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Abstract

:

The objective of this paper is to investigate the effect of improving indoor air quality with indoor plants. As a methodology, two target classrooms with the same size (120.64 m2) and 32 students per room were selected. Then, 48 areca palm pots (average leaf area of 300 cm2/pot) were placed, and the plant density was 14.68% of the floor area. Subjective assessment for general questions, learning motivation, perceived air quality, and SBS symptoms was conducted at 5 min after the class started and 5 min before the class ended. The results showed that the CO2 concentration by respiration of the students (average of 1873 ppm) exceeded the regulatory standard (1000 ppm), but the students did not recognize the indoor CO2 concentration. The increase in CO2 concentration in the classroom was lower in the case with plant placement (624 ppm) compared with the case without plant placement (about 1205 ppm). It was statistically proven that the CO2 concentration by respiration could be reduced by 50% if the indoor plant leaf area density were maintained at about 14.68% of the floor area. In the case with plant placement, the students perceived the indoor air quality to be 40% fresher and showed a 140% higher acceptability. Moreover, the complaining of SBS symptoms was improved by 108%, and the students’ perception that it was better to focus on learning increased by about 120%. As the awareness of sustainability increases, indoor plants will be more actively placed in the United Arab Emirates. Indoor plants not only provide a visual green effect to improve human comfort but also purify indoor air pollutants.
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1. Introduction


The residents in United Arab Emirates spend 90% of their time indoors due to sweltering summers and no clear demarcation between different seasons [1,2,3]. This natural environment is leading the UAE toward sick building syndrome (SBS) faster than any other country [4]. An environment with poor indoor air quality deteriorates not only the health of the occupants but also their work and learning efficiency [5,6,7]. As these research results are continuously raised, the degree of awareness of indoor air quality is increasing [8,9]. According to the results of previous studies, when the ventilation volume increases from 3 ℓ/s to 30 ℓ/s, the work efficiency (integrated evaluation of typing and correction) improves by 1.7% on average [10,11]. When the ventilation volume increases from 5 ℓ/s to 21 ℓ/s, work efficiency (typing: 5.3%; calculation: 4.2%; vocabulary: 9.1%) improves [12,13]. This increases productivity profits by 5.3% [14,15]. It is also suggested that if the ventilation volume in elementary school classrooms (range: 0.9–7.1 ℓ/s) increases by 1 ℓ/s, achievements in math (2.9%) and reading (2.7%) can be expected to improve [16,17]. In particular, university classrooms require a high level of learning efficiency, so efforts to improve indoor air quality that can provide high learning efficiency are required [18,19,20]. However, mechanical ventilation to improve indoor air quality requires additional energy consumption [21,22]. In most cases, indoor air quality and thermal comfort, which are the main factors that determine indoor environmental quality, conflict in terms of energy conservation [23,24].



As an alternative, interest in the use of indoor plants has been increasing to assist air conditioners [25,26,27]. Various foliage plants, known as indoor air purification plants, reduce CO2 concentrations of 25.90–378.3 ppm per 1 h from a 100 cm2 leaf area, but these are mainly laboratory results [28,29]. The air quality improvement effect of indoor plants is constantly changing because pollutants in actual space do not maintain a constant concentration [30,31]. On the other hand, because there is a difference between the minimum detected concentration of the human body and the exposure reference concentration of indoor air pollutants, occupants are not properly aware of this, even though they are exposed to dangerous levels of indoor air quality [32,33,34]. Therefore, in this study, plants are arranged for an Ajman University classroom in the United Arab Emirates, and the effect of improving the indoor air quality is comprehensively investigated. By measuring the concentration of indoor air pollutants, subjective factors such as the perceived air quality (PAQ) and sick building syndrome (SBS) as well as work productivity (e.g., learning concentration) are evaluated simultaneously.




