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Abstract

:

Rapid urbanization has promoted house renovations and refurbishment in urban and rural cities. Indoor pollutants emitted through renovations and refurbishment processes have raised public concerns owing to their adverse effects on human health. In the present study, the sources of formaldehyde and specific volatile organic compounds (VOCs) are used to model the health effects associated with exposure to formaldehyde and specific VOCs and the loading factors of building materials for newly renovated homes. The present study is carried out to identify the sources of formaldehyde and specific VOCs in newly renovated houses and develop probabilistic prediction models of the health effects to explore the health risks of residents and the potential contributions of multilayer wood materials responsible for indoor pollutants. In living rooms and bedrooms, the average concentrations of formaldehyde and TVOCs in closed window conditions were higher than those in opened window conditions. Multi-layer wooden structures were a significant predictor of indoor VOC concentrations in houses. The 95 percentile values of Monte Carlo simulations (MCS P95) of the hazard index and cancer risk were lower and slightly higher than the acceptable level, respectively. Prediction models for the concentrations of formaldehyde and selected VOCs in newly renovated houses were first established using probabilistic and sensitive approaches. The multi-layer wood materials, including the wooden floor, cold paint multi-layer wooden materials, and multi-layer materials for system furniture, were responsible for the contribution of these levels of formaldehyde and selected VOCs in the newly renovated houses. Our results provide a strategy for eliminating indoor pollutants emitted from construction and building/furnishing materials.






Keywords:


indoor; formaldehyde; volatile organic compounds; probabilistic prediction models; multi-layer wood materials; health risk












1. Introduction


House renovations and refurbishments are highly associated with rapid urbanization in Taiwan. The adverse effects of formaldehyde and airborne volatile organic compounds (VOCs), emitted during the processes of renovation and refurbishment, on human health have raised public concerns [1,2,3]; moreover, 90% of our lifetime is spent indoors [4]. Among VOCs, benzene, ethylbenzene, toluene, styrene, and xylenes (BTX) have been identified as major indoor air pollutants and have been included in the priority list of indoor compounds, including acetaldehyde, acrolein, 1,3-butadiene, 1,4-dichlorobenzene, formaldehyde, naphthalene, nitrogen dioxide, 2-(2-ethoxyethoxy) ethanol, acetic acid, 1,2-propanediol, PM2.5, and new infectious agents of COVID-19 [2,5,6,7,8,9,10,11,12,13,14]. High abundant VOCs have been consistently recognized in newly occupied building than in already occupied houses or buildings [15,16,17,18,19]. The occurrence and concentrations of known VOCs vary among household rooms (i.e., living rooms or bedrooms) in different countries or cities. Formaldehyde [20] and benzene [21] have been identified to be carcinogenic to humans (Group 1) by the International Agency for Research on Cancer (IARC). Exposure to indoor BTX is of concern because BTX is a potent sensory irritant of the eyes, skin, mucous membranes, and respiratory tract, and is classified as a probable human carcinogen [22]. A limited number of studies has investigated the personal exposure to VOCs experienced by workers and residents in newly renovated rooms. Indoor air quality (IAQ) in newly renovated rooms is a serious public health issue that must be addressed.



The Taiwan Environmental Protection Authority (EPA) has adopted IAQ regulations as statutory regulations for IAQ management. In Taiwan, scientists have shown concern about the impact of IAQ on human health since the early 2000s, thus leading to the legislation of the Indoor Air Quality Management Act (IAQMA) on 23 November 2011 to protect public health. The IAQ standards for CO2, CO, formaldehyde, TVOC, bacteria, fungi, PM2.5 and PM10, and ozone are included in Article 3 of the Act. Consequently, the Ministry of the Interior (MOI) has regularly executed the Green Building Material (GBM) labeling system since 2004 under the authorization of the Building Act [23]. Composite panel materials for building and construction processes have been modified to achieve a high quality and meet the requirements for the airtightness of buildings [24,25]. These modern materials and products have been considered the primary sources of VOCs in indoor environments [2,10,12,15,16,17,18,19,25]. The main emission source of formaldehyde is urea–formaldehyde resins [26]. Wood-based materials may be more prone to becoming major sources of indoor air pollutants, such as formaldehyde, toluene, styrene, ethylbenzene, and xylene [27,28,29,30]. The area where materials are used is correlated with the concentration of formaldehyde and TVOCs, and wooden furniture showed the strongest correlation [31]. Wu et al. revealed that the load factors of traditional carpentry work have a positive correlation with HCHO and TVOC concentrations [32]. However, to date, few studies have investigated the consequences of formaldehyde and VOC emission and their correlations to the load factors of decoration materials in indoor environments of newly renovated houses [33,34,35,36,37]. In addition, limited studies construct health risk assessment using the practical application of load factors of decoration materials in newly renovated homes.



