a heat recovery ventilation system and portable air cleaning system, which are widely used in Korean dwellings. A ventilation system delivered outdoor air to each room by supply duct and extract indoor air from living room and dress room by exhaust duct. Two fans (supply fan and exhaust fan) were installed in the ventilation unit to deliver air and flow of supply air and exhaust air were independent in the duct system. A portable air filtration device was applied and located in the living room. Both the ventilation and filtration system provide flow rates in three stages. The experiment was conducted on a portion of the apartment (inside area of the red line of Figure 3a) that could be assumed as a single zone (the door gap was sealed by clear tape to prevent airflow between the rooms). Specifications for test building and systems are summarized in Table 1 and Table 2.



Coefficients P and k could be obtained by fitting the natural decay curve using coincidently measured outdoor concentration and air exchange rate (ACH) [30,31,32]. The location and pictures of measurements of indoor and outdoor concentrations and air–exchange rates are shown in Table 1 and Figure 3. For these tests, candles were burned to generate PM2.5 and all windows were opened to introduce outdoor PM2.5 at the beginning, and indoor air was stirred by fans for a well-mixed air condition. Data were collected during the period of indoor concentration, showing a natural decay curve after the source was turned off and all windows were closed. Fans were also turned off during data collection to obtain the deposition rate while forced airflow was excluded. Indoor and outdoor particle concentrations were collected simultaneously every 2 min by using two different instruments: (1) particle size distribution and number concentration in a size range of 0.3–10 μm were measured using optical particle counters (AeroTrak Handheld Particle Counter Model 9306, TSI, U.S.A.); (2) PM2.5 concentrations were collected by aerosol monitors (Sidepak personal aerosol monitor Model AM510, TSI, USA). Prior to the start of the experiment, units were set side by side and calibrated with zero filters, and cross–checked to ensure similar results were provided. Air exchange rates in the residence were also measured during the experiment using a tracer gas (SF6) monitor (Photoacoustic multi gas monitor Model INNOVA 1314/1412, INNOVA AirTech Instruments, Denmark) every 2 min.



The deposition rate was determined using data showing the decay curve after the indoor PM2.5 concentration rose significantly above the normal concentration, and the penetration coefficient was determined using data when the indoor PM2.5 concentration reached equilibrium, as shown in Figure 4. Assuming that P and k are constant, that the ventilation system, filtration system, and indoor generation are turned off, and considering that  λ  and    C  o u t     are stable, the differential equation of Equation (1) can be solved by Equation (2), and PM2.5 concentration at equilibrium can be presented by Equation (3). By taking natural logarithm on both sides of Equation (2), Equation (4) can be obtained.


   C  i n   =  C  i n , s s   +  (   C  i n , i n i   −  C  i n , s s    )   e  −  (  λ + k  )  t    



(2)






    C  i n , s s     =   P λ  C  o u t      (  λ + k  )      



(3)








	
   C  i n , s s    : indoor particle concentration at steady–state condition (   μ g  /  m 3   );



	
   C  i n , i n i    : initial indoor particle concentration (   μ g  /  m 3   ).










   ln  (   C  i n   −  C  i n , s s    )  = −  (  λ + k  )  t + l n  (   C  i n , i n i   −  C  i n , s s    )    



(4)







In the graph of Equation (4) shown in Figure 5, the slope of the fitting line represents decay rate, the sum of  λ  and k. The deposition rate was calculated by subtracting  λ  (simultaneous measurement) from the decay rate, and then, using    λ   and     k, the penetration coefficient was obtained using Equation (3). It should be noticed that the slop of Figure 5 is expressed in min−1 and it should be converted into h−1. A total of eight identical sets of experiments were carried out to obtain coefficients P and k, and results are given in Table 3. The arithmetic mean values (p = 0.7 and k = 0.4) of data were applied to the simulation model. These values were within the valid range compared to other studies [21,22,23,24,25,26,27].



To obtain the filter removal efficiency of the ventilation system,    η v   , outdoor concentration and the concentration of discharged air from the diffuser (shown in Figure 3e) were measured, and the ratio of removed and incoming particle concentrations was calculated using Equation (5). The removal efficiency of air cleaning system    η f    was also estimated in the same manner as    η v    by using measured particle concentration of incoming and discharge air of the filtration system (shown in Figure 3f). Since filter efficiency is affected by air velocity passing through the filters, experiments were conducted under the condition of three different air-flow rates as shown in Figure 6, and results are shown in Table 4.


  η = 1 −    C  o u t l e t      C  i n l e t      



(5)








	
 η : filter efficiency of ventilation system or filtration system (   μ g  /  m 3   );



	
   C  o u t l e t    : particle concentration of outlet of ventilation or filtration system (   μ g  /  m 3   );



	
   C  i n l e t    : particle concentration of inlet of ventilation or filtration system (   μ g  /  m 3   ).









2.3. Validation


Validation tests were carried out for six days to ensure the conformity of the obtained coefficients. Experiments were carried out in the same way as the coefficient experiments except that the ventilation system or portable air cleaner was operated during the measurement. Previously obtained coefficients ( P ,  k ,    η v   ,    η f   ) and filtration air-flow rates (   Q f   ) were used for the inputs of the model as listed in Table 5, and the air-flow rate of the ventilation system (   Q v   ) was estimated by subtracting infiltration rate from the measured air exchange rate (ACH). Here, the infiltration rate was assumed to be 0.13 h−1. This was the average value during 14 days of parameter obtaining experiments (shown in Table 3). A recent study showed that ACH in 36 new apartments in Korea ranged from 0.12 h−1 to 0.24 h−1 [33], while another study found that the average ACH was 0.08 h−1 in summer and autumn and 0.12 h−1 in winter and spring [24]. Experiments were conducted with different flow rates of ventilation or filtration system, and the comparison of measured and predicted data is shown in Figure 7. Indoor PM model revealed high performance with R2 = 0.988.




