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Quality-of-life is improving daily with continuous improvements in urban modernization, which necessitates more stringent requirements for indoor air quality. Fuzzy assessment enables us to obtain the grade of the evaluation object by compound calculation with the help of membership function and weight coefficient, overcoming the limitations of traditional methods applied to develop environmental quality indices. First, this study continuously measured SO2, O3, NO2, NO, CO, CO2, PM10, PM2.5, and other chemical pollutants during the daytime operating hours of a library and a canteen. We analyzed the concentration distributions of the particles in the air were discussed based on 31 different particle diameters. Finally, the experimental data in department store and waiting hall were analyzed by fuzzy evaluation, with the following results. (1) The library and canteen PM10 concentrations peaked at 07:45 in the morning and was elevated during the afternoon (48.9 and 59 μg/m3, respectively). (2) The Pearson correlation coefficient of the PM10 and PM2.5 concentrations in the library was 0.98. PM10 and SO2 in the canteen were negatively correlated, with a correlation coefficient of −0.65. PM2.5 and PM1 were always highly positively correlated. (3) The high concentration of particles in the library was associated with the small particle size range (0.25~0.45 μm). (4) By applying the fuzzy comprehensive evaluation method, the library grade evaluation was the highest level, and the waiting hall was the lowest. This study enhances our understanding of the indoor chemical contamination relationships for public buildings and highlights the urgent need for improving indoor air quality.
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INTRODUCTION

Indoor air pollution has become a hot topic because we realize that outdoor pollutants may infiltrate into indoor places and that these indoor areas may also have various sources of pollutants. An increasing number of people believe that indoor air pollution has an equal or even greater significant impact on human health compared with that of atmospheric environmental air quality (1). Depending on the geographic area, age, sex, work activities, and season, people spend ~87.5% of their day indoors (2). The number of German children spending a majority of their day indoors is ~75% (3), while the corresponding percentage of American adults is over 90% (4). Particulate matter concentrations and some indoor parameters may be only a fraction of those of outdoor pollutants, but this generally occurs only when there is no indoor source. When there is an indoor source, the indoor concentration of pollutants can exceed the outdoor concentration (5, 6). With the increasing frequency of hazy weather and the increasing degree of pollution, the issue of chemical pollutants has become increasingly prominent.

Differences in the airtightness of buildings may lead to significantly higher indoor concentrations of pollutants than outdoor concentrations, which may also be due to the full range of indoor emission sources (7). Indoor air quality presents one of the significant environmental risks to human health (8, 9). Studies have shown that exposure to indoor air pollutants can have a wide range of health effects. Ozone is an air pollutant with a multitude of potential adverse health effects. Hu et al. (10) found that indoor oxidizing gaseous pollutants, i.e., O3, had potential physical and chemical damage to objects indoors; moreover, ozone can also induce respiratory inflammation in healthy people and people with respiratory diseases such as asthma (11). Ozone is also associated with increased hospital admissions (12). Huang et al. suggested that indoor ozone <10 ppb was associated with cardiovascular responses in children (13). The impact of indoor exposure to particulate matter on health depends on the particle size, with particle sizes <1 μm having the greatest impact (14). PM2.5, PM10, and NO2 were found to increase wheezing and rhinitis symptoms among preschool children in China (15), and Asian schools presented higher levels of PM and PAHs than did European and American schools (16). Kidney damage induced by subchronic fine particulate matter exposure, especially exposure to PM2.5, may induce fibrosis and mesangial expansion (17). Children displayed significant associations between PM exposure and asthma, and in adults, PM2.5 was associated with asthma, bronchitis, and combined respiratory problems (18). In general, there is an association between children's health and exposure to ultrafine particles (UFPs), especially among children with respiratory diseases, who commonly experience alterations in inflammatory biomarkers and deterioration in lung function as a result of UFP exposure (19). Formaldehyde, which is a ubiquitous organic pollutant often found indoors, has recently been identified as a human carcinogen (20, 21). Long-term exposure to PM2.5 has been associated with an increased risk of new-onset depressive symptoms, while increased concentrations of nitric dioxide during summer are associated with the worsening of existing depressive conditions (22, 23). Exposure to low concentrations of NO2 increases the risk of premenopausal breast cancer (24–26), and we found evidence that long-term exposure to particulate matter and NO2 were linked with the development of heart failure (27). SO2 can change testicular structures and increase sperm malformation (28, 29). Volatile Organic Compounds (VOCs) are widely reported in public buildings. The World Health Organization, the Committee on Indoor Air Pollution Japan, the US Environmental Protection Agency and Public Health England have assessed the evidence and listed the potential health effects of VOCs, including irritation of the eyes and respiratory tract, allergies and asthma, central nervous system symptoms, liver and kidney damage, as well as cancer risks (30, 31). Therefore, a variety of pollutants, not only those causing discomfort, should be considered when assessing indoor air quality.