Therefore, a close inspection of previous investigations showed that the risk modelling of the health effects associated with the exposure to formaldehyde and specific VOCs and the load factors of building materials for newly renovated homes in Taiwan have rarely been evaluated. In this study, to evaluate the daily inhalation exposures and health risks of Taiwanese residents, a field survey of formaldehyde and selected VOC concentrations in 11 newly renovated houses and buildings is carried out to characterize the sources of multi-layer wood materials responsible for the contribution levels of formaldehyde and specific VOCs, using probabilistic and sensitive approaches. This study focuses on the seven most abundant VOCs, namely, formaldehyde, benzene, toluene, ethylbenzene, m/p/o-xylenes, and styrene. The features of our study could help designers to predict the concentrations of formaldehyde and specific VOCs, to control the rate factor of building material usage before starting the decoration works.




2. Materials and Methods


2.1. Field Environmental Sampling Locations


In this study, investigations were carried out between April and September 2018 in 11 new residences in Tainan and Kaohsiung, located in southern Taiwan. The selected residents were four houses and seven apartments that were newly renovated. Indoor air samples for formaldehyde (n = 20 and 20) and specific VOCs (n = 16 and 20) from the living room and bedroom areas were collected under opened and closed window conditions after decoration had been completed. The temporal levels of TVOCs, formaldehyde, and environmental conditions (temperature and humidity) in each room were recorded. Loading factors (the area of individual decoration material divided by total volume of each renovated room, presented as m2/m3) were calculated for six decoration materials, such as the cold paint multi-layer wooden material (CPM) composition of block boards with topcoating and undercoating, laminate hard plastic multi-layer materials (LHP), veneer multi-layer wooden material (VM) composition of veneer block boards, multi-layer materials for system furniture (SF) composition of particle boards, medium density fiberboard, polyvinyl chloride foam board, cement paint (CP), and wooden floor (WF) in each room.




2.2. Sampling Procedures and Chemical Analysis


Air samplers were centrally placed 1.3 m above the floor and 0.5 m from the walls, windows, or doors. The sampling duration was 3 h under closed and opened window conditions on the same day. Indoor CO2 concentration, relative humidity (RH), and temperature were recorded at 60 s intervals over the entire day with portable PMD01.



2.2.1. Formaldehyde


2,4-dinitrophenylhydrazine (DNPH) tubes were used for indoor air samples. DNPH tubes with a sampling rate of 100 mL/min were collected for 3 h for formaldehyde using an air-sampling pump (SKC Pocket Pump). Formaldehyde was collected using a sorbent tube (ORBOTM 555 LpDNPH) and analyzed using high-performance liquid chromatography (HPLC) with a C-18 column. The DNPH-carbonyl compounds were detected at 360 nm using a UV-VIS detector (Shimadzu, Japan). At the same time, the formaldehyde levels in the indoor environment were measured real-time with a portable PMD01 (model 8554, TSI Inc., Shoreview, MN, USA), and the QA/QC system of analytical results was performed according to ISO Guide 16000-3.




2.2.2. Volatile Organic Compounds


Twelve target VOCs were selected according to the Taiwan IAQ standard, and the chemicals included benzene, toluene, ethyl benzene, o-xylene, p-xylene, m-xylene, carbon tetrachloride, chloroform, styrene, trichloroethylene, 1,2-dichlorobenzene, 1,4-dichlorobenzene, dichloromethane, and tetrachloroethylene. The VOCs were collected for 3 h at a sampling rate of 100 mL/min using an air sampling pump equipped with a CarboTrap 349 absorption tube. A Dry-cal (MesaLabs, Defender) was used to calibrate the pump airflow before and after each sampling process. The sampled tubes were stored at 4 °C in a refrigerator until they were analyzed using gas chromatography-mass spectrometry (GC/MS). An DB-WAX capillary column (60 m, 0.25 mm, 0.25 µm) was used for GC. The initial oven temperature was maintained at 35 °C for 2 min, increased at 5 °C/min to 190 °C and kept for 1 mm, then increased at 10 °C/min to 230 °C, and maintained for 5 min. The compounds of interest were identified and quantified by their retention time and mass spectra of calibration VOC standards (COMPRESSED GAS, N.O.S UN 1956, 10 ppm, procured from Linde) under specified chromatographic conditions. A GC-MS system (Agilent GC-6890N, MSD-5977B) with an auto-thermal desorption (ATD-350, PerkinElmer International Corp., Waltham, MA, USA) was used to obtain the VOC concentrations, and the QA/QC system of analytical results was performed according to ISO Guide 16000-6.





2.3. Exposure and Health Risk Assessment


Daily doses (EDi in µg/kg/day), non-cancer risks of hazard quotient (HQ) and hazard index (HI), and cancer risk of formaldehyde and seven VOCs through the inhalation route of the selected populations were assessed and expressed using the following equation [38]:


  E  D i  =    C A  × I R × A F   B W   ×   E T × E F   A T    



(1)




where CA is the concentration of air pollutants (μg/m3); IR is the inhalation rate (m3/day); AF is the absorption factor via inhalation (100% assumed); ET is the exposure time (h/d); ED is the duration of exposure (years); BW is the body weight (kg); EF is the exposure frequency (days/year); and AT is the average lifetime (years). The values and sources of the corresponding variables are presented in Table S1 [39,40,41].



