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Abstract

:

Due to unprecedented urbanization, UAE had built many new residential projects with poor choices of material and ventilation. This social phenomenon is leading UAE to Sick Building Syndrome (SBS) faster than any other countries. The Dubai Municipality regulates the indoor air quality with strict stipulation, but the detailed regulations are still insufficient. The objective of this paper is to measure the indoor air quality of new residential projects in Dubai to suggest the improvement of the regulations for indoor air quality. As a methodology, a field survey was conducted to investigate the status of indoor air pollution in residential buildings. Based on the field survey data, lab experiments for building materials were conducted and a computer simulation on radon gas was conducted. The result had shown that radon gas was mainly detected in new townhouses and labor camp houses, and its concentration was found to exceed the standard. Volatile organic compounds (VOCs) and formaldehyde (CH2O) were mainly detected in showhouses and new townhouses, and the concentration distribution was about 10 times higher than that of outdoors. It was proven that emission concentration of radon gas from various building materials were detected, and the order was red clay, gypsum board, and concrete. Volatile organic compounds (VOCs) are mainly detected in oil paints and PVC floor and the radiation amount of all pollutants increased with temperature increase. In computer simulation, it was found that a new townhouse needs a grace period from 20 days to 6 months to lower the radon gas concentration by 2 pCi/L. This study will serve as a basic data to establish more detailed regulation for the building materials and improve the IAQ standards in Dubai.






Keywords:


IAQ; residential building; radon gas; VOCs; building materials; Dubai












1. Introduction


Improving air quality is on the United Arab Emirates (UAE) government’s aspiration for a long time [1] and one of the goals in UAE National Vision 2021 is to enhance the outdoor air quality in the country to 90% by 2021 [2]. The UAE monitors outdoor air via the UAE AQI (Air Quality Index) regularly [3], and the Ministry of Climate Change and Environment is improving the national standards with its partners in the public and private sector and already achieved 89% in 2020 [4]. While outdoor air quality is being controlled systematically, however, clean indoor air becomes more imperative in the era of global pandemic [5,6]. The residents in UAE spend considerable amount of time indoors due to scorching summer and no clear demarcation between one season and the other [7,8]. The exposure to indoor air pollutants in long term can cause serious damage to health [9]. According to a UAE Health Ministry and Dubai Healthcare City reports, 15% of Dubai residents have chronic respiratory disease such as asthma [10,11]. Moreover, 90% of the 150,000 patients at Al Ain Hospital suffered from respiratory diseases of the upper respiratory tract, bronchitis, or asthma [12]. Due to the unprecedented urbanization, UAE had built many new residential projects with poor choices of material and ventilation [13,14]. This social phenomenon is leading UAE to Sick Building Syndrome (SBS) faster than any other countries [15].



The Dubai Municipality regulates the IAQ (Indoor Air Quality) with the stipulation of less than 0.08 ppm (parts per million) of formaldehyde, less than 300 micrograms/m3 of TVOC (Total Volatile Organic Compound), and less than 150 micrograms/m3 of suspended particulates (less than 10 microns) in 8 h of continuous monitoring prior to occupancy [16,17]. These IAQ standards need to be continuously adhered in a stringent manner [18], but as lack of ventilation due to continuous air conditioning and indiscriminate use of unproven finishing materials have increased, indoor air quality deteriorates day by day, threatening the health of residents [19,20]. Exposure to polluted air in the long term can lead residents to lowered immunity, respiratory ailments, hypersensitivity, allergies and susceptibility to viruses [21]. The UAE government aspires to develop and implement a green building initiative to control the SBS phenomenon [22,23]. In Dubai, the Emirates Green Building Council have taken initiatives to implement the sustainable building practices by Green Building Codes, and it will be a prerequisite and applicable to all new buildings in the UAE [24,25]. This study aims to measure the indoor air quality of a new residential projects in Dubai to verify whether Dubai Municipality’s IAQ standard is thoroughly complied, and to suggest the improvement of the standard for indoor air quality for the Green Building Codes.