However, there is currently a lack of comprehensive indicators for use in indoor air quality assessment. We aim to apply an indoor air quality assessment program based on fuzzy analysis to improve on previous methods of indoor air quality assessment. Many scholars have studied indoor air quality assessment methods, and their mathematical models were formed using a variety of methods, such as objective and subjective evaluations, as well as integrated and unified assessments. Some scholars have studied the decipol evaluation method and air quality index method (32, 33), but the methods could not quantitatively express the perceived air quality or dynamically track pollutants, respectively. The indoor air pollutant gray clustering model is proposed to simplify the evaluation of indoor air quality, but it is impossible to adjust the critical evaluation criteria sequence (34). Office buildings in Brisbane, the capital city of Queensland, Australia, have no obvious pollution indoors, yet there is a strong correlation between particle concentrations of indoor and outdoor pollutants there (35). Formaldehyde and toluene are major indoor pollutants of concern in newly constructed apartment buildings (36). However, research on these pollutants does not consider the chemical pollutant effect on the relationship between indoor and outdoor concentrations of PM2.5. In addition, these studies lack high-time resolution monitoring data, so there is still room for improvement.

This article is based on a study of a library and canteen in two public buildings in Guangzhou, China, where the indoor chemical pollutant concentrations were measured with the windows closed and with the windows open for ventilation in the spring. We analyzed the air quality according to the indoor and outdoor PM2.5 and PM10 concentrations and the changing trend of each pollutant and calculated the correlation between the chemical pollutants, as well as the particle size distribution of the indoor particulate matter. Statistics are presented for the concentrations corresponding to three main occupational health concerns from indoor pollutants, including Inhalable, Thoracic, and Alveoli categories. Additionally, the experimental data in department store and waiting hall were analyzed by fuzzy evaluation. These studies on the effects of indoor and outdoor PM2.5 levels provide a basis and method for reference, as well as a reference for long-term health assessments for practitioners in the area.



MATERIALS AND METHODS


Sampling Sites and Time

We selected a library (113.4019°E, 23.0439°N), a canteen (113.3904°E, 23.0485°N), a waiting hall (113.3502°E, 23.1761°N), and a department store (113.3983°E, 23.0688°N) in China as the test objects. The library, the canteen, and the department store are located on the campus of a university in Panyu district of Guangzhou. The waiting hall, located in Tianhe District, is intended as a terminal station for a number of bus passengers. The field experiment was conducted for a total of 4 days, on April 15, 16, 24, and 25, 2019. In the first-two-day experiment, the test duration for each kind of ventilation was ~8 h in the daytime after opening. The specific timetable of the field experiment is shown in Table 1. It is worth mentioning that in the last two measurements of April 24 and 25, to verify the fuzzy assessment, we focused on the peak hours of public buildings. Therefore, the concentration it measured will only be used to carry out feasibility analysis of the fuzzy comprehensive evaluation model.


Table 1. The timetable of the field experiment.

[image: Table 1]

The indoor and outdoor PM2.5 and other pollutants were measured in the centralized central air conditioning. During the test period, there were no distinct outdoor PM2.5 or other pollution sources, such as construction projects, rain or hazy weather. The information about sampling sites is listed in Table 1. The internal and external windows of the test area were closed throughout the whole process, and the indoor area was equipped with a VRF system. Data from each site was dynamically recorded by testers. All indoor rooms were non-smoking rooms.



Sampling Method

According to the relevant provisions of the indoor air quality standard (UB/T 18883-2002), the sampling points for monitoring the concentrations of chemical pollutants in the library were arranged on a desk table on the 4th floor (8 floors in total), 4.3 m away from the exterior window of the building and 1.0 m high. The sampling points for measurements of the canteen were arranged in the customer dining area on the first floor and close to the outer pane of the canteen. The measuring point was 1.0 m from the ground and 3.2 m from the external window. The specific layout is shown in Figures 1, 2. We also chose the central location of the other two buildings as the measuring point.


[image: Figure 1]
FIGURE 1. Indoor measuring points in the library (A) and canteen (B).



[image: Figure 2]
FIGURE 2. Field layout of the indoor measuring instruments. Data from both sites were dynamically recorded by testers.




Sampling Instrument

The mass concentrations of indoor particles were recorded by a portable laser aerosol diameter spectrometer (11-R, GRIMM Aerosol Technique Airing Inc., Germany) at an interval of 1 min in real time. After the test, the measured data were uploaded to the connected workstation computer via a serial port to a USB data line. SO2, O3, NO2, NO, and CO were recorded by the air quality monitoring system (HIM-6000, Haz-Scanner Inc., U.S.A) at an interval of 5 min. A portable infrared component gas analyzer (Gasboard-3100P, Cubic-Ruiyi Inc., China) assessed CO2 and CH4 at an interval range of 5 min in real time. The hourly outdoor pollutant data were monitored in real time by the nearest Chisha monitoring station. The data were obtained from the real-time air quality release system issued by the Guangzhou Environmental Monitoring Center station, and we obtained the changes in pollutant concentrations at each monitoring point through a summary of statistics. The measurement ranges and accuracies are listed in Table 2.