For non-carcinogenic and carcinogenic risk assessment [42], the individual hazard quotient (HQi) was defined as the ratio of the exposure concentration received (EDi) to the reference dose (RfD) (mg/kg/day). The toxicity parameters of RfD and slope factor (SF) for formaldehyde and specific VOCs are listed in Table S2. HI can be calculated as the sum of the individual HQs of formaldehyde and specific VOCs based on their critical effects on the liver, urine, and development. An HQ or HI < 1 indicates that the daily exposure dose might not cause adverse health effects and vice versa. CRinhalation is the estimated inhalation cancer risk from formaldehyde and VOCs. SF is the inhalation slope factor (mg/kg/day) for formaldehyde and specific VOCs from the US EPA’s integrated risk information system (IRIS). Benzene, ethylbenzene, and formaldehyde were selected for cancer risk calculation in this study owing to the availability of SF, high frequency of occurrence, and carcinogenicity.




2.4. Uncertainty and Sensitivity Analysis


Exposures and risks were estimated using Monte Carlo simulations. Monte Carlo simulations and sensitivity analyses were conducted using @RISK Decision Tools Suite (Version 8.0, Palisade Corporation, Ithaca, NY, USA). The lognormal and normal distributions were optimized to describe the input data for the concentrations of VOCs and formaldehyde, inhalation rate (IR), exposure frequency (EF), and body weight (BW). An iteration size of 100,000 was randomly obtained to calculate the 95% confidence interval (MCS P95) of the inhalation exposures and health risks for each gender and age-specified population. A repeated sampling process from the probability distributions was used to derive the likelihood of the model outcomes. The prediction models for formaldehyde and specific VOC concentrations were developed using the characteristics of newly renovated houses and renovation materials. A sensitivity analysis was performed to illustrate and rank the variations in input variables (the concentrations of formaldehyde or specific VOCs, and the renovation materials) based on their relative contributions to model output variability and uncertainty [38].




2.5. Statistical Analyses


The characteristics of newly renovated houses and apartments, loading factor of construct materials, environmental conditions, formaldehyde, and 12 VOC concentrations were analyzed for descriptive statistics. Five of the twelve VOCs with detection frequencies below the detection limits were excluded. Multiple linear regressions (MLR) were used to select variables to establish prediction models for indoor formaldehyde and VOC concentrations. Prediction model performance was assessed using the coefficient of determination (R2) and root-mean-square error. In the MLR model, the input variables should not be correlated with each other (multi-collinearity). All predictor variables were force entered into the models for predicting formaldehyde and specific VOCs and evaluated simultaneously due to those nonmodifiable variables, including healthy green building materials, temperature control, and open window would imply the control strategies to reduce the potential health risks of formaldehyde and specific VOCs while renovating the newly house. Statistical analyses were performed using the Statistical Package for Social Sciences (SPSS, Version 23, IBM Corp. Chicago, IL, USA).





3. Results


3.1. Characteristics of the Newly Renovated Houses


In Table 1, the mean area of 10 living rooms and 12 bedrooms were 33.7 and 22.0 m2, respectively. The indoor conditions with opened and closed windows, regarding CO2 levels, temperature, and relative humidity, were 561 and 509 ppm, 29.1 and 28.7 °C, and 71.9 and 74.4%, respectively. The loading rates of the CPM, LHP, VM, SF, CP, and WF were 0.05, 0.08, 0.10, 0.07, 1.00, and 0.11, respectively. The loading factors of six decoration materials were ranged from 0.05 to 1.00 m2/m3. The six decoration materials used in the living room and bedroom were in this order: CP > WF > LHP > VM > SF > CPM and CP > WF > VM > CPM > SF > LHP, respectively.




3.2. Indoor Formaldehyde and VOC comparison between Opened and Closed Window Conditions


In the opened window condition (Table 2), the average concentrations of formaldehyde and TVOCs in living rooms and bedrooms were 40.9 µg/m3 and 136.7 µg/m3 and 33.3 µg/m3 and 88.1 µg/m3, respectively. In the closed window condition, the average concentrations of formaldehyde and TVOCs in living rooms and bedrooms were 144.6 µg/m3 and 289.1 µg/m3 and 141.2 µg/m3 and 220.6 µg/m3, respectively. High levels of formaldehyde and specific VOCs in newly renovated buildings were found in living rooms and bedrooms in the closed window condition. In both conditions, the dominant VOC compound found was toluene, followed by styrene, in both living rooms and bedrooms.