2. Literature Review


Deterioration in indoor air quality lowers human comfort, health, job satisfaction, and work efficiency, and it eventually affects productivity [35,36,37]. It causes economic impact not only on individuals but eventually on the whole society [38]. Since the 1995, the Technical University of Denmark (DTU)’s International Center for Indoor Environment and Energy (ICIEE) has been proving that indoor air quality can negatively affect one’s comfort and health as well as reduce productivity [39]. Satish et al. (2012) also studied the effect of CO2 on human performance based on its economic importance, and confirmed that increased levels of CO2 affect decision-making performance [40]. As part of these efforts, research on the indoor air quality improvement effect of plants began at National Aeronautics and Space Administration (NASA) in the 1980s [41,42]. According to existing research, indoor plants purify not only carbon dioxide (CO2), which is the main material for photosynthesis and thus survival, but also volatile organic compounds (VOCs) such as benzene (C12H18O), ethylbenzene (C8H10), xylene ((CH3)2C6H4), toluene (C7H8), trichlorethylene (C2HCl3), and formaldehyde (CH2O) [43,44,45,46]. It also purifies gaseous pollutants like carbon monoxide (CO), nitrogen dioxide (NO2), and sulfur dioxide (SO2) [47].



Research on the effect of indoor plants is mainly being carried out in the horticultural field as a way to activate plant use [48]. However, as interest in sustainable design architecture has recently increased, there is a lot of interest in the application of indoor plants in buildings [49,50,51]. This is because the use of plants as a method for improving indoor air quality not only improves indoor air quality, but it also improves human psychological and physiological comfort through the visual comforting effect of greenery [52,53,54]. Lee et al. (2015), Ikei et al. (2014), and Qin et al. (2014) studied the effect of reducing the stress of natural landscapes or indoor plants in a stressed state through measuring and subjective evaluation of the physiological response of the human body. These works suggested that seeing natural scenery or plants after receiving stress decreases the level of stress rapidly and relieves pain [55,56,57]. As a result of a study on the effect of plant-specific impression evaluation on the psychology of residents, Park et al. (2016) suggested that the presence of plants produces more open, stable, dynamic, and bright feelings [58]. Aydogan and Cerone (2021) also studied the effect of plant-specific visual perception on the mental physiology of residents and suggested that the presence of plants shows psychological stability compared with those without ones [43]. As such, plants are thought to have the effect of not only improving indoor air quality, but also improving stress coping by maintaining the psychological and physiological stability of the occupants [59,60]. The exact cause and mechanism for this has not yet been identified, but it is clear that the psychological stability of the occupants thanks to plants will eventually lead to improved work efficiency.




3. Methodology


In order to find out the effect of improving the indoor air quality with indoor plants, the following experiments were conducted. First, during February 2020, two classrooms in the J2 Building at Ajman University were selected as the subjects, and the same experiment was performed in each classroom. During each lecture period (from 2:00 p.m. to 5:00 p.m.), absent (without plants) and present (with plant) trials were performed. The concentration of air pollutants in the classroom and the subjective evaluation of the occupants were simultaneously performed and analyzed.



3.1. Target Classroom, Indoor Plants, and Pollutants


The target classrooms selected were two of the same size with an area of 120.64 m2, and the number of attendees was the same with 32 students per room. The target classroom was located on the same floor (first floor) at the college of architecture, art, and design at Ajman University in the United Arab Emirates, but the orientation of each room was different between room A (north) and room B (south). Figure 1 and Figure 2 show the foreground of the target building and the floor plan of the target lecture room.



The target plant, areca palm (Figure 3), is recognized worldwide as one of the best indoor air purification plants, absorbing CO2 and producing O2 to detoxify its surroundings by removing air pollutants such as formaldehyde (CH2O), xylene (C8H10) and toluene (C7H8) [61,62]. Among the houseplants that can grow under low indoor illumination (300–1000 lx), it was selected due to having a high CO2 reduction effect in previous studies [63,64]. Based on the previous research, areca palm trees can increase O2 concentrations from 18.56% to 21.33% after 7 h and decrease CO2 concentrations from 428 ppm to 419 ppm [65]. The ratio of the absorption of CO2 and the emission of O2 for a given fixed time period is 3:1 (Table 1) [61].



The leaf area of the target plant was calculated using an AutoCAD program after scanning the average leaf, and it was 300 cm2/pot. A total of 48 pots of areca palms (pot size: 15 cm × 21 cm) were placed in a line next to the windows in each classroom, and the plant density was about 14.68% of the floor area. Based on the Dubai Municipality’s regulation regarding indoor air quality (IAQ), in 8 h of continuous monitoring prior to occupancy [66,67], 8 types of indoor pollutants (CO2, CO, O3, VOCs, HCHO, SO2, NH3, and NO2) were selected, but we focused on the CO2 concentrations in the classroom setting.