2. Materials and Methods


Indoor air pollution refers to the condition of air pollution in various indoor spaces (houses, schools, offices, public buildings, hospitals, underground facilities, transportation, etc.) [6]. The reasons for indoor air pollution are very complex pollutant sources from both inside and outside, and the impact is clearly affecting the health of indoor occupants, if not to the extent that they are life-threatening [26]. To mitigate these problems, Dubai needs to adopt the progressive decarbonization of the energy system eventually, and the transition from traditional fuels to renewable sources for electricity generation is required [27]. According to recent research, indoor air pollutants include total suspended particles (TSP), nitrogen dioxide (NO2), carbon monoxide (CO), and carbon dioxide (CO2) from smoking and combustion gases [28]. As a natural radioactive material, radon gas, which is present in construction materials such as soil, cement, concrete, marble, sand, mud, brick, and gypsum board, is released into the air and causes lung cancer when inhaled by the residents [29,30,31]. In addition, contaminants such as formaldehyde (CH2O) and volatile organic compounds (VOCs) are released from composite materials and insulation materials such as wood and rubber, paints and adhesives, plastics and synthetic resins [32,33,34]. On the other hand, PVC-based (polyester-based and urethane-based) materials are widely used for flooring [35]. Most of these products are petrochemical products and generate toxic gases in case of fire [36]. In addition, it is known to emit pollutants such as volatile organic compounds (VOCs) and DEHP (di-(2-ethylhexyl)-phthalate) that cause unpleasant odors, respiratory irritation, fatigue, nausea, or decreased concentration in a room with limited openings [37].



Most pollutants in indoor air are known to be mainly emitted from construction materials, combustion fuels, household goods, and smoking [38]. The concentration of pollutants appears to be lower than that of the factory environment that handles large amounts of pollutants, but it is reported that the concentration of pollutants remains much higher than that of the outside air [39]. In particular, in the case of new buildings, the concentration distribution is as high as 100 times [40], and the types of building materials used are so diverse that it is difficult to grasp the discharge characteristics of pollutants [41]. Air quality standards are set by dividing into indoor environment, outdoor environment, and work environment because the occurrence of pollutants and the degree of impact on occupants are different according to each environmental characteristic [42]. In the case of European indoor air quality (IAQ) standards, the Air Quality Guidelines for Europe were already established in 1987, centered on the WHO, and various research results on indoor air environment and health have been accumulated [43,44,45]. In the States, ventilation regulations for maintaining the indoor air environment in consideration of indoor air quality for occupants are proposed from EPA (Environmental Protection Agency) and ASHRAE (The American Society of Heating, Refrigerating and Air Conditioning Engineers) [46,47]. As such, most advanced countries have already implemented detailed regulations on the emission of pollutants from indoor spaces. Table 1 below compares the indoor air quality standards of advanced countries.



The purpose of this study is to measure the indoor air quality of a new different building-type residential projects in Dubai to determine whether the IAQ standard is thoroughly complied, and to suggest the improvement of the standard for indoor air quality in the UAE. The characteristics of the indoor air quality were examined, and the pollution status of the indoor air quality was analyzed via a field survey of new different building-type residential projects in Dubai. Based on the analysis of the field survey data, the intensity of emission was determined in the laboratory among the different building materials that emit relatively large amounts of pollutants in the field survey. In addition, by conducting computer simulation, the status of building material application is to be verified since the detailed regulations on building material for indoor air quality are very insufficient [48]. If it is necessary, the improvement of building material standards should be urgently established for Sick Building Syndrome (SBS) [49,50].




3. Results


3.1. Field Survey


In this study, in order to investigate the current status of indoor air pollution in residential buildings, the pollution status was measured for various residential buildings such as new house, existing house, and show house in the UAE over the past three years from 2018 to 2020. The measurement is carried out by measuring air pollutants such as radon gas, volatile organic compounds (VOCs), formaldehyde (HCH2O), nitrogen dioxide (NO2), carbon dioxide (CO2) and total suspended particles (TSP).



Radon gas measurement was performed using the Radon WL Meter, which calculates the average concentration of indoor radon by alpha count detection [51]. At this time, the measuring point was 0.5 m from the floor and measured indoors and outdoors simultaneously. The measurement is the value obtained by performing the main measurement (at least 24 h) after the preliminary measurement (2 h) [52] and the ventilation frequency was 0.3 times/h. In Table 2, the distribution of average contamination concentration of radon gas was in the order of 2.55 pCi/L for existing labor camp houses, 1.46 pCi/L for new townhouses, 0.79 pCi/L for existing townhouses, and 0.03 pCi/L for showhouses. High pollution concentrations were seen in new townhouses due to radon gas’ short half-period and labor camp houses with insufficient ventilation and poor landscape. In particular, the radon contamination concentration values in the labor camp house far exceeded the standard value (ASHRAE: 2 pCi/L) [53], and in the case of a new townhouse, the contamination concentration distribution was about 12 times higher than that of the outdoors.