3.3. Indoor Prediction Model for Formaldehyde and VOCs


The multiple linear regression model (MRL) was performed to estimate the coefficients of the selected predictors (room size, temperature, humidity, open rate of windows, and material load factors) on indoor concentrations of formaldehyde and specific VOCs (Table 3). We fitted the data of formaldehyde and specific VOC concentrations measured in an actual room (newly decorated within 1 month). The corresponding R2 of MRL (all p-value < 0.05) for formaldehyde, benzene, toluene, ethyl benzene, m-xylene, p-xylene, o-xylene, and styrene were 64.9%, 61.4%, 42.9%, 48.0%, 57.8%, 41.2%, 40.7%, and 50.1%, respectively. The significant predictors of the multiple linear regression models for formaldehyde, m-Xylene, p-Xylene, and o-Xylene were WF and open rate of window; for ethyl benzene and styrene were VM, WF, and open rate of window; for benzene were room size, indoor temperature, open rate of window, and CP; for toluene were indoor temperature, open rate of window, WF, CPM, and LHP. Wood panels/vinyl floor coverings were the largest indoor pollutant sources, followed by flooring, wall coverings, adhesives, and paints. Wood panels/vinyl floor coverings contributed nearly three times more to the indoor VOC concentrations than the paint [43]. The equations of the indoor prediction models for the concentrations of formaldehyde and specific VOCs were established based on multiple linear regressions (Table S3). The predicted concentrations of formaldehyde and specific VOCs were used to calculate inhalation exposure estimates and health risks based on the probabilistic approach.




3.4. Health Risks and Uncertainty and Sensitivity Analysis


Table S4 presents the average exposure dose calculated using the equation of chronic daily inhalation exposure to indoor formaldehyde and individual VOCs in the selected age groups (adult male 19–65 years, adult female 19–65 years, children male 6–12 years, children female 6–12 years). The average estimates of the chronic daily inhalation exposure to formaldehyde in adults and children were 3.16 × 10−6–4.48 × 10−2 mg/kg/day, and for specific VOCs in adults and children were 1.37 × 10−4–1.86 × 10−2 mg/kg/day. Possible uncertainties accompany a risk assessment, especially when only a single value is used to estimate the risk for the selected population. Therefore, the probabilistic distributions of the relevant parameters in the equation are given. The estimate by the Monte Carlo Simulation dose MCS P95 of formaldehyde in adults and children was 9.52 × 10−6−1.56 × 10−5 mg/kg/day and of benzene, toluene, ethyl benzene, m-xylene, p-xylene, o-xylene, and styrene in adults and children were 3.53 × 10−4−9.34 × 10−2 mg/kg/day.



The probabilistic distributions presented in Table 4 and Table S5 were obtained from Monte Carlo simulations for non-carcinogenic and carcinogenic risks. The individual HQs of formaldehyde and specific VOCs were 5.44 × 10−5–8.13 × 10−1 and 4.76 × 10−5–7.06 × 10−1 for male and female, respectively, and 7.70 × 10−5–3.55 × 10−1 and 4.76 × 10−5–3.61 × 10−1 for boy and girl, respectively. The MCS95 HIs of the incremental non-cancer risks for males and females living in newly renovated houses were 5.40 × 10−2 and 5.15 × 10−2 for hepatic effect, 0.815 and 0.707 for urinary effect, and 8.12 × 10−3 and 7.10 × 10−3 for developmental effect, respectively. For boys and girls, 9.18 × 10−2 and 9.12 × 10−2 were counted for hepatic effect, 1.148 and 1.170 for urinary effect, and 1.28 × 10−2 and 1.27 × 10−2 for developmental effect, respectively. The MCS95 values of HQs and HIs for adults and children were all below 1, indicating that there was no possible human health hazard while renovating the houses. For non-cancer risks of children and adults (Figure 1), the main contributors for predicting pollutant concentration were indoor temperature (0.50–42.2%), cold paint multi-layer wooden materials (0.30–18.6%), wooden floor (0.10–11.9%), open rate of window (0.20–11.1%), and room size (5.50–10.7%), except body weight (2.90–77.2%). The MCS95 of cancer risk for male adults and female adults living in newly renovated houses were 4.46 × 10−5 and 3.88 × 10−5; for boys and girls, they were 6.56 × 10−5 and 6.55 × 10−5. The MCS95 of cancer risk for adults and children were all observed to be above 10−6, indicating a potential human health hazard while renovating houses. For cancer risks in children and adults (Figure 1), the main contributors for predicting pollutant concentration were indoor temperature (19.6–34.9%), cold paint multi–layer wooden materials (11.6–18.6%), wooden floor (9.7–15.8%), and open rate of window (9.68–14.1%), except body weight (4.17–22.9%).