Table 2. The measurement ranges and accuracies.
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Instrument Calibration

Compared with standard equipment, the measurement data of the portable sensor often has some linear error. Therefore, the portable sensor needs to be measured in the same place for a long time with standard equipment. Finally, the measurement results of the portable device are compared with the measurement results of standard equipment. In relation to data quality control, all the portable monitors were first calibrated before leaving the factory, and further estimations were made using standard methods prior to this study. Data calibration was first conducted at the Guangdong University of Technology (GDUT) on April 9, 2019. Calibration checks since then have been routinely performed before and after each run.



Processing Measurement Data


Rejection of Outliers

Some sudden human activities (such as vehicles operating or suddenly starting near the testing area) often lead to abnormally high values of pollutant samples in dining areas or reading rooms (1, 37, 38), which may distort real pollution trends or aggravate typical-source pollution levels. The performance of the running coefficient of variation method was more convincing than those of other methods, making it an excellent choice for outlier sample testing and for elimination in air quality detection (39, 40). With this study's primary focus on indoor air pollution trend analysis to characterize general air quality trends. Theoretically, isolation of indoor air pollution trends may be simplified by site selection in an outdoor environment where roadways surrounding have no external human interference. However, such ideal conditions are rare and often studies need to consider these random events. Therefore, the pollutant indicators closely related to temporary anthropogenic emissions and the more sensitive pollutants needed to be determined. PM2.5 was selected as the reference in this paper. Next, based on the particle sample sequence of 1-min resolution, the 5-min slip variation coefficient of single-sample data was calculated. The calculation formula is as follows:

[image: image]

where RCOVs is the 5 min running variation coefficient of the sth measured PM2.5 data; ai is the ith measured PM2.5 data; [image: image] is the mean value of the sth measured PM2.5 data and the two adjacent samples collected before and after; and [image: image] is the mean value of all measured PM2.5 data in a one-day experiment. The 99th quantile of the 5-min sliding coefficient of variation of all PM2.5 data was taken as the threshold, and measured PM2.5 data larger than this threshold were regarded as data of abnormally high values and were eliminated along with the two adjacent PM2.5 data collected before and after.

Taking PM2.5 as an example, the library involved a continuous daytime measurement lasting ~8 hours (the total number of samples with 1-min resolution was 526). In each experiment, samples with abnormally high values identified by the RCOV (the 99th quantile was ~0.1269) method accounted for 0.56% of the total samples at 08:14~08:16. By combining these data with the outdoor data (Figure A1), we observed that the particle mass concentration at the monitoring site of Chisha also fluctuated slightly at this time. The test day was a working day, and the east wind prevailed during the season. The library was located on the southwestern side of a specific intersection, which experienced frequent working conditions of motor vehicles during the morning rush hour when teachers, students and staff of the school commuted to work. Such temporary and complex peripheral environmental factors were often accompanied by abnormally high-value PM2.5 samples during the measurement process.



Dynamic Correction

In general, dynamic testing experiments with specific functions or polynomial fitting may be used to process data if certain and uncertain factors need to be distinguished. However, sometimes, it is difficult to know the functional form of measured and complex test data, or it is difficult to know which polynomial to choose. Occasionally, we need to eliminate the random fluctuation in dynamic test data. It is not necessary to express its change rule in the form of some function or as the sum of some features, but it is necessary to reveal its definite change rule according to the value of the point function (41–44). It is also tricky to directly compare and process data from instruments with different time resolutions, so dynamic correction is required.

Based on previous studies, a relatively ideal correction method based on a time series, a 5-point equal-weight smooth-thin plate spline regression method (5S-TPS), was proposed, and the measured data from two the locations were used in the data processing (39, 42). This method was divided into three steps. (1) Along the full length of N data, the original pollution samples with the resolution of 1 min were processed with a 5-min moving average. Thus, five adjacent data points were continuously measured one by one to determine the arithmetic average. (2) The moving average results were divided into equal parts according to the specified time window (such as 5 min), and the positions of the specific time nodes of pollutant concentrations were identified in each corresponding window to eliminate random errors and synthesize time resolutions matching those of the other instruments. (3) Thin-plate spline regression was used to conduct smoothing fitting for the sample of the sliding mean value of the pollutant concentration at the specified time node obtained in the previous step.



Correlation Analysis

After the dynamic correction described above, the data with a time resolution of 1 min were compared with the data with a resolution of 5 min at the same time-scale interval. Here, the Pearson correlation coefficient Rp was used to judge the correlation between the pairwise measured parameters of each chemical pollutant. The calculation formula is as follows:

[image: image]

where xi and yi (i = 1, 2, 3…) are the sample values and [image: image] and [image: image] are the sample mean values. The value range of the correlation coefficient is | Rp | ≤ 1, and the closer the absolute value is to 1, the greater is the correlation between variables x and y. Generally, | Rp |>0.8 means highly correlated, and | Rp |<0.3 means weakly correlated. This portion is implemented using the R programming language operation platform RStudio.