3.2. Field Measurement Experiment


It was intended to have the same experiment parameters for the two classrooms, where the same lecture (from 2:00 p.m. to 5:00 p.m.) was held during the same semester, and the experiment was conducted by R.A. after obtaining consent, explaining the experiment procedure to the students in advance. The specific experimental method was as follows. Before class started, each measuring device was installed at the measuring point (center of the classroom), and a questionnaire was distributed to the students after R.A. briefly explained the experiment. While class was in progress, the actual conditions of the indoor air quality in the target classroom were measured for 1 h in units of 1 min. During the lecture break, we placed the target plant under the window in the lecture room and then performed the measurement experiment in the same way as before class started. Subjective assessment for general questions, learning motivation, perceived air quality, and SBS symptoms was conducted 5 min after class started and 5 min before class ended. The learning concentration should be evaluated only 5 min before the end of the lecture [68].



In principle, all experiments were conducted in a state where the door was closed and the air conditioner was operated, but the occupants were allowed to control the opening and closing of the windows by themselves in order to maintain the thermal comfort of the students. The case of opening the windows was excluded from the analysis, since the air exchange rate (ACH) from outdoors could significantly dilute the indoor air pollution [16]. Moreover, due to the scorching hot weather conditions in the UAE, students rarely open windows. In addition, students with poor health status or low learning motivation were also excluded from the analysis. IBM SPSS Statistics 27 was used for statistical analysis of each variable according to the presence or absence of plant placement. Equality of variance was confirmed through an F-test (p < 0.05) between the two groups, and a t-test (p < 0.05) was performed [69]. The correlation between the CO2 concentration in the classroom and each variable was investigated through the Pearson correlation coefficient. The measurement equipment and resources are shown in Table 2.





4. Analysis


Table 3 below shows the general indoor environment quality without plants in the target classroom. Even though Ajman University is located in the United Arab Emirates (Middle East), the spring semester is opened in the pleasant winter (daytime temperature: 25–30 °C; nighttime temperature: 12–15 °C), so the thermal environment of the target classroom was comfortable with central air conditioning (PMV: 0.13). It was found that the light environment also satisfied the illuminance design standard (300–1000 lx) with an illuminance of 582 lx. In the case of the indoor air environment, most sick building syndrome (SBS) pollutants except CO2 appeared below the regulation standard because the J2 building in Ajman University is more than 10 years old. On the other hand, the concentration of CO2 continuously increased and exceeded the regulation standard (1000 ppm) with an average of 1873 ppm. This seems to be due to the respiration of the students. In addition, CO2 is an essential element of plant photosynthesis and is recognized as a major indoor air pollutant. Although it does not harm the human body by itself, an increase in its concentration often indicates a deterioration in thermal conditions or an increase in other pollutants. For this reason, this study aimed to analyze the effect of improving the IAQ while focusing on CO2.



4.1. Indoor Air Quality Improvement Effect from Plants


In all cases, when the plant was placed (present), the CO2 concentration was found to increase gradually compared with the case where it was not (absent). Figure 4 shows the experimental results of the classroom (room 2) on the afternoon of 24 February 2020, and most of them show similar trends. The increase in the CO2 concentration (ΔCO2 = after (average CO2 concentration for 5 min before the class ends) − before (average CO2 concentration for 5 min after the class starts)) in the classroom for each case was also found to be lower in the case where indoor plants were placed (average 668 ppm) compared with the case where indoor plants were not placed (average 1205 ppm) in all cases. Compared with the calculation of the decrease in the CO2 concentration by areca palm trees in the previous research (average 773 ppm) [65], the result (average 668 ppm) was not very different. If the leaf area density was placed indoors at about 14.68% of the floor area, there was an effect of about a 50% reduction in the CO2 concentration, which continuously increased due to respiration of the occupants and by the photosynthetic activity of plants (p = 0.1). The results of calculating the increase in the CO2 concentration are shown in Figure 5.