2.4. Determination of Evaluation Ranges and Simulation Cases


Valid evaluation ranges of indoor and outdoor sources affecting indoor PM2.5 were determined on the basis of atmospheric observation data and the literature (shown in Table 6). To determine outdoor PM2.5 concentration ranges, hourly PM2.5 data provided from the Korea Environment Corporation were referenced [34]. According to the released data, hourly averaged PM2.5 concentration at the Seoul monitoring station for 12 months from January to December 2019 ranged from 1 to 149 μg/m3. On the basis of these data, the evaluation ranges of outdoor PM2.5 concentrations were determined from 0 to 200 μg/m3. The scope of indoor PM2.5 generation rate was set by referring to the literature data. In the literature on indoor particle generation, the PM2.5 generation rate of residential buildings indicated that it ranged from 18 to 200 μg/min during cleaning [18,35,36], 18 to 100 μg/min during walking [18,35], 990 to 1700 μg/min during smoking [18,36,37,38], and 110 to 2780 μg/min during cooking [18,35]. On the basis of these data, the evaluation range of indoor PM2.5 generation rate was determined to be from 0 to 3000 μg/min.



Simulations were carried out to investigate the combined effect of parameters according to ventilation or filtration system control on indoor PM2.5 concentration. In order to analyze the complex effects of control parameters, a total of 24 simulation cases were set up by combining four air-flow rate conditions (100, 200, 400, and 600 m3/h) and three filter efficiency conditions, 35% (= MERV 9), 65% (= MERV 11), and 95% (= MERV 16), as shown in Table 7. Other input conditions such as    C  o u t   ,   G ,   P ,   k ,   λ ,    V    were assumed to be the same in all cases. PM2.5 consists of various size of particles and particle distribution of PM2.5 depends on type of source. If sources change, the particle composition of PM2.5 also changes, which can affect P, k,    η v   , and    η f    values [39,40]. Using the same P, k,    η v   , and    η f    for PM2.5 is a limitation of this study.





3. Results and Discussion


3.1. Ventilation Control Parameters


The combined effects of ventilation air-flow rate and filter efficiency on indoor PM2.5 concentration depending on outdoor PM2.5 concentration (X axis) and indoor PM2.5 generation rate (Y axis) are simulated using MATLAB program. Figure 8 shows the indoor PM2.5 characteristics when ventilation flow rate is 100 m3/h or 600 m3/h and ventilation filter efficiency is 0.35, 0.65, or 0.95. The LL condition on each graph indicates the low outdoor PM2.5 concentrations range (below 30    μ g  /  m 3   ) and low indoor PM2.5 generation rates range (below 500 μg/min), the HL condition indicates the high outdoor PM2.5 concentration range (above 100    μ g  /  m 3   ) and low indoor PM2.5 generation rate range (below 500 μg/min), the LH condition indicates the low outdoor PM2.5 concentration range (below 30    μ g  /  m 3   ) and high indoor PM2.5 generation rate range (above 2000 μg/min), and the HH condition indicates the high outdoor PM2.5 concentration range (above 100    μ g  /  m 3   ) and high indoor PM2.5 generation rate range (above 2000 μg/min). Point A in Figure 8a represents indoor PM2.5 concentration (47 μg/m3) after 30 min of ventilation control with an air-flow rate of 100 m3/h and filter efficiency of 0.35 when outdoor PM2.5 concentration was 100     μ g  /  m 3     (x value) and indoor PM2.5 generation rate was 1500     μ g  / min   (y value). It should be noticed that indoor PM2.5 concentrations shown in Figure 8 are not steady-state concentrations. To compare indoor concentration of the early control stage by control case, the indoor concentration was analyzed 30 min after the application of control. It can be observed that the indoor PM2.5 concentration graph had a different slope and spacing (intervals between concentration lines drawn every 5    μ g  /  m 3   ) for each case. If the contribution of outdoor concentration to indoor PM2.5 concentration was high, the slope increased; if the contribution of indoor generation was high, the slope decreased. The wide spacing in the graph indicates that indoor concentration was effectively reduced by the corresponding control method. When ventilation flow rate was low (Figure 8a,c,e), the slope and spacing of the graph according to filter efficiency did not change much; however, in high–flow conditions such as 600 m3/h (Figure 8b,d,f), the slope of the graph decreased and the gap widened as filter efficiency increased.



Figure 8a,c,e reveal that the indoor PM2.5 concentrations varied to approximately 0–21.6 μg/m3 (for LL), 22.9–44.2 μg/m3 (for HL), 41.8–61.9 μg/m3 (for LH), and 55.1–84.5 μg/m3 (for HH) when filter efficiency was 0.35, 0–20.2 μg/m3 (for LL), 18.0–34.5 μg/m3 (for HL), 41.8–60.4 μg/m3 (for LH), and 50.2–74.8 μg/m3 (for HH) when filter efficiency was 0.65, and 0–18.7 μg/m3 (for LL), 13.2–24.9 μg/m3 (for HL), 41.8–59.0 μg/m3 (for LH), and 45.4–65.1 μg/m3 (for HH) when filter efficiency was 0.95. With increased filter efficiency, the indoor PM2.5 concentrations showed a reduction rate of up to 5% for the LH condition, 13% for the LL condition, 23% for the HH condition, and 44% for the HL condition. Moreover, during the high ventilation flow rate, the indoor concentration was in the range of approximately 0–21.7 μg/m3 (for LL), 46.5–94.8 μg/m3 (for HL), 24.6–48.1 μg/m3 (for LH), and 67.7–121.2 μg/m3 (for HH) when filter efficiency was 0.35, 0–16.0 μg/m3 (for LL), 27.5–56.8 μg/m3 (for HL), 24.6–42.4 μg/m3 (for LH), and 48.7–83.2 μg/m3 (for HH) when filter efficiency was 0.65, and 0–10.3 μg/m3 (for LL), 8.5–18.8 μg/m3 (for HL), 24.6–36.7 μg/m3 (for LH), and 29.6–45.2 μg/m3 (for HH) when filter efficiency was 0.95. As filter efficiency increased, the indoor PM2.5 concentrations showed a reduction rate of up to 24% for the LH condition, 36% for the LL condition, 63% for the HH condition, and 80% for the HL condition. This indicates that changing the filter efficiency under low ventilation flow rate condition has a lesser impact on indoor PM2.5 than under high ventilation flow rate conditions. Because the ventilation system was operated with a low flow rate, the amount of outdoor air introduced via ventilation was small; thus, the effect of the change in filter efficiency on indoor PM2.5 was also small.