Description of Fuzzy Evaluation

Fuzzy Comprehensive Evaluation is a famous method and has extensively been applied in many fields including wind farm investments, masonry structure safety, teaching performance, and landslide susceptibility (45–48). It is able to help the researchers to find out the most important factors that should be prioritized by using mathematics. It has been proved that the combined application of fuzzy mathematical method on the air assessment is not only objective but also quantitative (49). A fuzzy inference system is quite appropriate for subjective issues like environmental conditions, because it can appropriately classify them (especially in the case of boundary levels that are failed to be sensitively classified by conventional methods), help a balance between different and sometimes contradictory observations be achieved, and finally help subjective and non-quantitative issues like air quality assessment be well-classified and quantified (50).

The discontinuous distribution of the air pollution grading index concentration was inconsistent with the continuous distribution of the indoor air quality index. Given the inherent complexity, risks and uncertainties of AQI and the diversity of sites, this paper aims to introduce a novel assessment framework for contamination using fuzzy assessment as a recent approach dealing with uncertainties in in the field of indoor air quality evaluation. Introducing the fuzzy mathematics principle to this study of the public space involved using monitoring data to create the corresponding fuzzy mathematical model. The model was applied to six evaluation objects for the indoor environmental air quality. The fuzzy comprehensive evaluation was based on monitoring of the indoor air pollution, and personnel from these public workplace buildings were provided with the health assessment to provide a scientific basis for breathing. The prevalence of sick building syndrome has caused people to focus increasing attention on the problem of indoor air quality. Therefore, among the many methods of indoor air quality evaluation, the fuzzy mathematics theory is a highly recognized method (51–53).

The specific evaluation steps (Figure 3) were as follows:


[image: Figure 3]
FIGURE 3. Schematic of fuzzy comprehensive evaluation for indoor air quality.


1) Determine the evaluation standard set of the research object V={V1, V2…, Vm} according to the improved indoor evaluation index (54), and combine the set with the actual situation of the indoor air pollution, with each degree factor of environmental air pollution divided into five levels, namely, I (clean), II (light pollution), III (moderate pollution), IV (heavier pollution), and V (polluted).

2) Determine the evaluation factor set of the research object U={U1, U2…, Un}. According to a comprehensive analysis of various indicators affecting the environmental air quality (52, 55), primary pollutants in the air include the following six items: PM2.5, PM10, CO, O3, SO2, and NO2. Therefore, the established evaluation factor set is U={PM2.5, PM10, CO, O3, SO2, NO2}.

3) Determine the factor weight set. We studied the medical literature and rearranged the weight coefficients of pollution parameters affecting the indoor air quality according to the degree of influence of various air chemical pollutants on human health (49). They were PM2.5(0.25), PM10(0.2), CO(0.2), O3(0.15), SO2(0.1), and NO2(0.1); thus, the factor weight set is A=[a1, a2, …, a5]=[0.25, 0.2, 0.2, 0.15, 0.1, 0.1].

4) Establish membership functions. A membership function is a curve with different possible shapes (for example, trapezoidal, triangular, or gaussian) that shows how each point in the input space is related to membership value between 0 and 1 (50). According to the above evaluation factor set and evaluation standard set, combined with the actual situation of the research problem, this paper established the membership function rij of each pollution factor for each level standard in the form of a reduced half trapezoid function, and the specific calculation formula is as follows:

For level I, i.e., j = 1, the membership function expression is:

[image: image]

For level II - IV, i.e., j =2, …, m−1, the membership function expression is:

[image: image]

For level IV, i.e., j = m = 5, the membership function expression is:

[image: image]

In the above piecewise expression of the function, i represents an evaluation factor in the evaluation factor set U; j represents an evaluation standard in the evaluation standard set V; ui represents the measured pollutant concentration value at a particular place of the ith evaluation factor; and sj represents the concentration limit of the jth grade of the ith evaluation factor.

5) Establish the fuzzy comprehensive evaluation matrix. The monitoring values of the pollutants were substituted into the corresponding membership function expression, and the membership degree of each evaluation factor to each grade was calculated, forming the membership degree set of each pollution factor. Namely, the single-factor evaluation of the Vi factor Ri= (ri1, ri2…, rin)T was a fuzzy subset, in which rin represents the membership degree of the ith factor for the j grade, and the evaluation matrix of all factors is R = (R1 R2… Rn).

6) Compound the membership matrix R, which is obtained above, and the weight matrix A to obtain the comprehensive evaluation vector B, that is, B = A·R = (b1, …, bm). In traditional fuzzy mathematical theory, bk is assumed to be bj (j = 1) according to the maximum membership principle, and it can be concluded that the indoor air quality belongs to grade k.