4.2. Perceived Air Quality Improvement Effect from Plants


Perceived air quality refers to quantifying the human perception of indoor air quality as satisfaction and dissatisfaction. In this study, we tried to evaluate the perceived air quality by freshness and acceptability. Freshness was determined to be “fresh” or “stuffy”, as this was vocabulary that students could easily and comprehensively use to express the degree of perception of indoor air quality through a preliminary survey. It was placed at both ends and evaluated by classification on a seven-point scale. The acceptance of freshness was created by referring to 11 scales from the ASHRAE thermal sensation scale [70].



As is shown in Figure 6 and Figure 7, as the concentration of CO2 in the classroom increased, regardless of plant presence, the freshness of the indoor air quality perceived by the occupants shifted toward “stuffy”. It can be seen that the acceptability of the indoor air quality also showed a tendency to move from “comfort” to “intolerance”. The correlation coefficient (freshness: 0.154; acceptability: 0.167) was low, so it was not significant. However, students perceived the indoor air quality to be 40% fresher when plants were placed (average freshness: 0.62) than when they were not (average freshness: 0.15). The indoor air quality was considered to be 140% more suitable when plants were placed (average water content of 0.74) than without them (average water content of 1.04). It was found that the presence or absence of indoor plants had a significant effect on students’ freshness and acceptance ratings (freshness p = 0.03, acceptance p = 0.04). Moreover, students appeared to be more sensitive to the CO2 concentrations when plants were placed than when they were not. The results are shown in Figure 8 and Figure 9.




4.3. Sick Building Syndrome Improvement Effect from Plants


Sick building syndrome (SBS) is a symptom that appears in the human body within a building and refers to all cases for which no clear cause is known, except that the building is the main cause [71]. As is shown in Figure 10, the incidence of SBS increased as the CO2 concentration in the classroom increased, regardless of the placement of plants, but the correlation coefficient was 0.251, indicating that the significance was low. The incidence of complaining of SBS symptoms among students was found to be improved by 108% in the case of plant placement (2.59 times) than in the case without it (2.79 times) (p = 0.49). The results are shown in Figure 11.



In this study, SBS symptoms were classified into six categories: skin, eyes, ears, nose, throat, and nerve or mental, and a total of 27 symptoms were evaluated [72]. The target symptoms and incidence of each symptom are shown in Table 4. During the experiment, students complained of throat dryness (14.02%), eye dryness (12.65%), and skin dryness (12.06%) at high frequencies. According to the previous research, placing indoor plants in about 2–5% of the room area increases the humidity in the room by about 5–10%, and increasing the plant placement to 8–10% can increase the humidity by 20–30% [73]. In our experiment, RH was increased by 26.4%, but students still complained about throat dryness (14.02%), eye dryness (12.65%), and skin dryness (12.06%) at high frequencies. It is assumed that continuous air conditioning at 18 °C was related to this result. Next, the nerve or mental effects of dozing off (9.41%), drowsiness (7.51%), and tiredness (6.62%) were in order. In recognizing the indoor air quality, dryness of the neck, eyes, and skin was very important, and it seems that the students’ activities required high nerves and mental power.




4.4. Learning Concentration Improvement Effect from Plants


In this study, “very concentrated” and “not very concentrated” were selected as vocabulary that students could use to easily express their learning concentration and evaluated on a six-point scale placed at both ends [74]. As is shown in Figure 12, the learning concentration decreased as the CO2 concentration in the classroom increased, but the correlation coefficient was 0.058, indicating that the significance was low. The learning concentration was perceived to be 120% better (p = 0.62) when indoor plants were placed (average concentration of 0.61), compared with the case where they were not (average concentration of 0.51). The ratio of “concentrated” (1–3) students appeared to be 6% higher than the “not concentrated” (−1–3) students (Figure 13 and Figure 14).



In the case of plant placement, as the air quality became worse, the learning concentration tended to decrease, as can be inferred from the previous research. When plants were not arranged, the concentration of learning tended to increase. This is because students can perceive the changes in their environment and body more sensibly due to the placement of plants. In the analysis of freshness, acceptability, and SBS symptoms presented above, this is considered to be the same reason that plant placement had a higher coefficient of determination (R2) than the case where they were not present, and further research is needed in this regard.