The combined control parameter case of ventilation system that can effectively reduce indoor concentration according to indoor and outdoor PM2.5 conditions was examined. For the HH condition, the improvement order for indoor PM2.5 concentrations was found to be Case V600_0.95 > Case V100_0.95 > Case V100_0.65 > Case V600_0.65 > Case V100_0.35 > Case V600_0.35. This indicates that the ventilation filter efficiency was a more effective control parameter than the flow rate to reduce indoor PM2.5 for the HH condition. For the LH condition, the improvement order for indoor PM2.5 concentrations was found to be Case V600_0.95 > Case V600_0.65 > Case V600_0.35 > Case V100_0.95 > Case V100_0.65 > Case V100_0.35. This shows that the ventilation flow rate was a more effective control parameter than filter efficiency to reduce indoor PM2.5 under LH condition. For HL condition.



The improvement order for indoor PM2.5 concentrations was found to be Case V600_0.95 > Case V100_0.95 > Case V100_0.65 > Case V100_0.35 > Case V600_0.65 > Case V600_0.35. This indicates that a high efficiency filter should be applied to increase the ventilation flow rate, and that ventilation flow rates should be minimized if the filter efficiency is lower than 0.65. For the LL condition, the improvement order for indoor PM2.5 concentrations was found to be Case V600_0.95 > Case V600_0.65 > Case V100_0.95 > Case V100_0.65 > Case V100_0.35 > Case V600_0.35. The result indicates that high ventilation flow rates, when applied with a filter efficiency higher than 0.65, have more effectively reduced indoor PM2.5 but should reduce the ventilation flow when applying a filter with a lower efficiency.



The ventilation control method that could reduce indoor PM2.5 the most under all conditions was the high flow rate using a high-efficiency filter. High flow ventilation control using low-efficiency filters was an applicable method only for the LH condition. Low flow ventilation control using high-efficiency filters was suitable for the HH and HL conditions.




3.2. Filtration Control Parameters


The characteristics of indoor PM2.5 concentration depending on the flow rate and filter efficiency of the filtration system are shown in Figure 9. Indoor PM2.5 graphs had the same slope and only gaps between graphs widening or narrowing depending on filter efficiency and flow rate. The slope was associated to the amount of incoming external particles. Since recirculated indoor air-flow rates varied, and infiltration rate was assumed to be the same for all cases of filtration control, the slope of the graphs was independent of the filtration-control parameters.



When the filtration system operated at a flow rate of 100 m3/h, as shown in Figure 9a,c,e, the spacing between the graphs did not change depending on the filter efficiency. This means that the effect of applying a high–efficiency filter was insignificant during low flow rate operation because the amount of air filtered by the system and recirculated into the room was small. When the filtration flow rate was low, the indoor concentration varied to approximately 0–20.3 μg/m3 (for LL), 13.9–25.4 μg/m3 (for HL), 45.1–63.1 μg/m3 (for LH), and 48.1–68.2 μg/m3 (for HH) when filter efficiency was 0.35, 0–19.5 μg/m3 (for LL), 13.2–24.4 μg/m3 (for HL), 43.5–61.0 μg/m3 (for LH), and 46.4–66.0 μg/m3 (for HH) when filter efficiency was 0.65, and 0–18.6 μg/m3 (for LL), 12.5–23.4 μg/m3 (for HL), 42.0–59.6 μg/m3 (for LH), and 44.9–63.9 μg/m3 (for HH) when filter efficiency was 0.95. With increased filter efficiency, the indoor PM2.5 concentrations showed a reduction rate of up to 8% for LL and HL conditions and 6% for LH and HH conditions. On the other hand, when the flow rate was 600 m3/h (Figure 9b,d,f), the spacing of the graph widened as the filter efficiency increased. This result indicated that a high flow rate was effective in removing indoor PM2.5 as the filter efficiency improved. When the filtration flow rate was high, the indoor concentration was in the range of approximately 0–15.7 μg/m3 (for LL), 10.2–20.1 μg/m3 (for HL), 36.8–52.2 μg/m3 (for LH), and 39.4–56.5 μg/m3 (for HH) when filter efficiency was 0.35, 0–12.3 μg/m3 (for LL), 7.5–16.0 μg/m3 (for HL), 30.3–43.5 μg/m3 (for LH), and 32.5–47.2 μg/m3 (for HH) when filter efficiency was 0.65, and 0–9.7 μg/m3 (for LL), 5.6–12.9 μg/m3 (for HL), 25.3–36.7 μg/m3 (for LH), and 27.2–39.9 μg/m3 (for HH) when filter efficiency was 0.95. As the filter efficiency increased, the indoor PM2.5 concentrations showed a reduction rate of up to 29% for the HH condition, 30% for the LH condition, 36% for the HL condition, and 38% for the LL condition.