4. Discussion


Our results show that the indoor mean concentrations in the new residents in this study were in this order: toluene > styrene > benzene > p-xylene > o-xylene > ethylbenzene > m-xylene. High levels of formaldehyde and TOVCs (especially toluene) in the newly renovated buildings were detected in living rooms and bedrooms. The indoor air guideline values announced by Taiwan EPA for formaldehyde is 0.08 ppm (98.2 µg/m3). The World Health Organization (WHO) released IAQ guidelines for Europe [44] and the concentration value of TVOCs is 300 µg/m3. In this study, 5 (%) and 55 (%) of 20, which exceeded the guideline value of formaldehyde, were found in opened and closed window conditions and 5.5 (%) and 44.4 (%) of 18, which exceeded the guideline value of TVOCs, were found in opened and closed window conditions in the house. In Finland [16], eight new buildings with low-emitting materials had indoor air levels of formaldehyde and TVOCs at 19 µg/m3 and 780 µg/m3, respectively, and individual VOCs after six months recorded a mean concentration of less than 15 µg/m3. In Japan [45], the median of formaldehyde and TVOC concentrations of seven newly built houses were 8.2 and 550 µg/m3 in living rooms and 7.1 and 217 µg/m3 in bedrooms. In Korea [46], indoor concentrations of VOCs and formaldehyde were reported for 107 newly built apartments at a pre-occupancy stage, and formaldehyde was predominant in the indoor air samples. Toluene exhibited the highest emission concentration with a mean value of 184 µg/m3, followed by 1-propanol, 2-butanone, and m,p,o-xylene. In addition, formaldehyde concentrations of up to 400 µg/m3 were measured after completion, and the levels of formaldehyde and alpha-pinene were higher in the newly built wooden framed houses than in other houses in Japan [17]. Many studies have reported that benzene and toluene are widely used in a variety of industrial solvents and household products, such as paints, furniture wax, lubricants, glues, and nail polish removers [10,12,13,14,15,16,17,18,19].



Studies have completed cross-validation for prediction models [33,34,35,47,48]. In this study, we also conducted cross-validation, which revealed that R2 ranged from 40.7% to 64.9%. These correlations were significant, and the R2 values were moderately correlated, which indicates that the prediction model in this study could be used to estimate the indoor concentrations of formaldehyde and specific VOCs in the newly renovated buildings in Taiwan. Some studies developed indoor formaldehyde and specific VOC modeling according to complicated mechanisms (such as empirical, semi-empirical, adsorption, or mass transfer) and have been validated in the chamber [33,34,35]. In actual buildings, however, there will be many different dry building materials existing in the same room. When a variety of dry building materials release formaldehyde or VOCs at the same time, the indoor concentrations of formaldehyde or VOCs increase from individual building materials [35]. In agreement with Claire’s study [49], window opening/closing behavior significantly affected the error on the prediction model of indoor VOC concentration. However, one of the limitations in our models might be unable to account for the majority of the variance for ignoring some building characteristics or other human activities. Some studies determined prediction models for indoor air quality in households with machine learning approaches [33,35,48,50], but these studies reported temperature as the main predictor. The predictors in our study were similar to those in previous studies.



Based on the results of non-carcinogenic and carcinogenic risk assessments, the MCS95 values of HQs and HIs for urinary effect and carcinogenic risk in adults and children were all above the acceptable reference value, indicating a potential human health hazard while renovating houses. It can be concluded that, within a certain group of the population, the non-carcinogenic and carcinogenic risks in the newly renovated home were notably higher than in other indoor environments, since people spend most of their time in home. It is worth noting that the carcinogenic risk of formaldehyde, benzene, and ethyl benzene in households considered in this study is considerably higher than that evaluated in other countries. In United States, the cancer risks of formaldehyde and benzene in households were estimated for 1.30 × 10−5 and 2.90 × 10−5, respectively [51]. The incremental lifetime cancer risk of exposure to benzene in newly renovated homes in Guangzhou, China, was 6.8 × 10−6 [6]; of exposure to ethylbenze in newly renovated homes in Shanghai, China, was 1.04 × 10−6 [52]; of exposure to formaldehyde in households in Harbin, China, ranged from 9.75 × 10−4 to 1.41 × 10−3 [38]; and in Tehran, Iran, they ranged from 2.05 × 10−5 to 1.24 × 10−3 [53]. For the non-carcinogenic risk on the urinary effect, toluene was the dominant contributor in children; the HI values were above 1, suggesting that young children were more sensitive to toluene exposure than adults. The 95th percentile of non-carcinogenic risk for toluene was estimated to range from 4.16 × 10−4 to 2.53 × 10−2 at home [38]. The HQ of toluene and xylene in homes in Izmir, Turkey, was 0.015 and 0.317, respectively [54]. The HQs of toluene and xylene in the indoor air of homes at different microenvironments in north India ranged from 0.075 to 0.33 [55], respectively.