5. Discussion


As the awareness of sustainability increases, the introduction of indoor plants into indoor spaces will become more active. Especially in the United Arab Emirates, people who find it difficult to enjoy the green landscape in their daily life prefer to have indoor plants in their spaces. Aside from the form of a potted plant, indoor plant implementation can be seamlessly integrated with a building’s design [75]. It can even help to obtain better Leadership in Energy and Environmental Design (LEED) levels. One of the categories in LEED is indoor environmental quality (IEQ) [76]. This is not directly related to indoor plants, but there are few innovative methods for indoor plants to be implemented to earn LEED credits. First, a biofilter wall is a wall filled with hydroponic plants to be integrated with a ventilation system to improve air quality [77,78]. Second, biophilia design is a type of interior landscaping to replicate nature indoors to give users visual comfort [79,80]. Third, based on the 2008 study carried out by the Indian government, indoor plants can reduce HVAC loads by 15% [81]. Fourth, indoor plants boost the relative humidity by up to 5–30% [82]. It can help conserve water in conditions where active humidification is required.



In the future, further studies to quantify the effects of areca palm trees on SBS air pollutants such as formaldehyde (CH2O), xylene (C8H10) and toluene (C7H8) in the classroom setting are planned to be carried out. Experiment parameters such as the density of the leaves, temperature variation, relative humidity, and the material of the pots, will be added. Furthermore, further investigations on the intensification of air purification in comparatively smaller classrooms (40–50 m2) with bigger numbers of students will be performed in future research.




6. Conclusions


In order to find out the effect of plants placed in the classroom, the results of actual classroom field measurement experiments and subjective evaluation by the occupants are as follows.



The target classrooms were found to be comfortable in thermal and light environments with a PMV of 0.13 and an illuminance of 582 lx. In the case of the air environment, most of the pollutants, excluding the CO2 concentration, met the Dubai Municipality regulation standards, and due to the nature of the classroom, the CO2 concentration by respiration of the occupants averaged 1873 ppm, exceeding the regulatory standard (1000 ppm). Although the main indoor air pollutant in the classroom is CO2, it was found that the students did not accurately recognize the indoor CO2 concentration.



The increase in the CO2 concentration in the classroom was lower in the case with plant placement (624 ppm) compared with the case without plant placement (about 1205 ppm). This can reduce the increase in CO2 concentration by the respiration of residents by 50% if the indoor plant leaf area density is maintained at about 14.68% of the floor area (p = 0.11).



In the case with plant placement, students perceived the indoor air quality to be 40% fresher (p = 0.03) and showed a 140% higher acceptability (p = 0.04).



Compared with the case without plant placement, the complaining of SBS symptoms was improved by 108% (p = 0.49). The symptoms were reported in the order of throat dryness (14.0 2%), eye dryness (12.65%), skin dryness (12.06%), and nervous or mental effects of dozing off (9.41%) and drowsiness (7.51%).



In the case with plant placement, students perceived that it was easier to focus on learning by about 120% (p = 0.62). The percentage of “Concentrated” students was 6% higher than that of “Not Concentrated” students. The coefficient of determination (R2) of each variable according to the indoor CO2 concentration was high when plants were placed.



Indoor plants not only provide a visual green effect to improve human comfort, but they also purify indoor air pollutants. Furthermore, it is expected to help the human body to perceive the indoor air quality more sensitively.
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Figure 1. J2 Building at Ajman University in the United Arab Emirates. 
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Figure 2. The target classrooms in the J2 Building at Ajman University. 
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Figure 3. The target plant, the areca palm tree. 
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Figure 4. Changes in CO2 with or without plants. 
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Figure 5. CO2 concentration with or without plants. 
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Figure 6. The perception of freshness according to the CO2 concentration. 
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Figure 7. Indoor air quality acceptance according to the CO2 concentration. 
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Figure 8. The perception of freshness with or without plant placement. 
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Figure 9. Indoor air quality acceptance with or without plant placement. 
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Figure 10. The frequency of SBS symptoms according to the CO2 concentration. 
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Figure 11. The frequency of SBS symptoms with or without plant placement. 
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Figure 12. The frequency of concentration according to the CO2 concentration. 
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Figure 13. The frequency of concentration with or without plant placement. 
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Figure 14. The distribution of learning concentrations according to plant placement. 
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Table 1. O2 and CO2 concentrations for different air purification plants.
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Air Purification Plants