As for the volatile organic compounds, an air sampler was used as an activated carbon adsorbent according to the guidelines of NIOSH (1501) [54,55]. After collecting on-site for about 2–3 h at a flow rate of 200 cc/min at the height of human breathing (measured at four points at the same time), it was sealed and refrigerated, and then desorbed with CS2 solution and quantitatively analyzed by GC (HP, FID method) [56]. At this time, the Capillary Column is used exclusively for the fine concentration of VOCs in the room (60 m × 0.25 mm × 0.25 m) [57]. Formaldehyde was measured for an average of 2 h at the height of the human respiratory line using a passive bubbler monitor (four points were measured at the same time), and then the concentration was analyzed with a sorbing solution [58]. In the measurement results of contamination of volatile organic compounds (VOCs) and formaldehyde (CH2O), the highest concentration was detected in showhouses built mainly with finishing materials such as latex paint and calking agent, chipboard, plywood, and adhesive. In particular, a high pollution distribution was detected in new houses due to a short period of emission of pollution concentration after construction. All of these values were found to exceed the standard value, and in particular, the volatile organic compounds of the new townhouses was detected at a value that is about 10 times higher than that of the outdoors.



Nitrogen dioxide concentration is the result of concentration analysis by Spectrophotometer after collecting for 1 week by simultaneously installing at three points at the height of the breathing line 1.5 m away from the kitchen gas stove using a personal sampler of the Palmes tube [59]. In general, the concentration of nitrogen dioxide (NO2), generated from cooking gas appliances, was measured only for existing townhouses. The average concentration of nitrogen dioxide (NO2) pollutants during cooking was 36.8 ppb, showing a maximum concentration distribution of 60.8 ppb. It has been found that such a value does not exceed the standard (50 ppb).



For carbon dioxide (CO2), Portable GasTec (0–5000 ppm) in CMCD-10P format was used [60] and total suspended particles (dust) was measured using a light scattering type of dust track [61]. All are averaged values, measured for 2–3 h at 10 min intervals at the height of the respiratory line. In the indoor environment, carbon dioxide (CO2), mainly generated by combustion devices and human breathing, does not cause poisoning or physical disability by themselves. However, it is used as an indicator of indoor air quality because it increases proportionally when other pollutant concentrations increase. The pollution concentration of carbon dioxide (CO2) showed a very high concentration distribution value of 3001.8 ppm on average, especially in a labor camp house where ventilation was absolutely insufficient. It was also found that contaminants of dust (TSP) also had a high concentration distribution of 179.3 g/m3 in the labor camp house and all of these values greatly exceeded the respective reference values (1000 ppm, 150 g/m3).




3.2. Laboratory Experiment Results of Indoor Air Pollutants


Based on the above indoor air quality field survey results, a laboratory experiment for building materials, which produce many pollutants, was conducted to measure the contaminants released per unit area. In particular, as a result of the field survey, it was found that the concentration of indoor air pollution in the building showed a large difference depending on the structure of the building, that is, the finishing material composition and the ventilation condition of the building [62]. Therefore, in laboratory measurements, radon gas, mainly released from soil, cement, concrete, marble, sand, mud, brick, and gypsum board [63], volatile organic compounds (VOCs), generated from wood, rubber, paints, adhesives, plastics, and synthetic resins [64], and environmental hormones (DEHP (di-(2-ethylhexyl)-phthalate)), generated from PVC-based construction flooring materials such as polyester and urethane [65], are studied. Laboratory measurements are intended to quantitatively determine the concentration of pollutants according to the type of building material, and each of two sealed stainless steel and glass cylindrical models is implemented with a size of 0.14 m3 (diameter 0.5 m, height 0.7 m).



The measurement results of radon radiation in building materials were in the order of red clay, gypsum board, concrete, and cipolin. It was the highest detected in red clay (5.2 times that of general concrete) and showed a high concentration (3.6 times that of general concrete) in gypsum board. In particular, it was confirmed that radon gas was highly radiated from the ceramic itself by showing a high radiation amount of about 1.6 times (7.2 times that of general concrete) than the general red clay in the red clay mixed with ceramic. However, when a material such as concrete, gypsum board, and red clay from which radon gas is released is steam-cured, the amount of radon radiation is significantly reduced. In particular, in the case of red clay, by confirming that the radiation amount of radon is decreasing when the surface is finished with another material, it was found that the radiation amount of radon gas can be reduced to a certain level depending on the composition of the wall and the degree of surface treatment (Table 3).