[image: image]




RESULTS AND DISCUSSION


Overall Characteristics of Each Pollutant During the Measured Period

Guangzhou is located in the region with a hot summer and warm winter, one of the five climate zones of China. During the spring measurements, the weather was clear, and there was no cloudy rain or haze. According to the ambient air quality standard (GB 3095-2012), during the test, PM2.5 concentrations of 35 μg/m3 and PM10 concentrations of 50 μg/m3 could be used as the particulate level A judgment standard. For the library, the indoor air concentrations of PM2.5 and PM10 could achieve level A standards. Most of the time, before 08:15, the distribution of PM2.5 concentrations was at level B, and during the afternoon session (14:00 to 15:00), the indoor PM10 concentrations were at level B, while the outdoor PM10 concentrations were at level A. It can be seen from Figure 4 that there was an apparent synchronism between the indoor particulate matter and outdoor particulate matter in the library. PM2.5 and PM10 both showed a trend of first decreasing, then increasing and finally decreasing during the test. Surprisingly, the timing of the peak of the particulate matter was inconsistent. Taking PM10 as an example, the peak value in the library was at ~07:45 in the morning (48.9 μg/m3), while the peak value in the library was at ~14:00 (59 μg/m3) in the afternoon. When the public building was open, positive pressure formed in the room. Furthermore, the air conditioner was turned on. Thus, the permeability of particles leads to a difference in concentration between the inside and outside areas. The overall outdoor PM2.5 level did not change much, but the indoor PM2.5 concentration was higher than the outdoor concentration during the period from 9:00 to 13:00.


[image: Figure 4]
FIGURE 4. Hourly variation of PM1-PM2.5-PM10 inside and outside of the library (A) and canteen (B) based on the 5S-TPS method.


Most of the time, the concentrations of PM2.5 and PM10 in the air of the canteen could reach standard level A, with PM2.5 concentrations at level A in the daytime, while at noon (12:00–12:30), the indoor PM10 concentration could reach level B (Figure 4). The pollution from cooking combustion sources had certain relevance to these data. Unlike the library, the canteen showed inconsistent indoor and outdoor particulates due to the existence of internal pollution sources. The changing trends of indoor PM2.5 and PM1 were the same, but the concentration of PM10 changed sharply and was higher than the outdoor value at many times. PM1 concentrations peaked at ~07:19 am (28.5 μg/m3) in the canteen, PM2.5 concentrations peaked at ~07:17 am (32.8 μg/m3), and PM10 concentrations peaked at ~16:11 P.M. (56.7 μg/m3). The PM2.5 concentration in the canteen reached extreme values during the cooking periods before breakfast, lunch and dinner, with concentrations of 32.5, 30.6, and 30.3 μg/m3, respectively. Cooking oil fumes contain massive particulate matter according to Du et al. (56), which can escalate the concentrations at meal times.

The primary indoor and outdoor chemical pollutants were inconsistent. The main indoor pollutant was particulate matter, while the primary outdoor pollutant was CO. NO in the library fluctuated sharply within the range of 0~10 ppb, while SO2, O3 and NO2 were below 14 ppb. Taking 09:00 am as an example, the I/O ratio of CO was 1.25, the I/O ratio of NO2 was 0.11, the I/O ratio of O3 was 1.43, and the I/O ratio of SO2 was 1.07 (Figure A2). These amounts were still higher than the outdoor concentrations, although the indoor chemical pollutants did not exceed the standard limits.

Figure A3 and Figure A4 in appendix show the hourly variations in the percentages of 6 gases in the two locations. The variation trend of CO produced values that remained almost the same, but the concentration of CO2 gradually accumulated in the library, which may have been related to the building tightness and the increase in personnel. CO2 in canteen reached two peaks during the morning. At noon, the bulk concentration exceeded the daily value of 0.03% at most moments, and the maximum value reached 0.19% at 13:38 at noon. The volume concentration of CH4 was always below 0.3%, the volume concentration of CnHm was almost 0%, and the difference between H2 and O2 was not significant.



Effects of Indoor Air Chemical Pollutants

According to the above analysis, the trends of different pollutants in different indoor environments were different. To further explore the relationships between the pollutants, the Pearson correlation coefficient Rp was used to judge the correlation between the pairings of the measured parameters. The results are shown in Figure 5. The main diagonal shows the categories of pollutants listed, and the size of the circle in the upper right indicates the correlation between the two pollutants. The larger is the graph, the stronger is the relationship; the darker is the blue color, the stronger is the positive correlation; and the darker is the red color, the stronger is the negative correlation. The value in the lower-left region is the Pearson correlation coefficient between the pairings, and the color depth also corresponds to the graphic meaning. In the library, PM10, PM2.5, and PM1 had a strong positive correlation (the correlation between PM10 and PM2.5 reached 0.98; 0.99 was for PM2.5 and PM1; and 0.96 was for PM10 and PM1). SO2 showed a weak negative correlation with particulate matter, with correlation coefficients of −0.23(PM10), −0.26(PM2.5), and −0.28(PM1). In the canteen, O3 and NO2 had the strongest positive correlation, with a coefficient of 0.96. The correlation coefficient between PM2.5 and PM1 was 0.92. Due to the existence of internal pollution sources, the concentration of PM10 was relatively high and not synchronized with those of other particles, and its correlation coefficient with PM1 was only 0.02. At this time, PM10 and SO2 were negatively correlated with each other, and the correlation coefficient was ~−0.65. PM1 and O3 also had a highly negative correlation, with a value of −0.69. Although the Pearson correlation coefficients of the same chemical pollutants in different public buildings varied greatly, PM2.5 and PM1 were always highly positively correlated, O3 in the library was weakly positively associated with other pollutants, and PM2.5 in the canteen was almost negatively correlated with other contaminants, and PM1 has the same characteristics.