When filtration control was applied to reduce indoor PM2.5, indoor concentration depends on the CADR (Clean Air Delivery Rate), which is approximately equal to the product of air-flow rate and filter removal efficiency [41]. This could also be confirmed in our results. The improvement order for indoor PM2.5 concentrations in the simulation cases was F600_0.95(CADR: 570) > F600_0.65(CADR: 390) > F400_0.95(CADR: 380) > F400_0.65(CADR: 260) > F600_0.35(CADR: 210) > F200_0.95(CADR: 190) > F400_0.35(CADR: 140) > F200_0.65(CADR: 130) > F100_0.95(CADR: 95) > F200_0.35(CADR: 70) > F100_0.65(CADR: 65) > F100_0.35(CADR: 35). Therefore, in order to reduce the indoor PM2.5 by applying filtration control, it is recommended to determine sufficient flow rate according to the space size and apply a high-efficiency filter.




3.3. Comparison between Ventilation Control and Filtration Control


Indoor PM2.5 concentrations according to flow rate and filter efficiency of ventilation and filtration control during four different indoor and outdoor PM2.5 conditions are listed in Table 8. The indoor PM2.5 was improved when filtration control was applied, rather than ventilation control, when flow rate and efficiency were equal. From the results, filtration control should be used to control indoor PM2.5; however, ventilation is often required to control other indoor pollutants emitted from building materials, furniture, occupants, etc. From Table 8, methods for applying ventilation control according to indoor and outdoor conditions are as follows. When both the outdoor concentration and indoor generation rate were low, the improvement effects of filtration and ventilation control were similar during the application of low flow rate or high efficiency filter. At a high flow rate, except when using high-efficiency filter application, filtration control could reduce indoor PM2.5 by 17–28% more than ventilation control. When the outdoor concentration was low and the indoor generation rate was high, the improvement seen with filtration control and ventilation control was similar regardless of the flow rate. Therefore, actively using the ventilation control under these conditions is recommended. Filtration control is a more effective method than ventilation control when the outdoor concentration is high and the indoor generation rate is low. This is the worst condition for applying ventilation control because the dilution effect of the ventilation is small due to the high outdoor concentration and low indoor generation. If ventilation filter efficiency was less than 0.65, indoor PM2.5 was worse than when it was not controlled (no-control). Nevertheless, if ventilation is required, a high efficiency ventilation filter of 0.95 must be applied. Filtration control is also better than ventilation control when both the outdoor concentration and the indoor generation rate are high. However, ventilation control using a high efficiency ventilation filter of 0.9 has also been shown to reduce the indoor concentration by 10–40% (filtration control using filter efficiency of 0.9 reduced indoor concentration by 11–40%). Under this condition, ventilation control with a filter efficiency of 0.95 had a similar effect on improving indoor PM2.5 compared to filtration control.




3.4. Combined Effect of Ventilation Control and Filtration Control


The indoor PM2.5 concentration according to the system flow rate change and indoor and outdoor PM2.5 conditions while the ventilation system and the filtration system are operated together is shown in Table 9. Since it is difficult to change the ventilation or filtration filter in actual system operation, the efficiency of the ventilation and filtration filter were fixed at 0.65 and 0.95, respectively. Under each condition, the lowest indoor PM2.5 concentration was colored in blue, and the concentrations lower than 30 μg/m3 (assumed as target indoor PM2.5 concentration) were colored light green.



When both outdoor concentration and indoor generation rate were low, it was shown that indoor PM2.5 concentration was reduced if increasing ventilation and filtration flow rate. When ventilation and filtration flow rate were 600 m3/h, indoor PM2.5 reduced by 46% compare to ventilation and filtration flow rate were 100 m3/h. However, as the filtration flow rate increased, the effect of ventilation flow rate on indoor concentration reduction tended to decrease. When the filtration flow rate was 600 m3/h, the indoor PM2.5 concentration was the same for a ventilation flow rate of 100 m3/h and 600 m3/h. The indoor PM2.5 concentration was the lowest when the filtration flow rate was 600 m3/h regardless of the ventilation flow rate, and the indoor concentration was 55% lower than no-control. In this condition, indoor PM2.5 control is not required to maintain the target indoor concentration; thus, it is recommended to operate with a minimum ventilation (100 m3/h) considering other indoor generated pollutants.



When the outdoor concentration was low and indoor generation rate was high, it was shown that indoor PM2.5 concentration was reduced if increasing ventilation and filtration flow rate. It was found that both ventilation and filtration control effectively reduced indoor PM2.5 under this condition. When ventilated to 600 m3/h and filtered to 600 m3/h, the indoor PM2.5 concentration was the lowest, and it was 58% lower than the uncontrolled concentration. If the ventilation flow rate was less than 200 m3/h, the filtration flow rate should be at least 400 m3/h, and if the filtration flow rate was less than 100 m3/h, the ventilation flow rate should be at least 400 m3/h to maintain the indoor target concentration.



When outdoor concentration was high and indoor generation rate was low, it was shown that indoor PM2.5 concentration was reduced when the ventilation flow rate was decreased and the filtration flow rate was increased. When ventilated to 100 m3/h and filtered to 600 m3/h, the indoor PM2.5 concentration was the lowest and reduced by 44% as compared to no-control. In order to maintain a similar indoor concentration as ventilation flow rate increases, filtration flow rate should be increased accordingly; thus, it is recommended to maintain the minimum ventilation flow rate for the management of other indoor pollutants and operate the filtration system at the flow rate that can maintain the indoor target PM2.5 concentration.