Table 4 is the measurement of the amount of emission of volatile organic compounds (VOCs) pollutants in paint. The paint materials were compared and analyzed between general petrochemical product and imported natural materials-based product. In order to determine the amount of radiation according to the temperature difference, the laboratory temperature was measured by dividing it into cooling and non-cooling. As a result, it was found that volatile organic compounds (VOCs) pollutants were highly detected in paints of petrochemical products [66]. In particular, it can be seen that the oil paint shows a higher radiation dose value of about 30 times that of the aqueous paint [67]. In addition, it was confirmed that the radiation amount was significantly increased as the temperature increased.



Table 5 is a measurement of the radiation amount of volatile organic compounds pollutants emitted per unit surface area in a closed laboratory targeting three types of PVC floor (Pet, Non UV, UV). The change in the amount of pollutant emission according to the rise of the floor temperature was also measured at the same time. As a result, all pollutants of volatile organic compounds were detected in PVC floor (Non UV-Pet-UV in order). UV (Ultraviolet) products refer to products with improved quality by adding stain resistance and scratch resistance to existing PVC products (Pet, Non-UV) and performing surface treatment. It was found that when the floor temperature was heated to 35 °C and 50 °C, based on the average temperature of 25 °C, the radiation amount increased up to 14.8 times. It was also confirmed that the amount of polluted radiation was decreasing depending on the surface treatment condition of the product.




3.3. Simulation on Radon Gas


Computer simulation, focused on radon gas, was conducted to devise a plan to improve the indoor air quality of the building. It is not easy to determine the number of pollutants and their reduction rate, but radon gas was selected because data had accumulated from many field surveys and laboratory measurements. Since radon gas concentration is particularly high in new townhouses and labor camp houses, simulations were conducted by dividing into two as follows. In case of a new townhouse, the period to fall below the standard was calculated by considering the half-period of radon gas (Simulation-1), and in case of the labor camp house where the radon concentration is detected as high, the period of falling below the standard was calculated (Simulation-2). Simulation-1 is a case of calculating the period according to the radon half-period in the new townhouse, and the input data are as follows. First, the size of the house was 190 m2, which is the average size of a 2-bedroom townhouse in Dubai in 2018 [68]. Since radon gas is mainly released from concrete and gypsum board, it is assumed that it is released immediately after the completion of concrete curing. Even if the construction is finished, the radon concentration and duration were calculated based on the condition of the windows (closed, semi-open, fully open) until moving in. The measurement of ozone (O3) is excluded since ozone (O3) is measured mostly for the public space’s IAQ [69] and is not part of the Dubai Municipality’s regulations for housing IAQ standards. At this time, the ventilation amount was calculated as follows according to the opening condition, and the crack ratio was calculated as 2.5 cm2/lmc [linear meter of crack] by ASHRAE (Table 6).


  Ci =  S Q    [ 1 − exp   −   Qt  V    ] + Co  



(1)







Equation (1) is an equation that calculates the concentration C2 at the time t2, given the concentration C1 and the time t1 at that time. It is an equation that calculates the change in concentration as a function of time, amount of generation, volume, and ventilation rate. Additionally, the expression that the generation of radon gas (S) changes with time (St) is as follows.


  S  t  = S o × exp − a × t  



(2)







Here, therefore, is the initial content; a is the constant at which the rate of occurrence decreases with time (negative number means decrease), and S(t) is the amount of occurrence over time. The results of Simulation-1 are as follows (Figure 1, Figure 2 and Figure 3). Figure 1 shows the change in radon concentration according to the amount of natural ventilation when the opening is closed after the completion of the concrete frame construction in a new house. Figure 2 shows that when the opening is semi-opened without sealing after the completion of the concrete frame construction, the period for the contamination concentration to be less than the standard is about 40 days. Figure 3 shows that when the opening is completely opened after the concrete frame construction, the period of less than the standard is about 20 days. However, even if the contamination concentration drops below a certain level within a short period of time due to the introduction of a large amount of ventilation, when the opening is closed again, the contamination concentration rises again, and the contamination concentration has a close relationship with ventilation, but the emission time is also related.