Our results show that wooden floors, cold paint multi-layer wooden materials, and multi-layer materials for system furniture were the three dominant contributors of VOC emissions in newly renovated houses. The positive contributions of indoor temperature [5,30,56], floor and wall coverings [56,57], paints and adhesives [57], and negative contribution of window opening rate [39,56] were all in agreement with those of previous studies. Hun et al. reported that new composite wood (such as medium-density fiberboard, particleboard, and hardwood plywood) were influential sources of formaldehyde [30]. These results imply that control strategies to reduce the potential health risks of formaldehyde and specific VOCs in newly renovated houses could be adopted by using healthy green building materials, temperature control, open windows, and air cleaners. Further research is required to confirm the effectiveness of these control strategies.



The present study represents the preliminary development of a risk-based probabilistic predicting model to characterize quantitatively the concentrations of formaldehyde and specific VOCs contributed by the decoration materials in newly renovated houses, and some shortcomings merit further investigation. First, simultaneous data could be used to calculate the emission rates of the decoration materials in real scenarios to reflect the critical effects of formaldehyde and specific VOC emissions when the window or door status. All the measurements were conducted in summer. The ranges of temperature and relative humidity measured for the indoor samples were narrow. The emission of the investigated indoor pollutants from decoration materials was revealed to have a high correlation to the local temperature. Future studies should take the above-mentioned factors into consideration, and develop an improved risk-based model that can cover most of the real-world scenarios for reducing the health risk of formaldehyde and specific VOC emissions in newly renovated houses.




5. Conclusions


Probabilistic and sensitive predicting models for formaldehyde and selected VOCs were established effectively to reduce health risks in newly renovated houses. The emission patterns of formaldehyde, toluene, and styrene in open-and closed-window scenarios varied for bedrooms and living rooms. Based on the recommended safety limits, the 95th percentile HIs of inhalation exposure to seven VOCs by residential groups (children and adults) is a significant current safety concern for the Taiwanese population. The estimated cancer risk from inhalation exposure to benzene, ethylbenzene, and formaldehyde for children and adults exceeded the acceptable level. The loading factor of multi-layer wood materials, such as wooden floors, cold paint multi-layer wooden materials, and multi-layer materials for system furniture, was responsible for the contribution levels of formaldehyde and specific VOCs. To avoid health hazards caused by air pollution, urgent preventive measures for reductions in effective sources are needed. To reduce VOC levels in indoor environments, it is necessary to eliminate the sources of chemicals through better choices of construction and building/furnishing materials.
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Figure 1. Sensitivity analysis of the influence parameters to the hazard index of hepatic toxicity (A), urinary effect (B), developmental toxicity (C) and cancer risk (D) in the selected age groups. 
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Table 1. Characteristics of the newly renovated houses and apartments (n = 11).
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Variables

	
Description

	
Mean ± SD (or n [%])






	
Building type

	
House

	
4 (33.4)




	
Apartment

	
7 (63.6)




	
Building floor level

	
1

	
2 (18.2)




	
2

	
2 (18.2)




	
>3

	
7 (63.6)




	
Room type

	
Living room

	
10 (45.5)




	
Bedroom

	
12 (54.5)




	
Room size (m2)

	
Living room

	
33.7 ± 9.2




	
Bedroom

	
22.0 ± 14.9




	
The loading factor of the decoration material (m2/m3)

	
Cold paint multi-layer wooden materials (CPM)

	
0.05 ± 0.08




	
Laminate hard plastic multi-layer materials (LHP)

	
0.08 ± 0.11




	
Veneer multi-layer wooden materials (VM)

	
0.10 ± 0.13




	
Multi-layer materials for system furniture (SF)

	
0.07 ± 0.12




	
Cement paint (CP)

	
1.00 ± 0.39




	
Wooden floor (WF)

	
0.11 ± 0.17




	
CO2 level (ppm)

	
Open window

	
509 ± 38.1




	
Close window

	
561 ± 81.6




	
Temperature (°C)

	
Open window

	
28.9 ± 1.41




	
Close window

	
28.7 ± 1.49




	
Relative humidity

(RH, %)

	
Open window

	
71.9 ± 5.08




	
Close window

	
74.4 ± 3.27
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Table 2. Summaries of formaldehyde and VOC concentrations (μg/m3) in open and close window scenarios in 11 newly renovated houses.
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Open Window

	
Close Window




	
Compound

	
Df (%)

	
N a

	
Mean

	
SD

	
Min

	
50%

	
Max

	
Df (%)