Filtration control was suitable when both outdoor concentration and indoor generation rate were high, but ventilation also showed some effect on improving the indoor PM2.5 concentration depending on the filtration flow rate. When filtration was not applied, the indoor concentration decreased slightly (up to 3%) as the ventilation increased, while when filtration flow rate was high, indoor PM2.5 increased slightly by 2 to 7% as the ventilation flow rate increased. Under this condition, reducing ventilation to a minimum flow rate and operating the filtration at a maximum flow rate were advantageous for improving indoor PM2.5. When ventilated to 100 m3/h and filtered to 600 m3/h, the indoor PM2.5 concentration was the lowest and reduced by 44% compared to no-control. However, indoor PM2.5 did not increase by more than 12% when ventilation flow rate increased, indicating that indoor PM2.5 did not deteriorate significantly even if ventilation was applied if necessary.





4. Conclusions


In this study, the combined effects of the control parameters of a ventilation or filtration system on indoor PM2.5 concentration were analyzed according to outdoor PM2.5 concentration and indoor PM2.5 generation rate. A mass–balance model was used to evaluate indoor PM2.5, and a field test was carried out to obtain the coefficient. Key findings of this study are as follows:




	(1)

	
The effects of ventilation flow rate and filter efficiency on indoor PM2.5 concentration were analyzed. In the case of the HH (high outdoor PM2.5 and high indoor PM2.5 generation rate) condition, using higher efficiency of ventilation filter reduced indoor PM2.5 more effectively than increasing flow rate. Therefore, high flow rate + high efficiency filter or low flow rate + high efficiency filter was superior in reducing indoor PM2.5 concentration. On the other hand, ventilation flow rate was a more effective control parameter than ventilation filter efficiency of the LH (low outdoor PM2.5 and high indoor PM2.5 generation rate) condition. Therefore, regardless of filter efficiency, high flow rate was superior for reducing indoor PM2.5 concentration. High flow rate + high efficiency filter or low flow rate + high efficiency filter was superior for the HL (high outdoor PM2.5 and low indoor PM2.5 generation rate) condition. In this condition, ventilation flow rate should be minimized if filter efficiency was less than 0.65. In the case of LL (low outdoor PM2.5 and low indoor PM2.5 incidence) conditions, when filter efficiency of 0.65 or higher was applied, indoor PM2.5 was reduced as the ventilation volume increases.




	(2)

	
The effects of the filtration flow rate and filter efficiency on indoor PM2.5 concentration were analyzed. When the filtration system was operated at a flow rate of 100 m3/h, the indoor PM2.5 concentration showed a reduction rate of up to 6 to 8% depending on the filtration efficiency. On the other hand, when the filter system operated at a flow rate of 600 m3/h, the indoor PM2.5 concentration showed a reduction rate of up to 29 to 38% depending on the filter efficiency. The simulation results also showed that the higher the CADR, the better the indoor PM2.5 concentration. Therefore, to improve indoor PM2.5 concentration by filtration control, a sufficient flow rate should be applied with a high-efficiency filter.




	(3)

	
The indoor PM2.5 improved to a greater extent when filtration control was applied rather than ventilation control. Nevertheless, ventilation control is required for managing other indoor pollutants. Ventilation control should be applied carefully according to four different indoor and outdoor conditions. In the case of LL condition, if filtration system was operated at a high flow rate by using a filter with less than 0.65 efficiency, filtration control could reduce indoor PM2.5 by 17–28% more than ventilation control. However, the effects of filtration control and ventilation control were similar when the flow rate was low or the filter efficiency was high. In the case of LH conditions, ventilation control improved indoor PM2.5 as effectively as filtration control. Under HL conditions, which are the worst conditions for applying ventilation control, the indoor PM2.5 was found to be worse than uncontrolled condition if the ventilation filter efficiency was below 0.65. Finally, in the case of ventilation control under HH conditions using a filter with an efficiency of 0.95, indoor PM2.5 could be improved to a level similar to filtration control.




	(4)

	
When operating the ventilation system and filtration system together, the control methods for managing indoor PM2.5 were presented in two aspects for each indoor and outdoor environmental conditions. One was the control method that can reduce indoor PM2.5 the most and the other was the recommended control method for maintaining indoor target concentration. In the case of LL conditions, the indoor PM2.5 was the lowest when the filtration flow rate was 600 m3/h, regardless of ventilation flow rate. However, since indoor PM2.5 control is not required in this condition, it is recommended to operate it with minimal ventilation considering pollutants generated from indoors. For LH conditions, the indoor PM2.5 concentration was the lowest when operated at a ventilation of 600 m3/h + filtration 600 m3/h, down 58% from no-control. If the ventilation flow rate was less than 200 m3/h, the filtration flow rate should be at least 400 m3/h, and if the filtration flow rate was less than 100 m3/h, the ventilation flow rate should be at least 400 m3/h to maintain the indoor target concentration. In the case of HL conditions, the indoor PM2.5 was the lowest when operated at ventilation 100 m3/h + filtration 600 m3/h, down 44% from no-control. The recommended control was to maintain the minimum ventilation flow rate for the management of other indoor pollutants and operate the filtration system at the flow rate that can maintain the indoor target PM2.5 concentration. Under HH conditions, operating ventilation 100 m3/h + filtration 600 m3/h was the best and the most recommended control method.
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Figure 1. Research process and method. 
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Figure 2. PM2.5 concentration mechanism in a space with a mechanical ventilation system and portable filtration system. 
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Figure 3. Measurement of (a) indoor particle concentration, (b) outdoor–particle concentration, (c) ventilation flow rate, (d) air exchange rate, (e) particle concentration on outlet side of ventilation system, and (f) particle concentration on outlet side of filtration system. 
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Figure 4. An example of indoor and outdoor PM2.5 concentration for estimating parameter P and k. 
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Figure 5. Typical particle natural decay curve for estimating deposition rate (k). 
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Figure 6. Measured data to obtain filter efficiency of (a) ventilation system and (b) filtration system. 
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Figure 7. Comparison of measured and predicted PM2.5 concentration. 
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Figure 8. Indoor PM2.5 concentrations when (a)    Q V    is 100    m 3  / h   and    η v    is 0.35, (b)    Q V    is 600    m 3  / h   and    η v    is 0.35, (c)    Q V    is 100    m 3  / h   and    η v    is 0.65, (d)    Q V    is 600    m 3  / h   and    η v    is 0.65, (e)    Q V    is 100    m 3  / h   and    η v    is 0.95, and (f)    Q V    is 600    m 3  / h   and    η v    is 0.95. 
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Figure 9. Indoor PM2.5 concentrations when (a)    Q f    is 100    m 3  / h   and    η f    is 0.35, (b)    Q f    is 600    m 3  / h   and    η f    is 0.35, (c)    Q f    is 100    m 3  / h   and    η f    is 0.65, (d)    Q f    is 600    m 3  / h   and    η f    is 0.65, (e)    Q f    is 100    m 3  / h   and    η f    is 0.95, and (f)    Q f    is 600    m 3  / h   and    η f    is 0.95. 
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Table 1. Description of test house.