Simulation-2 is to quantitatively analyze the change of pollution concentration according to the amount of ventilation in a labor camp house with weak ventilation. It is assumed that the same amount of radon gas is continuously emitted from the four walls under the condition with one ventilation window and one opening in a 18 m2 rectangular single room. At this time, the measured value of the pollutant radiation was applied in the previous section (Table 7).



The governing equation to solve Simulation-2 was the law of conservation of mass (Navier–Stokes equation), law of momentum conservation equation (continuity equation), the law of conservation of energy, and the convective–diffusion equation (concentration equation) (Equations (3)–(5)).



Continuity equation:


   ∂  ∂  x i      ρ  u i    = 0  



(3)







Navier–Stokes equation:


   ∂  ∂  x j      ρ  u j   u i    = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j     



(4)







Concentration equation:


   ∂  ∂  x j      ρ  u j  C   = −  ∂  ∂  x j       µ   S C    +    u t     σ c        ∂ C   ∂  x j    +  S C   



(5)







In this study, using the computer program PHOENICS 2018 Version 2, the number of ventilations of the room was changed in four steps from 0.5 times/h, 1.0 times/h, 3 times/h, and 5 times/h, and the results are as follows (Figure 4, Figure 5, Figure 6 and Figure 7). Figure 4 shows the average concentration of radon gas in the case of a ventilation frequency of 0.5 times/h in a labor camp house with a size of 18 m2 (5.56 pCi/L), which far exceeded the standard value (2 pCi/L). Figure 5 shows the ventilation volume increased to 1 time/h, Figure 6 is 3 times/h, and in Figure 7 the ventilation volume is increased to 5 times/h. As a result of the simulation, the pollution concentration gradually decreased as the ventilation volume increased, and the average concentration at the ventilation volume 5 times/h was lowering to 2.06 pCi/L, which is the standard level (2.0 pCi/L).




3.4. Results


The pollution of indoor air quality in various residential building types in Dubai is as follows. Radon gas was mainly detected in new townhouses and labor camp houses, and concentration values were mostly exceeding the standards. In addition, it was found that pollutants of volatile organic compounds (VOCs) and formaldehyde (CH2O) are mainly detected in showhouses built with fast-track mode with paint, chipboard, plywood, and adhesives, and in new townhouses that have a short, elapsed time after completion. The concentration distribution was about 10 times higher than that of outdoors. On the other hand, it was confirmed that in the labor camp house where ventilation was absolutely insufficient, pollutants such as carbon dioxide (CO2) and dust (TSP) were very high, and both significantly exceeded the standard. In particular, in the case of carbon dioxide (CO2), it was found that countermeasures against labor camp houses are urgent.



Measurement of the emission concentration of contaminants according to various building materials in a closed laboratory is as follows. The amount of radon gas emitted from soil and building structures was highest in the red clay, in the order of red clay, gypsum board, and concrete. However, it has also been found that even if the contamination concentration is radiated, the radiation amount of the contamination level can be reduced to a certain level by appropriately controlling the composition of the wall and the degree of surface treatment. Volatile organic compounds (VOCs) were mainly detected in paints. In particular, it was detected in a larger amount in oil paint than in aqueous paint, and it was confirmed that the amount of radiation was further increased with the temperature increase. Meanwhile, it was confirmed that almost no contaminants were detected from natural paint. In addition, volatile organic compounds (VOCs) contaminants were also detected in PVC floor material, and the amount of radiation was also increasing with temperature rise. However, like radon gas, it was confirmed that the amount of radiation was also decreasing depending on the surface treatment condition of the product.



The computer simulation results to devise a plan to improve the indoor air quality of the building are as follows. The simulation regarding radon gas were explored with two scenarios, a new townhouse (Simulation-1) and an existing labor camp house (Simulation-2). Simulation-1 is the calculation of the change in concentration and period according to the opening and closing status (natural ventilation) of the opening after the completion of the concrete frame in the new townhouse. The period of less than the standard value (2 pCi/L) was about 190 days when the opening was closed, about 40 days when half-opened, and about 20 days when opened. Therefore, in the case of new buildings, it was found that a grace period of 20 days to about 6 months was necessary to lower the radon contamination concentration below the standard value. However, it can be seen that the pollution concentration is related not only to the ventilation volume but also to the radiation time. Simulation-2 is to quantitatively analyze the change of pollution concentration according to the amount of mechanical ventilation in the labor camp house, an 18 m2 rectangular single-room with poor ventilation. While changing the number of ventilations of the room in four steps from 0.5 times/h, 1.0 times/h, 3 times/h, and 5 times/h, the average concentrations of radon gas were decreasing to 5.56 pCi/L, 5.37 pCi/L, 3.48 pCi/L, and 2.06 pCi/L, respectively.