	
O2 Concentration (%)

	
CO2 Concentration (ppm)

	
CO2/O2 of Plants for a Given Fixed Time




	
T = 0 h

	
T = 7 h

	
T = 0 h

	
T = 7 h

	
Ratio






	
Areca Palm

	
18.56

	
21.33

	
428

	
419

	
3:1




	
Tulasi

	
18.56

	
22.30

	
429

	
410

	
4:1




	
Aloevera

	
19.12

	
21.07

	
428

	
418

	
5:1




	
Peace Lily

	
19.00

	
20.62

	
428

	
420

	
4:1




	
Devils Ivy

	
19.00

	
21.00

	
428

	
420

	
4:1




	
Snake Plant

	
19.00

	
21.00

	
429

	
419

	
5:1




	
Orchids

	
19.00

	
21.10

	
429

	
421

	
4:1




	
Lady Palm

	
19.00

	
21.32

	
427

	
419

	
3:1




	
Rubber Plant

	
19.00

	
21.24

	
426

	
418

	
3:1




	
English Ivy

	
19.00

	
21.18

	
427

	
419

	
3:1
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Table 2. Measurement equipment.
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Measurement Equipment

	
Measuring Items

	
Range

	
Resolution

	
Type






	
Temperature and Humidity

Data Logger

(RS PRO RS-172TK)

	
Temperature (°C)

	
−60–155

	
0.1

	




	
Humidity (%)

	
10–95

	
1

	




	
Globe Temperature (°C)

	
−60–155

	
0.1

	




	
PMV Meter (AM-101)

	
Air Flow(m/s)

	
0–1

1–5

	
±0.1

±0.5

	




	
Light Meter (DL7040)

	
Illumination (lx)

	
0–10,000 lx

	
1 lx

	




	
IAQ Analyzer

(IQ Analyzer 6400)

	
CO2 (ppm)

	
0–5000

	
1

	
NDIR
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Table 3. Indoor environment in target classrooms (5 min before the end of class).
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	CO2

(ppm)
	Lux

(lx)
	Ta

(°C)
	MRT

(°C)
	Va

(m/s)
	RH

(%)
	OT

(°C)
	PMV





	Mean
	2078
	580
	24.30
	24.44
	0.02
	44.20
	24.44
	0.12



	Standard Deviation
	696
	230
	1.12
	1.10
	0.01
	18.32
	1.08
	0.45
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Table 4. Sick building syndrome symptoms and frequencies.






Table 4. Sick building syndrome symptoms and frequencies.





	
#

	
Symptoms

	
%

	
#

	
Symptoms

	
%






	
1

	
Throat Dryness

	
14.02

	
15

	
Ears: Itchy

	
2.24




	
2

	
Eyes Dryness

	
12.65

	
16

	
Throat: Mucus

	
1.99




	
3

	
Skin Dryness

	
12.06

	
17

	
Ears: Hearing Loss

	
1.81




	
4

	
Nerve/Mental: Dozing Off

	
9.41

	
18

	
Throat: Itchy

	
1.41




	
5

	
Nerve/Mental: Drowsiness

	
7.51

	
19

	
Throat: Coughing

	
1.15




	
6

	
Nerve/Mental: Tiredness

	
6.62

	
20

	
Nerve/Mental: Dizziness

	
0.91




	
7

	
Nose: Itchy

	
5.11

	
21

	
Eyes: Red Eyes

	
0.71




	
8

	
Throat: Stinging

	
3.38

	
22

	
Nerve/Mental: Nervousness

	
0.64




	
9

	
Nerve/Mental: Less Concentration

	
3.08

	
23

	
Eyes: Glare

	
0.51




	
10

	
Eyes: Stinging

	
2.96

	
24

	
Skin: Stinging

	
0.32




	
11

	
Ears: Tinnitus

	
2.95

	
25

	
Nerve/Mental: Anger

	
0.31




	
12

	
Nose: Sneezing

	
2.77

	
26

	
Nose: Pungent Smell

	
0.27




	
13

	
Nerve/Mental: Headache

	
2.76

	
27

	
Nerve/Mental: Absent Mindedness

	
0.13




	
14

	
Skin: Itchy

	
2.31

	
Total

	
100
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