Table 1. Description of test house.









	
	Description





	layout
	 [image: Atmosphere 11 01061 i001]



	Location
	Seoul, South Korea



	Building type
	Apartment building



	Construction year
	2017



	Structure type
	Reinforced concrete, Flat slab



	Window type
	Double window



	Flow area
	84 m2



	Ceiling height
	2.3 m



	Furniture
	Basic built–in furniture



	Number of bay
	4–bays



	Ventilation
	Heat–recovery ventilation system
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Table 2. Description of ventilation and filtration system.
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	Ventilation System
	Filtration System





	Picture
	 [image: Atmosphere 11 01061 i002]
	 [image: Atmosphere 11 01061 i003]



	Type
	Heat–recovery ventilation unit
	Potable filtration device



	Flow control
	3 stages
	3 steps



	Flow rate (m3/h)
	Rated: 100, Actual: 107 (stage 1)

Rated: 150, Actual: 121 (stage 2)

Rated: 200, Actual: 145 (stage 3)
	Rated: 150, Actual: 125 (stage 1)

Rated: 250, Actual: 245 (stage 2)

Rated: 350, Actual: 305 (stage 3)



	Pressure loss (Pa)
	100
	–



	Power consumption (W)
	80
	90
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Table 3. Results of P, k, and  λ  obtained from tests.
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	Parameters
	    P   ( – )    
	    k   (  h  − 1   )    
	    λ   (  h  − 1   )    





	Distribution
	 [image: Atmosphere 11 01061 i004]
	 [image: Atmosphere 11 01061 i005]
	 [image: Atmosphere 11 01061 i006]



	Average ( μ )
	0.7
	0.4
	0.13



	Variance (   σ 2   )
	0.0937
	0.0065
	0.0108



	Standard deviation ( σ )
	0.3060
	0.0806
	0.1041
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Table 4. Results of parameters    η v    and    η f    according to the flow rate.
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Operation Mode




	
Step 1

	
Step 2

	
Step 3






	
   η v   (–)

	
0.60

(   Q v    = 107 m3/h)

	
0.60

(   Q v    = 121 m3/h)

	
0.70

(   Q v    = 145 m3/h)




	
   η f   (–)

	
0.89

(   Q f    = 125 m3/h)

	
0.80

(   Q f    = 245 m3/h)

	
0.97

(   Q f    = 305 m3/h)
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Table 5. Input values used for parameter validation.
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No.

	
   P   

	
   k   

	
    λ    

	
   V   

	
     A C H     

	
     η v     

	
     Q f     

	
     η f     




	
(–)

	
(–)

	
(h−1)

	
(m3)

	
(h−1)

	
(–)

	
(m3/h)

	
(–)






	
V_Step 1

	
0.7

	
0.4

	
0.13

	
132

	
0.30

	
0.60

	
–

	
–




	
V_Step 2

	
0.13

	
0.31

	
0.60

	
–

	
–




	
V_Step 3

	
0.13

	
0.38

	
0.70

	
–

	
–




	
F_Step 1

	
0.08

	
–

	
–

	
125

	
0.89




	
F_Step 2

	
0.11

	
–

	
–

	
245

	
0.80




	
F_Step 3

	
0.09

	
–

	
–

	
305

	
0.97
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Table 6. Evaluation ranges of outdoor PM2.5 concentration and indoor PM2.5 generation rate.
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	Parameters
	Range





	Outdoor PM2.5 concentration (   μ g  /  m 3   )
	 [image: Atmosphere 11 01061 i007]



	Indoor PM2.5 generation rate   (  μ g  / min  )
	 [image: Atmosphere 11 01061 i008]
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Table 7. Simulation case for assessing combined effect of parameters on indoor PM2.5.
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Case Index

	
     Q v     

	
     η v     

	
     Q f     

	
     η f     

	
     C  o u t      

	
G

	
P

	
k

	
    λ    

	
V




	
(m3/h)

	
(–)

	
(m3/h)

	
(–)

	
    (  μ g  /   m  3  )    

	
    (  μ g  /  m i n  )      

	
(–)

	
(–)

	
(h−1)

	
    (   m  3  )    