4. Discussion


Comparatively speaking, UAE residents spend more time indoors due to desert climate with hot summer, in which average maximum temperatures reach above 45 °C. This is the reason why the exposure to indoor air pollutants is more problematic in UAE. According to Dubai Healthcare City reports, 15% of Dubai residents have a chronic respiratory disease such as asthma. Based on UAE Health Ministry, 90% of patients at Al Ain Hospital suffered from respiratory diseases. Moreover, because of fast urbanization with an unprecedented pace, UAE had built many new residential projects with poor material and ventilation. This social phenomenon is leading UAE to Sick Building Syndrome (SBS) faster than any other countries.



Even though the Dubai Municipality regulates the IAQ (Indoor Air Quality) with the stipulation of less than 0.08 ppm (parts per million) of formaldehyde, less than 300 micrograms/m3 of TVOC (Total Volatile Organic Compound), and less than 150 micrograms/m3 of suspended particulates (less than 10 microns) in 8 h of continuous monitoring prior to occupancy, the status of application needs to be verified since the detailed regulations on building material for indoor air quality are very insufficient. If it is necessary, the improvement of standards should be urgently established for SBS.



This study can be served as a basic data to establish more detailed regulation for the building materials and improve the IAQ standards in Dubai. Moreover, it was found that urgent attention is needed for labor camp houses. In the UAE, labor camp houses are the most neglected area, as employer companies ignore the rights of the workers even though stringent rules and regulations are enforced in UAE [70]. The challenge is to enhance the quality of the congested labor camp room, where 12–14 workers sleep with bunk beds [71]. This was the place where most of the COVID-19 cases in UAE came from in the era of pandemic. The future study will be focused on IAQ of the labor camp housing.




5. Conclusions


This study aims to improve the indoor air quality of residential buildings in Dubai, and the results of the study are summarized as follows.



First, radon gas was mainly detected in new townhouses and labor camp houses, and its concentration was found to exceed the standard value. Volatile organic compounds (VOCs) and formaldehyde (CH2O) were mainly detected in showhouses and new townhouses, and the concentration distribution was about 10 times higher than that of outdoors. In addition, in the case of carbon dioxide (CO2) and dust (TSP), the value were greatly exceeded than standard in the labor camp house.



Second, as a result of measuring the emission concentration of pollutants according to various building materials in a closed laboratory, radon gas is in the order of red clay, gypsum board, and concrete. It was detected the highest in red clay, which is 5.2 times that of concrete. Volatile organic compounds (VOCs) are mainly detected in oil paints and PVC floor, and the radiation amount of all pollutants increased with temperature increase. However, it has also been found that the radiation amount of the pollution can be reduced to a certain level depending on the surface treatment.



Third, in the computer simulation, it was found that in the case of a new townhouse, a grace period from 20 days to about 6 months is needed for the radon contamination concentration to be below the standard value (2 pCi/L) after the completion of the concrete frame construction. However, it was confirmed that the pollution concentration was not only related to the ventilation amount, but also the radiation time. In addition, in a labor camp house where ventilation is weak, the pollution concentration according to the amount of mechanical ventilation was decreasing with the amount of ventilation.



In order to improve the indoor air quality of a building, it is necessary to establish more detailed regulation for the rational selection and use of building materials. Not only can the municipality set up detailed regulation, but also manufacturers and contractors should be aware of pollutant emissions and take active countermeasures. Labor camp houses should recognize that ventilation is absolutely insufficient due to their structural characteristics, and more effective and continuous ventilation measures should be taken for the spread of pollution. However, above all, for a more fundamental solution, improvement and re-establishment of standards that can cope with various indoor spaces must be established.
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Figure 1. Changes in radon concentration with window closed. 
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Figure 2. Changes in radon concentration with window semi-open. 
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Figure 3. Changes in radon concentration with window fully open. 
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Figure 4. ACH = 0.5 time, average concentration: 5.56 pci (Max: 11.84 pci, Min: 0.44 pci). 
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Figure 5. ACH = 1 time, average concentration: 5.37 pci (Max: 11.50 pci, Min: 0.30 pci). 
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Figure 6. ACH = 3 times, average concentration: 3.48 pci (Max: 7.84 pci, Min: 0.54 pci). 
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Figure 7. ACH = 5 times, average concentration: 2.06 pci (Max: 5.21 pci, Min: 0.93 pci). 
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Table 1. Global standards for indoor air quality.
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	Pollutant
	Global Standards for Indoor Air