[image: Figure 5]
FIGURE 5. Distribution of the correlation coefficients of 8 contaminations in the library (Left) and canteen (Right).




Distribution of Indoor Air Particles

For the two locations, statistical tests were performed for the three kinds of particle size distributions in the mass concentrations of the particulate matter (Figure 6). Different concentrations of the object operation platform were tested, and using the R programming language RStudio (Version 1.2.1335) and an integrated development environment, a summary was plotted as a violin plot. The violin plot combined the boxplot and density figure characteristics to avoid hiding important details about the data distribution and could reflect the dispersion density and distribution of each interval period. The outer shape of the filled color block in the figure is the kernel density estimation, which was used to estimate the unknown density function in the probability theory. In one set of tests, the more times the concentration of a certain x-coordinate appeared, the larger was the y-coordinate value of the reaction on the graph, and the more concentrated was the whole graph. The data of the 95% sample values could be statistically analyzed in the violin plot using the R programming language. The results showed that the plot of the concentrations of particulate matter in the library was gourd-shaped, and the data in the middle and bottom areas were relatively concentrated. Among them, the highest concentrations of PM10 were 26.5 μg/m3 and 16.6 μg/m3, with each accounting for 1.68% of the total data. The mass concentrations of PM2.5 were 24.0 μg/m3, accounting for 2.34%, and 16.2 μg/m3, accounting for 1.49%. PM1 accounted for 2.98% and was present at 22.3 μg/m3. The distributions of the three particles were similar. The mass concentrations of particulate matter in the canteen were distributed in a spindle shape. The mass concentrations of PM10 were the most dispersed, and those of PM2.5 and PM1 were both concentrated. The most frequent concentration was 38.7 μg/m3, accounting for ~1.85%. The PM2.5 concentration of 24.3 μg/m3 was as high as 4.07%. The PM1 concentrations were 21.0 μg/m3 and 19.2 μg/m3, which accounted for 3.14%. In the canteen, the larger the particle size, the higher was the concentration.


[image: Figure 6]
FIGURE 6. The violin plot of the particle distributions at different locations.


In this study, we calculated the particle distributions of particles with different single particle sizes on the same day, and a particle diameter-time-concentration distribution map (DTC map) was drawn so that the distributions of the various parameters could be more intuitively examined. As shown in Figure 7, a small number of particles with diameters above 17.5 μm had a concentration of more than 10 μg/m3, while the particles with different particle sizes were mainly concentrated below 4 μg/m3. The particles measured at the 95% sample values in the library and canteen were analyzed as shown in Figure 8. The particle sizes below 6.5 μm in the library changed obviously, and the particle sizes above 6.5 μm were 0 or occasionally slightly fluctuated. Particles with particle sizes below 0.45 μm first decreased and then increased in the morning, and the curve changed significantly. The mass concentration of particles with particle sizes of 0.5~1.30 μm was relatively stable, ranging from 0.55 to 0.79 μg/m3. The concentration of particles with particle sizes of 1.6~5.0 μm changed significantly, with a range of 0.03~ 3.34 μg/m3. The general trend also indicated a first decrease and then an increase over time during 1 day. The concentration of particle sizes from 6.5 to 32.0 μm was occasionally prominent but almost maintained at 0 μg/m3 throughout the day. In the canteen, the particle concentration of 0.25~0.58 μm particle sizes was lower than 3.48 μg/ m3, and the concentration of 0.65–0.8 μm particle sizes was 0.17 μg/m3. Different from the case for the library, the particle sizes were within the range of 15~32.0 μm, so the concentrations were almost maintained at 0 μg/m3 all day. By comparing Figures 8C,D, it is not difficult to find that the high concentrations of particles in the library were localized within the small particle size range (0.25~0.45 μm), while the high concentrations of particles in the canteen were in the medium particle size range of 2.0~8.5 μm. The mass concentrations of large particulate matter (>15 μm) in both places were close to zero. Figures 8E,F show the time distributions of particulate matter in a day. The concentration distribution in the library was relatively regular, with a significant peak and valley period, which is consistent with the variation trend in the outdoor particulate matter concentration. The particles in the canteen were relatively dispersed during the day, and there were no periods when the particle size was too concentrated.


[image: Figure 7]
FIGURE 7. Particle diameter distributions in the library: particle diameter-time-concentration.



[image: Figure 8]
FIGURE 8. The 95% sample values particle size-time-concentration distribution for the library (A) and canteen (B). Concentrations of various particle sizes at different times (C–F).




Workplace Health Assessment of Airborne Particulate Matter in Public Buildings

Promulgated by the BS EN 481 standard of the British Standards Institution, air particles in the atmosphere of the workplace affect safety accordingly. Particles in the size range of 10–100 μm were considered to be inhalable particulate matter (Inhalable fraction). Those particles with sizes between 4 and 10 μm were considered to be inhalable thoracic particulate matter (Thoracic sub fraction), and particles of other sizes <4 μm belonged to alveoli particulate matter (Alveoli fraction) (57).