	
N a

	
Mean

	
SD

	
Min

	
50%

	
Max






	
Living rooms

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Formaldehyde

	
100.0

	
10

	
40.9

	
36.7

	
2.4

	
30.9

	
116.4

	
100.0

	
10

	
144.6

	
93.1

	
34.2

	
92.8

	
295.5




	
Benzene

	
87.5

	
7

	
1.8

	
1.3

	
0.3

	
1.4

	
3.8

	
87.5

	
7

	
3.7

	
3.7

	
0.3

	
1.9

	
10.5




	
Toluene

	
100.0

	
8

	
129.9

	
172.7

	
3.4

	
86.7

	
536.7

	
100.0

	
8

	
235.9

	
189.5

	
8.1

	
275.0

	
532.8




	
Ethyl benzene

	
25.0

	
2

	
0.7

	
0.9

	
0.3

	
0.3

	
2.7

	
62.5

	
5

	
2.5

	
3.1

	
0.3

	
1.3

	
8.9




	
m-xylene

	
25.0

	
2

	
0.4

	
0.2

	
0.3

	
0.3

	
1.0

	
62.5

	
5

	
2.2

	
2.2

	
0.3

	
1.4

	
5.3




	
p-xylene

	
37.5

	
3

	
0.7

	
0.8

	
0.3

	
0.3

	
2.5

	
87.5

	
7

	
4.6

	
4.8

	
0.3

	
2.8

	
11.9




	
o-xylene

	
37.5

	
3

	
0.5

	
0.3

	
0.3

	
0.3

	
1.0

	
62.5

	
5

	
4.2

	
6.1

	
0.3

	
2.0

	
18.3




	
Styrene

	
50.0

	
4

	
2.7

	
4.7

	
0.3

	
0.8

	
13.9

	
75.0

	
6

	
34.9

	
58.1

	
0.3

	
5.4

	
156.7




	
TVOCs

	
100.0

	
8

	
136.7

	
177.0

	
6.8

	
89.4

	
551.3

	
100.0

	
8

	
289.1

	
255.1

	
10.3

	
290.2

	
740.5




	
Bedrooms

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Formaldehyde

	
100.0

	
10

	
33.3

	
24.7

	
9.8

	
24.4

	
76.5

	
100.0

	
10

	
141.2

	
72.9

	
12.2

	
127.8

	
236.1




	
Benzene

	
70.0

	
7

	
1.8

	
2.6

	
0.3

	
1.0

	
8.5

	
90.0

	
9

	
3.0

	
2.3

	
0.3

	
2.3

	
6.7




	
Toluene

	
100.0

	
10

	
83.6

	
79.6

	
2.0

	
50.5

	
213.9

	
100.0

	
10

	
185.6

	
160.2

	
7.7

	
143.6

	
455.0




	
Ethyl benzene

	
10.0

	
1

	
0.3

	
0.1

	
0.3

	
0.3

	
0.6

	
60.0

	
6

	
2.0

	
2.4

	
0.3

	
1.6

	
8.2




	
m-xylene

	
10.0

	
1

	
0.3

	
0.3

	
0.3

	
0.3

	
0.3

	
60.0

	
6

	
1.8

	
2.0

	
0.3

	
1.1

	
6.3




	
p-xylene

	
40.0

	
4

	
0.5

	
0.4

	
0.3

	
0.3

	
1.3

	
90.0

	
9

	
4.0

	
4.3

	
0.3

	
2.8

	
14.4




	
o-xylene

	
20.0

	
2

	
0.4

	
0.2

	
0.3

	
0.3

	
0.8

	
70.0

	
7

	
3.6

	
5.9

	
0.3

	
1.5

	
19.8




	
Styrene

	
30.0

	
3

	
1.1

	
1.9

	
0.3

	
0.3

	
6.4

	
60.0

	
6

	
19.9

	
38.4

	
0.3

	
1.1

	
117.2




	
TVOCs

	
100.0

	
10

	
88.1

	
81.2

	
3.7

	
56.8

	
217.9

	
100.0

	
10

	
220.6

	
203.9

	
11.5

	
167.0

	
629.1








a Twenty indoor air samples for formaldehyde and sixteen indoor air samples for VOCs were collected in living rooms in opened and closed window conditions; twenty indoor air samples for formaldehyde and twenty indoor air samples for VOCs were collected in bedrooms in opened and closed window conditions. N.D.: Not detected; SD: Standard deviation; Df: detection frequency.













[image: Table] 





Table 3. Multiple linear regression models for the predictions of indoor formaldehyde and specific VOC concentrations.
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Regression Coefficients (95% CI)




	
Predictors

	
Formaldehyde

	
Benzene

	
Toluene

	
Ethyl Benzene






	
Room size (m2)

	
−0.003 (−0.005~0.007)

	
−0.001 (−0.001~0.000) *

	
−0.010 (−0.032~0.012)

	
0.001 (−0.001~0.001)




	
Indoor temperature (°C)

	
0.015 (−0.006~0.037)

	
0.003 (0.001~0.006) *

	
0.273 (0.068~0.478) *

	
0.002 (−0.002~0.006)




	
Indoor RH (%)

	
−0.001 (−0.006~0.005)

	
0.001 (−0.001~0.001)

	
0.019 (−0.023~0.060) #

	
0.001 (−0.001~0.001)




	
Cold paint multi-layer wooden materials (CPM)

	
0.140 (−0.115~0.394)

	
0.010 (−0.026~0.046)

	
3.207 (0.663~5.752) *

	
0.025 (−0.022~0.072)




	
Laminate hard plastic multi-layer materials (LHP)

	
0.081 (−0.206~0.369)

	
0.013 (−0.053~0.027)