	Carbon Dioxide (CO2)
	1000 ppm (Japanese Building Standards Act)

1000 ppm (ASHRAE)



	Carbon Monoxide (CO)
	10 ppm (Japanese Building Standards Act & Building Hygiene Management Act)

20 ppm (Japanese School Hygiene Standards)

8.6 ppm (WHO Europe: 8 Hour Average)

9 ppm (US NAAQS (National Ambient Air Quality Standards): 8 Hour Average)



	Formaldehyde (CH2O)
	0.1 ppm (ASHRAE)

0.08 ppm (WHO Europe)

0.08 ppm (Dubai Municipality, 8 Hour Average)



	Nitrogen Dioxide (NO2)
	0.21 ppm (WHO Europe: 1 Hour Average)

0.075 ppm (WHO Europe: 24 Hour Average)

0.053 ppm (NAAQS: 24 Hour Average)



	Radon
	4.0 pCi/L (EPA)

2.0 pCi/L (ASHRAE)



	Total Suspended Particles (TSP)
	0.15 mg/m3 (Japanese Building Hygiene Management Act/Building Standards Act)

0.1–0.12 mg/m3 (WHO, 8 Hour Average)

150 µg/m3 (Dubai Municipality, 8 Hour Average)



	Volatile organic compounds (VOCs)
	0.2–0.6 mg/m3 (FISIAQ (Finnish Society of Indoor Air Quality and Climate))

300 µg/m3 (Dubai Municipality, 8 Hour Average)
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Table 2. Air pollutants concentration distribution.






Table 2. Air pollutants concentration distribution.





	
Pollutants

	
Building Type

	
Concentration

	
Indoor/Outdoor Concentration Ratio




	
Indoor Average

	
Outdoor Average






	
Radon Gas

(unit: pCi/L)

	
New Townhouses (2)

	
1.46 (Max 4.56)

	
0.11

	
12.24




	
Existing Townhouses (2)

	
0.79 (Max 2.70)

	
0.45

	
1.73




	
Labor Camp House (2)

	
2.55 (Max 6.63)

	
0.58

	
4.32




	
Showhouse (2)

	
0.03

	
0.02

	
1.4




	
Volatile organic compounds

(unit: ppm)

	
New Townhouses (2)

	
0.4024

	
0.0401

	
10.0




	
Existing Townhouses (2)

	
0.1151

	
Not Detected

	
-




	
Labor Camp House (2)

	
0.0655

	
0.0121

	
5.3




	
Showhouse (2)

	
2.996

	
0.037

	
78.8




	
Formaldehyde

(unit: ppb)

	
New Townhouses (2)

	
308.1

	
62.9

	
4.8




	
Existing Townhouses (2)

	
95.0

	
53.0

	
1.7




	
Labor Camp House (2)

	
93.6

	
23.1

	
4.0




	
Showhouse (2)

	
421.1

	
121.4

	
3.4




	
Nitrogen Dioxide

(unit: ppb)

	
Existing Townhouses (2)

	
Before Cooking

	
22.6

	
1.5




	
Not Detected




	
After Cooking




	
36.8 (Max 60.8)




	
Carbon Dioxide

(unit: ppm)

	
Existing Townhouses (2)

	
816.1

	
331.3

	
2.4




	
Labor Camp House (2)

	
3001.8

	
633.1

	
4.6




	
Total Suspended Particles

(unit: µg/m3)

	
Existing Townhouses (2)

	
45.0

	
20.1

	
2.2




	
Labor Camp House (2)

	
179.3

	
28.2

	
6.3
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Table 3. Laboratory measurement result of radon gas emission by material.
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Average Pressure

Difference (Kpa)

	
Radon Concentration (pCi/m2h)




	
Material

	
Average






	
Concrete

	
Reinforced Concrete

	
Not Examined

	
599

	
514




	
Precast Concrete

	
Not Examined

	
429




	
Cipolin

	
Original

	
Not Examined

	
386

	
409




	
Shattered

	
Not Examined

	
432




	
Gypsum Board

	
General

	
0.005

	
2179.1

	
1819




	
Steam Cured

	
0.004

	
1458.8




	
Red Clay

	
Pure Red Clay

	
0.045

	
2813.8

	
3104




	
Pure Red Clay + Ceramic (50%)