	
V100_0.35

	
100

	
0.35

	
0

	
–

	
0–200

	
0–3000

	
0.7

	
0.4

	
0.1

	
250




	
V100_0.65

	
100

	
0.65

	
0

	
–




	
V100_0.95

	
100

	
0.95

	
0

	
–




	
V200_0.35

	
200

	
0.35

	
0

	
–




	
V200_0.65

	
200

	
0.65

	
0

	
–




	
V200_0.95

	
200

	
0.95

	
0

	
–




	
V400_0.35

	
400

	
0.35

	
0

	
–




	
V400_0.65

	
400

	
0.65

	
0

	
–




	
V400_0.95

	
400

	
0.95

	
0

	
–




	
V600_0.35

	
600

	
0.35

	
0

	
–




	
V600_0.65

	
600

	
0.65

	
0

	
–




	
V600_0.95

	
600

	
0.95

	
0

	
–




	
F100_0.35

	
0

	
–

	
100

	
0.35




	
F100_0.65

	
0

	
–

	
100

	
0.65




	
F100_0.95

	
0

	
–

	
100

	
0.95




	
F200_0.35

	
0

	
–

	
200

	
0.35




	
F200_0.65

	
0

	
–

	
200

	
0.65




	
F200_0.95

	
0

	
–

	
200

	
0.95




	
F400_0.35

	
0

	
–

	
400

	
0.35




	
F400_0.65

	
0

	
–

	
400

	
0.65




	
F400_0.95

	
0

	
–

	
400

	
0.95




	
F600_0.35

	
0

	
–

	
600

	
0.35




	
F600_0.65

	
0

	
–

	
600

	
0.65




	
F600_0.95

	
0

	
–

	
600

	
0.95
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Table 8. Indoor PM2.5 concentration depending on outdoor concentration, indoor generation rate, ventilation flow rates and filter efficiency, and filtration flow rates and filter efficiency.






Table 8. Indoor PM2.5 concentration depending on outdoor concentration, indoor generation rate, ventilation flow rates and filter efficiency, and filtration flow rates and filter efficiency.





	
Control Type

	
Flow

Rate

(m3/h)

	
Filter

Eff.

(–)

	
Indoor PM2.5 Concentration (μg/m3) (Fraction to Indoor Concentration When No Control Is Applied)




	
    C  o u t     : 30 μg/m3

(Low)

G: 500 μg/min

(Low)

	
    C  o u t     : 30 μg/m3

(Low)

G: 2000 μg/min

(High)

	
    C  o u t     : 100 μg/m3

(High)

G: 500 μg/min

(Low)

	
    C  o u t     : 100 μg/m3

(High)

G: 2000 μg/min

(High)






	
No-control

	
–

	
–

	
21.5

	
(1.00)

	
48.0

	
(1.00)

	
23.6

	
(1.00)

	
50.2

	
(1.00)




	
Ventilation

	
100

	
   η v  :    0.35

	
21.6

	
(1.00)

	
45.8

	
(0.95)

	
30.9

	
(1.31)

	
55.1

	
(1.10)




	
   η v  :    0.65

	
20.2

	
(0.94)

	
44.3

	
(0.92)

	
26.1

	
(1.11)

	
50.2

	
(1.00)




	
   η v  :    0.95

	
18.7

	
(0.87)

	
42.9

	
(0.89)

	
21.2

	
(0.90)

	
45.4

	
(0.90)




	
200

	
   η v  :    0.35

	
21.7

	
(1.01)

	
43.8

	
(0.91)

	
36.9

	
(1.56)

	
58.9

	
(1.17)




	
   η v  :    0.65

	
19.0

	
(0.88)

	
41.1

	
(0.86)

	
28.1

	
(1.19)

	
50.1

	
(1.00)




	
   η v  :    0.95

	
16.4

	
(0.76)

	
38.5

	
(0.80)

	
19.2

	
(0.81)

	
41.3

	
(0.82)




	
400

	
   η v  :    0.35

	
21.7

	
(1.01)

	
40.3

	
(0.84)

	
45.8

	
(1.94)

	
64.4

	
(1.28)




	
   η v  :    0.65

	
17.3

	
(0.80)

	
35.9

	
(0.75)

	
30.9

	
(1.31)

	
49.5

	
(0.99)




	
   η v  :    0.95

	
12.8

	
(0.60)

	
31.4

	
(0.65)

	
16.1

	
(0.68)

	
34.7

	
(0.69)




	
600

	
   η v  :    0.35

	
21.7

	
(1.01)

	
37.5

	
(0.78)

	
51.8

	
(2.19)

	
67.7

	
(1.35)




	
   η v  :    0.65

	
16.0

	
(0.74)

	
31.8

	
(0.66)

	
32.8

	
(1.39)

	
48.7

	
(0.97)




	
   η v  :    0.95

	
10.3

	
(0.48)

	
26.1

	
(0.54)

	
13.8

	
(0.58)

	
29.6

	
(0.59)




	
Filtration

	
100

	
   η f  :    0.35

	
20.3

	
(0.94)

	
46.0

	
(0.96)

	
22.4

	
(0.95)

	
48.1

	
(0.96)




	
   η f  :    0.65

	
19.5

	
(0.91)

	
44.4

	
(0.93)

	
21.5

	
(0.91)

	
46.4

	
(0.92)




	
   η f  :    0.95

	
18.6

	
(0.87)

	
42.9

	
(0.89)

	
20.6

	
(0.87)

	
44.9

	
(0.89)




	
200

	
   η f  :    0.35

	
19.3

	
(0.90)

	
44.1

	
(0.92)

	
21.3

	
(0.90)

	
46.2

	
(0.92)




	
   η f  :    0.65

	
17.7

	
(0.82)

	
41.2

	
(0.86)

	
19.6

	
(0.83)

	
43.1

	
(0.86)




	
   η f  :    0.95

	
16.2

	
(0.75)

	
38.4

	
(0.80)

	
18.0

	
(0.76)

	
40.3

	
(0.80)




	
400

	
   η f  :    0.35

	
17.4

	
(0.81)

	
40.7

	
(0.85)

	
19.3

	
(0.82)

	
42.6

	
(0.85)