In this test, the particle size mass concentrations of two public buildings were classified and statistically calculated. There were significant differences in the concentration of different types of particulate matter in different public buildings (p < 0.01, Friedman test). A box plot was added based on the violin plot to highlight the value distribution, and the result is shown in Figure 9. The gray box on the line in the middle of the fill block represents the quartile range, the fine gray line extending from it represents the 95% sample values, and the thick gray line in the center of each box represents the median. The x-coordinate is the particle classification, and the y-coordinate is the particle mass concentration. As shown in Figure 9, the canteen had the most concentrated inhalable alveoli particles, with a median mass concentration of 27.6 μg/m3 and an overall concentration of 26.3~28.8 μg/m3. The inhalable particulate matter mass concentration of the dispersed (median 41.2 μg/m3) and inhalable particle concentration after the inhalable thorax particulate matter pulmonary alveolus ranged between 33 and 40.03 μg/m3. In the library, the three kinds of workplace air-particulate-mass-concentration distributions were similar. As seen from the figure, the concentrations of particles in the library fell at both ends, and the mass concentrations of human-inhalable particles were ~16.7 and 30.7 μg/m3. Upon comparing the particulate matter at the two sites, the mass concentration of inhalable particulate matter in the canteen was found to be 1.52 times higher than that in the library.


[image: Figure 9]
FIGURE 9. Assessment of the mass concentrations of the 3 particulate matter types in the workplace based on the BS EN 481-1993 standard.


The mass concentrations of particulate matter were plotted based on the time duration. As shown in Figure 10, the canteen experienced a peak in inhalable particulate matter concentrations of 209.8 μg/m3. At the specific time of 12:02, the pollution situation in the workplace was more serious because this point was during lunch time, and the cooking sources of particulate matter were more complicated. The mass concentration of either particle was higher than 20 μg per m3. Considering the BS EN 481 standard, the concentrations of particulate matter during business hours were maintained at relatively high levels. The three workplaces in the library had lower overall concentrations of particulate matter but also had extremely high levels of 92.8 and 85.7 μg/m3 in the morning. The concentrations of thoracic-inhalable particulate matter in the canteen ranged from 26.4 to 56.8 μg/m3, and the concentration of alveoli-inhalable particulate matter ranged from 22.7 to 35.6 μg/m3. The concentrations of all three types of particulate matter in the library began to decrease in the morning, reaching a minimum of 12.3 μg/m3 at 11:06 a.m., at 10:57 a.m., and 11:06 a.m. The concentrations of particulate matter at the two sites showed opposite trends at noon.


[image: Figure 10]
FIGURE 10. Distributions of inhalable, thoracic, and alveoli particles in the canteen and library.




Feasibility Analysis of the Fuzzy Comprehensive Evaluation Model

Indoor air quality, as compared to other problems, is more complex, since there is virtually no full guarantee of a comprehensive result. As a result, indoor air quality evaluation is more dependent on the uncertainty pollutants that cause the risks. Decisions made in the face of limited contaminations may lead to mistakes. Moreover, current air assessment methods do not take into account interrelationship, leading to incorrect estimates. False assessments lead to high cost or professional healthy problems.

Indoor air quality involved medicine, building environment, and architectural design, there have been many mathematical assessment models, but these models have yet to be on the air quality evaluation system to quantify the influence extent of each factor in the description, therefore, it is necessary to improve on existing models, develop a new dynamic evaluation model and give the corresponding evaluation method, for making it applicable to different places or becoming the main basis of regulating and improving air quality.

In response to these facts, it was decided to carry out this research, with the main aim of developing a fuzzy model of assessment for indoor air quality in public buildings. The model will be a useful tool to support decision-making processes, especially in professional health problems which most authorities ignore.

The results of our study will also support the further development of methodologies for assessing other pollutants, taking into account biological and radioactive contaminations, including bacterial colony and Radon (Rn).

Based on the classification standard for indoor environmental quality (58), this study combined the boundary values of each pollutant concentration and summarizes them in Table 3 (54, 59).


Table 3. Threshold of indoor air chemical pollutants.

[image: Table 3]

The air quality monitoring data of the four places with large amounts of people flowing through at noon were adopted, including a library (113.4019°E, 23.0439°N), a canteen (113.3904°E, 23.0485°N), a waiting hall (113.3502°E, 23.1761°N) and a department store (113.3983°E, 23.0688°N), as shown in Table 4. With the help of the MATLAB program, the maximum feature vector was calculated, and the consistency test was carried out. Finally, the sets R1 ~ R4 of the four sets of weights were obtained.

[image: image]

The membership degree of fuzzy set is used to describe the degree to which an element belongs to a fuzzy set. The larger the membership is, the higher the degree that the element belongs to the fuzzy set is, and vice versa. In some cases, the maximum membership principle will cause substantial information loss, so it cannot be objectively and effectively evaluated, and there may be one-sided results. In this paper, the bj obtained from Table 5 was used for reference to improve the fuzzy evaluation weighted-average grade method (60, 61), and the weighted average was determined according to formula (7) to make the evaluation grade quantifiable and more intuitive.