	
0.042

	
3200.1




	
Pure Red Clay + Ceramic (100%)

	
0.044

	
4449.2




	
Pure Red Clay + Special Coating

	
0.044

	
1955.6
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Table 4. Laboratory measurement results of emission of VOCs in paints.
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General Petrochemical Product (Unit: ppm/m2)

	
Natural Materials-Based Product (Unit: ppm/m2)






	
Oil Paint

	
No A/C

	
A/C

	
Overall Average

	
Oil Paint

	
No A/C

	
A/C

	
Overall Average




	
VOCs

	
Benzene

	
N/D

	
N/D

	
N/D

	
VOCs

	
Benzene

	
0.444

	
N/D

	
0.222




	
Toluene

	
4.1

	
1.1

	
2640

	
Toluene

	
2.480

	
1.000

	
1.748




	
Xylene

	
34,490

	
23,600

	
29,100

	
Xylene

	
N/D

	
N/D

	
N/D




	
TVOC

	
38,600

	
24,740

	
31,740

	
TVOC

	
2.944

	
1.000

	
1.972




	
Aqueous Paint

	
No A/C

	
A/C

	
Overall Average

	
Aqueous Paint

	
No A/C

	
A/C

	
Overall Average




	
Average

	
Average

	
Average

	
Average




	
VOCs

	
Benzene

	
0.785

	
0.700

	
0.065

	
VOCs

	
Benzene

	
0.102

	
N/D

	
0.051




	
Toluene

	
2.190

	
0.924

	
1.562

	
Toluene

	
N/D

	
N/D

	
N/D




	
Xylene

	
N/D

	
N/D

	
N/D

	
Xylene

	
N/D

	
N/D

	
N/D




	
TVOC

	
1.010

	
1.624

	
1.626

	
TVOC

	
0.102

	
N/D

	
0.051
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Table 5. Laboratory measurement results of VOCs radiation from flooring (unit: µg/m2h).
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Benzene

	
Toluene

	
Ethylbenzene

	
Xylene

	
TVOC






	
PET

	
25 °C

	
N/D

	
1.57

	
0.40

	
1.18

	
3.178




	
35 °C

	
N/D

	
1.86

	
0.47

	
1.86

	
4.220




	
50 °C

	
0.46

	
15.42

	
2.18

	
3.88

	
21.97 (6.9 times)




	
NON-UV

	
25 °C

	
1.50

	
1.41

	
1.02

	
0.74

	
4.71




	
35 °C

	
10.04

	
2.64

	
1.68

	
1.23

	
15.5




	
50 °C

	
10.32

	
7.02

	
2.56

	
2.12

	
22.05 (4.7 times)




	
UV

	
25 °C

	
N/D

	
0.12

	
0.14

	
0.12

	
0.4




	
35 °C

	
0.24

	
0.43

	
0.76

	
0.66

	
2.10




	
50 °C

	
2.01

	
0.88

	
1.30

	
1.70

	
5.92 (14.8 times)
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Table 6. The amount of ventilation in a 2-bedroom townhouse.
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Opening Type and Size

	
Size (m)

	
Closed (m2)

	
Semi-Open (m2)

	
Fully Open (m2)






	
2-Bedroom Townhouse

	
Room 1

	
2.3 × 2.4

	
0.0029

	
2.7

	
5.4




	
Room 2

	
1.5 × 1.6

	
0.0019

	
1.2

	
2.3




	
Kitchen

	
2.7 × 0.5

	
0.0018

	
0.7

	
1.4




	
Living Room

	
3.0 × 2.4

	
0.0033

	
2.3

	
7.0




	
Room 3

	
3.0 × 2.0

	
0.0035

	
3.0

	
6.0




	
Total

	

	
0.0029

	
1.74

	
3.58




	
The Amount of Ventilation

(Q: m3/h)

	

	
25

	
6467

	
13,297








The equation applied is as follows. Ci.
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Table 7. Simulation-2 overview.
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The Size of the Room

	
5 m × 3.6 m × 3 m




	
Opening

	
Window: 1.2 m × 0.6 m, Door: 1.8 m × 0.9 m




	
Pollutant

	
Type

	
Radon




	
Radiation

	
0.0320 pCi/secm2




	
Radiation Area

	
15.72 m2




	
Ventilation Frequency

	
0.5 times/h, 1.0 times/h, 3.0 times/h, 5.0 times/h
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