	
   η f  :    0.65

	
14.7

	
(0.68)

	
35.6

	
(0.74)

	
16.4

	
(0.69)

	
37.3

	
(0.74)




	
   η f  :    0.95

	
12.4

	
(0.58)

	
31.3

	
(0.65)

	
14.0

	
(0.59)

	
32.8

	
(0.65)




	
600

	
   η f  :    0.35

	
15.7

	
(0.73)

	
37.6

	
(0.78)

	
17.5

	
(0.74)

	
39.4

	
(0.78)




	
   η f  :    0.65

	
12.3

	
(0.57)

	
31.0

	
(0.65)

	
13.8

	
(0.58)

	
32.5

	
(0.65)




	
   η f  :    0.95

	
9.7

	
(0.45)

	
25.9

	
(0.54)

	
11.0

	
(0.47)

	
27.2

	
(0.54)
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Table 9. Combined operation of ventilation and filtration system effects on indoor PM2.5 concentration depending on outdoor concentration and indoor generation rate.






Table 9. Combined operation of ventilation and filtration system effects on indoor PM2.5 concentration depending on outdoor concentration and indoor generation rate.





	
Control Type

(Flow Rate (m3/h), Filter Efficiency (–))

	
Indoor PM2.5 Concentration (μg/m3) (Percentage to Indoor Concentration When No Control Applied)




	
    C  o u t     : 30 μg/m3

(Low)

G: 500 μg/min

(Low)

	
    C  o u t     : 30 μg/m3

(Low)

G: 2000 μg/min

(High)

	
    C  o u t     : 100 μg/m3

(High)

G: 500 μg/min

(Low)

	
    C  o u t     : 100 μg/m3

(High)

G: 2000 μg/min

(High)






	
No-control

	
21.5

	
(1.00)

	
48.0

	
(1.00)

	
23.6

	
(1.00)

	
50.2

	
(1.00)




	
Ventilation

(100,    η v  :    0.65)

	
No filtration

	
20.2

	
(0.94)

	
44.3

	
(0.92)

	
26.1

	
(1.11)

	
50.2

	
(1.00)




	
Filtration (100,    η f  :  0.95)

	
17.6

	
(0.82)

	
39.8

	
(0.83)

	
23.1

	
(0.98)

	
45.2

	
(0.90)




	
Filtration (200,    η f  :  0.95)

	
15.5

	
(0.72)

	
35.9

	
(0.75)

	
20.5

	
(0.87)

	
40.9

	
(0.81)




	
Filtration (400,    η f  :  0.95)

	
12.1

	
(0.56)

	
29.5

	
(0.61)

	
16.4

	
(0.69)

	
33.8

	
(0.67)




	
Filtration (600,    η f  :  0.95)

	
9.6

	
(0.45)

	
24.7

	
(0.51)

	
13.3

	
(0.56)

	
28.3

	
(0.56)




	
Ventilation

(200,    η v  :    0.65)

	
No filtration

	
19.0

	
(0.88)

	
41.1

	
(0.86)

	
28.1

	
(1.19)

	
50.1

	
(1.00)




	
Filtration (100,    η f  :  0.95)

	
16.8

	
(0.78)

	
37.1

	
(0.77)

	
25.1

	
(1.06)

	
45.4

	
(0.90)




	
Filtration (200,    η f  :  0.95)

	
14.9

	
(0.69)

	
33.6

	
(0.70)

	
22.5

	
(0.95)

	
41.3

	
(0.82)




	
Filtration (400,    η f  :  0.95)

	
11.8

	
(0.55)

	
27.9

	
(0.58)

	
18.4

	
(0.78)

	
34.5

	
(0.69)




	
Filtration (600,    η f  :  0.95)

	
9.6

	
(0.45)

	
23.6

	
(0.49)

	
15.3

	
(0.65)

	
29.3

	
(0.58)




	
Ventilation

(400,    η v  :    0.65)

	
No filtration

	
17.3

	
(0.80)

	
35.9

	
(0.75)

	
30.9

	
(1.31)

	
49.5

	
(0.99)




	
Filtration (100,    η f  :  0.95)

	
15.5

	
(0.72)

	
32.7

	
(0.68)

	
28.1

	
(1.19)

	
45.3

	
(0.90)




	
Filtration (200,    η f  :  0.95)

	
13.9

	
(0.65)

	
29.9

	
(0.62)

	
25.7

	
(1.09)

	
41.6

	
(0.83)




	
Filtration (400,    η f  :  0.95)

	
11.4

	
(0.53)

	
25.3

	
(0.53)

	
21.6

	
(0.92)

	
35.5

	
(0.71)




	
Filtration (600,    η f  :  0.95)

	
9.6

	
(0.45)

	
21.7

	
(0.45)

	
18.5

	
(0.78)

	
30.7

	
(0.61)




	
Ventilation

(600,    η v  :    0.65)

	
No filtration

	
16.0

	
(0.74)

	
31.8

	
(0.66)

	
32.8

	
(1.39)

	
48.7

	
(0.97)




	
Filtration (100,    η f  :  0.95)

	
14.5

	
(0.67)

	
29.3

	
(0.61)

	
30.2

	
(1.28)

	
44.9

	
(0.89)




	
Filtration (200,    η f  :  0.95)

	
13.3

	
(0.62)

	
27.0

	
(0.56)

	
27.9

	
(1.18)

	
41.6

	
(0.83)




	
Filtration (400,    η f  :  0.95)

	
11.2

	
(0.52)

	
23.3

	
(0.49)

	
24.0

	
(1.02)

	
36.1

	
(0.72)




	
Filtration (600,    η f  :  0.95)

	
9.6

	
(0.45)

	
20.3

	
(0.42)

	
20.9

	
(0.89)

	
31.7

	
(0.63)
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