	
1.761 (1.023~4.546) *

	
0.004 (−0.047~0.056)




	
Veneer multi-layer wooden materials (VM)

	
0.190 (−0.103~0.484)

	
0.010 (−0.047~0.068)

	
1.569 (−2.472~5.611)

	
0.002 (−0.019~0.076) #




	
Multi-layer materials for system furniture (SF)

	
0.071 (−0.137~0.279)

	
0.002 (−0.049~0.054)

	
1.860 (−1.761~5.480)

	
0.017 (−0.050~0.084)




	
Cement paint (CP)

	
0.001 (−0.072~0.074)

	
0.012 (0.002~0.026) *

	
0.649 (−1.603~0.306)

	
0.001 (−0.019~0.017)




	
Wooden floor (WF)

	
0.283 (0.140~0.426) *

	
0.008 (−0.015~0.031)

	
0.447 (−1.160~2.053) *

	
0.030 (0.002~0.059) *




	
Open rate of window (%)

	
−0.114 (−0.159~−0.069) *

	
−0.009 (−0.014 ~ −0.004) *

	
−0.515 (−0.868~−0.161) *

	
−0.010 (−0.160~−0.003) *




	
Adjusted R2 (%)

	
64.9

	
61.4

	
42.9

	
48.0




	
p-Value for model

	
<0.001

	
0.005

	
0.006

	
0.040




	
Predictors

	
m-Xylene

	
p-Xylene

	
o-Xylene

	
Styrene




	
Room size (m2)

	
0.001 (−0.001~0.001)

	
0.001 (−0.001~0.001)

	
0.001 (−0.001~0.001)

	
0.001 (−0.005~0.008)




	
Indoor temperature (℃)

	
0.001 (−0.002~0.004)

	
0.002 (−0.004~0.007)

	
0.002 (−0.006~0.010)

	
0.014 (−0.045~0.073)




	
Indoor RH (%)

	
0.001 (−0.001~0.001)

	
0.001 (−0.001~0.001)

	
0.001 (−0.002~0.001)

	
−0.006 (−0.018~0006)




	
Cold paint multi-layer wooden materials (CPM)

	
0.014 (−0.019~0.048)

	
0.031 (−0.039~0.101)

	
0.027 (−0.076~0.130)

	
0.140 (−0.593~0.872)




	
Laminate hard plastic multi-layer materials (LHP)

	
0.005 (−0.041~0.032)

	
0.006 (−0.082~0.071)

	
0.013 (−0.100~0.126)

	
0.140 (−0.742~0.661)




	
Veneer multi-layer wooden materials (VM)

	
0.001 (−0.053~0.053)

	
0.004 (−0.115~0.107)

	
0.023 (−0.186~0.141)

	
0.050 (−0.013~1.114) #




	
Multi-layer materials for system furniture (SF)

	
0.001 (−0.047~0.048)

	
0.002 (−0.097~0.102)

	
0.008 (−0.139~0.154)

	
0.181 (−0.861~1.223)




	
Cement paint (CP)

	
0.001 (−0.013~0.012)

	
0.001 (−0.025~0.027)

	
0.008 (−0.031~0.047)

	
0.034 (−0.240~0.309)




	
Wooden floor (WF)

	
0.022 (0.001~0.044) *

	
0.051 (0.007~0.095) *

	
0.064 (0.001~0.129) *

	
0.630 (0.167~1.092) *




	
Open rate of window (%)

	
−0.008 (−0.013~−0.003) *

	
−0.017 (−0.027~−0.007) *

	
−0.017 (−0.031~−0.003) *

	
−0.132 (−0.234~−0.030) *




	
Adjusted R2 (%)

	
57.8

	
41.2

	
40.7

	
50.1




	
p-Value for model

	
0.011

	
0.008

	
0.040

	
0.040








* p-value < 0.05. # p-value < 0.1.
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Table 4. Hazard index and lifetime cancer risk of exposure to indoor formaldehyde and specific VOCs in the selected age groups.
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Adult (19–65 Years Old)

	
Children (6–12 Years Old)




	
Risk

	
Male

	
Female

	
Male

	
Female






	
Hazard index

	

	

	

	




	
Hepatic effect

	

	

	

	




	
MCS mean

	
2.63 × 10−2

	
2.48 × 10−2

	
3.78 × 10−2

	
3.87 × 10−2




	
MCS P50

	
2.30 × 10−2

	
2.16 × 10−2

	
2.99 × 10−2

	
3.13 × 10−2




	
MCS P95

	
5.40 × 10−2

	
5.15 × 10−2

	
9.18 × 10−2

	
9.12 × 10−2




	
Urinary effect

	

	

	

	




	
MCS mean

	
0.268

	
0.233

	
0.354

	
0.364




	
MCS P50

	
0.183

	
0.158

	
0.218

	
0.228




	
MCS P95

	
0.815

	
0.707

	
1.148

	
1.170




	
Developmental effect
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