[image: image]

Here, J is the grading value, and 0 ≤ J ≤ 100. Setting the separation points at four values of 50, 60, 70 and 85 corresponds to the five grade intervals. The higher was the value, the closer it was to reaching level I (i.e., 0 ≤ J ≤ 50, level V; 50 ≤ J ≤ 60, level IV; 60 ≤ J ≤ 70, level III; 70 ≤ J ≤ 85, level II; 85 ≤ J ≤ 100, level I). The weighted average level for calculating the level of the library value J1 was 91.536 (level I), and the level of the canteen evaluation value J2 was 86.336 (level I→level II). The level of the waiting hall evaluation value J3 was 80.378 (level II), and the level of the department store evaluation value J4 was 88.626 (level I).


Table 4. Air quality field test data.
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Table 5. Comprehensive evaluation vector values of different sites.
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CONCLUSIONS

By taking contamination risks as the evaluation indexes and considering the uncertainty of the evaluation indexes and the fuzziness of threshold, the method of indoor air quality evaluation is proposed. This method can make the best of each factor to make decisions for long-term health assessments. Based on fuzzy theory, the evaluation index weight can be obtained, combining with medical literature. The results reflect the impact of valuation indicators on indoor air assessment in the evaluation system of monitoring contaminations. This model modifies the evaluation function by introducing the boundary values of each pollutant concentration, which reduces the error caused by the mutual interference in evaluation indexes to some degree. The cases of the public buildings show that the indoor air assessment model can evaluate the exposed risk of practitioners properly, and the evaluation results are in accordance with the actual condition.

By analyzing the measured data of indoor and outdoor chemical pollutant concentrations in public buildings in Guangzhou, several conclusions can be drawn as follows:

(1) Indoor particulate matter and outdoor particulate matter in the library showed obvious synchronism. PM2.5 and PM10 both showed a trend of first decreasing, then increasing and finally decreasing during the test. The PM10 concentration in the library and canteen peaked at 07:45 in the morning and at 16:11, respectively (48.9 and 59 μg/m3). The PM2.5 concentration in the library was higher than the outdoor concentration in the period beyond 9:00~13:00, and the PM10 concentration in the canteen changed sharply and was frequently higher than the outdoor value. The PM2.5 concentrations in the canteen reached extreme values during the cooking periods before breakfast, lunch, and dinner, which were 32.5, 30.6, and 30.3 μg /m3, respectively. The primary indoor pollutant was particulate matter, while the primary outdoor pollutant was CO. The NO concentration in the library fluctuated more violently, and CO2 in the canteen peaked twice in the morning and at noon.

(2) The Pearson correlation coefficient of the PM10 and PM2.5 concentrations in the library was 0.98, and PM10 and SO2 in the canteen were negatively correlated, with a correlation coefficient of −0.65. Although the Pearson correlation coefficients of the same chemical pollutants in different public buildings may vary greatly, PM2.5 and PM1 were always highly positively correlated, O3 in the library was weakly positively correlated with other pollutants, and PM2.5 and PM1 in the canteen were almost negatively correlated with other pollutants.

(3) The largest concentrations of PM10 in the library were 26.5 and 16.6 μg/m3, accounting for 1.68% of the total data. The larger was the particle size in the canteen, the higher was the concentration observed. The concentration distribution in the library was relatively regular, with a significant peak and valley period, which was consistent with the variation trend in the outdoor particle concentration. The particles in the canteen were relatively dispersed during the day, and there were no periods when the particle size was too concentrated.

(4) The high concentration of particles in the library was associated with the small particle size range (0.25~0.45 μm), while the high concentration of particles in the canteen was associated with the medium particle size range of 2.0~8.5 μm. The mass concentration of PM10 in the canteen was 1.52 times higher than that in the library. When choosing particle purification equipment, the particle size removal efficiency can be considered in a targeted way. The library prefers the removal of fine particles, while the canteen prefers the removal of large particles.

(5) The level of the library was calculated using the fuzzy comprehensive evaluation method for level I, and the level of the waiting hall was calculated for level II. Although some sites were clean, both sites were cautious about a sharp increase in particulate matter. The pollutants in the library and the canteen in the morning mainly came from outdoors, while the PM10 content in the canteen at noon was relatively high; thus, the times of operating indoor air purification equipment can be concentrated during these periods. The staff should avoid staying indoors too much at peak concentration times, because at these times, the indoor pollutant concentrations were higher than the outdoor concentrations, and it is suggested that the air exchange times be strengthened and that other protective measures be taken.

Further analytical work is needed to investigate how the effect of the ultrafine particles or the submicron particles impacts other contamination in buildings and any potential changes in health impacts. Additionally, systematic measurements are needed to separate the impacts of VOCs from different public spaces on general population health and source control, to raise awareness of the potential impacts of indoor pollutants. These chemicals are subject to reactions with other species, as such research to suggest optimal strategies considering all indoor pollutants present are needed. Therefore, the evidence comes down to the need for health-based guideline values for as much contamination as possible, rather than an individual pollutant limit value.
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