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Abstract

:

Window-opening is one of the most important adaptive behaviours affecting indoor thermal comfort as well as household energy consumption in the tropics. In this study, large-scale surveys were conducted in major cities of Malaysia and Indonesia to extract various typical daily patterns of window-opening, air conditioning (AC) usage and fan usage among occupants in the tropics through a data mining approach based on a cluster analysis. Furthermore, influential factors for window-opening patterns, focusing especially on contextual factors and household attributes, were determined through a logistic regression analysis. As a result, several typical daily patterns of window-opening, AC usage and fan usage were extracted, respectively, even under the same hot-humid climate. It was found that household size, age of respondent, household income and concerns about insects were the most influential factors for daily window-opening patterns. The results of this study will fill the existing knowledge gap in driving factors of occupant behaviour in the tropics in which few studies have been conducted.
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1. Introduction


In most cities of Southeast Asia, the daily maximum air temperature often exceeds 30 °C with high humidity of approximately 70–90%. This condition may force occupants to use air conditioners (ACs) to meet their thermal comfort [1]. Nevertheless, there are concerns that the spread of ACs among urban residential buildings in Southeast Asia will contribute to further increase in primary energy consumption and, therefore, drastically increase CO2 emissions in the near future [2]. In general, higher-income households use AC more, and it is expected that the AC ownership rate will increase as household income increases [3]. In fact, the number of ACs in Southeast Asia is expected to skyrocket from approximately 40 million units in 2018 to 350 million in 2040, mostly for the use in residential buildings. The electricity consumption for cooling in the region is projected to increase from approximately 80 TWh in 2018 to around 330 TWh by 2040 [2].



Given the need to achieve sustainable societies, passive design, in particular the application of natural ventilation, is considered a feasible strategy for reducing energy consumption for cooling without sacrificing thermal comfort in the hot and humid climates [4,5]. Several studies were conducted to determine passive cooling techniques in naturally ventilated buildings to achieve indoor thermal comfort and to reduce the energy consumption for cooling in the hot and humid climates of Asia [6,7,8,9]. As indoor air temperature can be close to the skin surface temperature with high humidity in the tropics, cooling with comfort ventilation is crucial [8,10]. Meanwhile, structural cooling with night ventilation was also found to be effective even in the hot-humid climates in a high thermal mass building [3,11]. Hence, it can be seen that window-opening is one of the most important adaptive behaviours affecting indoor thermal comfort as well as household energy consumption in the tropics.



It is important to determine possible factors affecting window-opening behaviour of occupants so that building designers can encourage them to adopt natural ventilation whenever appropriate. Many researchers argued that window-opening behaviour is influenced by various factors that interact in complex ways. For example, Fabi et al. [12], Schweiker et al. [13] and Borgeson and Brager [14] concluded that the possible factors were classified into physical, contextual, psychological, physiological and social factors. Among physical factors, outdoor and indoor air temperature were generally the most influential factors in window-opening behaviour [15,16,17,18]. Additionally, the indoor CO2 concentration level was identified as a key factor [19,20]. For example, the study by Rijal et al. [21] in the UK reported that the highest usage of window-opening was found in summer and lowest was in winter. It was concluded that people are likely to open their windows when indoor and outdoor temperatures are high and tend to close them when the temperatures are low [22]. Similar results were obtained by Rijal et al. [23,24] in Gifu and Kanto region of Japan. It was found that the probability of window-opening in naturally ventilated buildings gradually increases toward summer and decreases after summer along with changes in average temperatures. As a result of logistic regression analysis, they showed that window-opening behaviour is predictable based on indoor or outdoor air temperature.



Despite the fact that most previous studies only consider environmental variables as key influential factors of occupants’ interaction with windows [15,16,25,26,27,28,29], different parameters can influence the control on natural ventilation [30,31]. Cali et al. [32] monitored changes in indoor thermal environment and window-opening behaviour for four years in apartments in Southern Germany. It was found by a logistic regression analysis that the factors affecting window-opening were the time of day and the CO2 concentration, while those affecting window-closing were the average daily outdoor temperature and the time of day. Stazi et al. [33] reviewed previous relevant studies on the factors of adaptive behaviour. They also pointed out that window-opening behaviour in residential buildings is influenced by indoor and outdoor air temperatures and CO2 concentration and is mainly related to occupants’ indoor activities. Andersen [34] found that some people in Danish dwellings opened their windows for ten minutes every day regardless of air temperatures. This implied that the factors affecting window-opening can be not only thermal conditions but also other factors such as cultural factors or daily routine. Brager et al. [35] found that there are differences in occupants’ thermal comfort responses between air-conditioned and naturally ventilated buildings. This is partially because the difference in the building context greatly affects occupants’ expectations regarding the thermal environment.



According to Schweiker et al. [36], the contextual factors included the time of day or arriving/leaving times [19,37,38,39,40,41,42], the previous control state [37], geographical location [43,44], ventilation type [37,44,45], building system and envelope characteristics [42,46], facade orientation [47], dress code [48], season or cloud cover, socioeconomics [49], and occupancy levels [50]. Particularly, in residential buildings, window interaction habits were found to be not time dependent, but rather activity dependent [17]. Nevertheless, Jeong et al. [31] confirmed that occupants’ window opening was time-dependent due to activities such as sleeping, cooking and cleaning. Furthermore, Shi et al. [51] argued that with regard to residential buildings, different residences would have different window opening behaviours under the same environmental condition. This residence-level variety may be attributed to the household features. However, few studies analysed the effect of household features on the residential window-opening behaviour.



Seasonal changes in thermal conditions are almost absent in most parts of the tropical Southeast Asia, except for the precipitation and wind conditions—for example, the monthly average air temperature varies within 2 °C in Jakarta. Hence, window-opening behaviour of an occupant in this region can be uniform throughout the year. In other words, non-temperature variables, including (1) contextual factors such as time of day and building type, (2) household features as well as personal and social factors, and (3) phycological factors such as personal preference, can be more influential for the window-opening in the tropics, although outdoor and indoor air temperatures were found to be the most influential factors in other regions. Therefore, this study examines occupants’ daily average patterns of window-opening and AC usage without considering the seasonal changes in outdoor weather conditions in the tropical Southeast Asia. The present study assumes that there are more influential factors beyond the outdoor and indoor air temperatures in the case of tropics and aims to determine the contextual factors and household attributes influencing the typical daily patterns of window-opening.



Generally, there are three major approaches of collecting occupant-related data for the purpose of researching building occupants, namely in situ, laboratory and survey [52]. The in situ studies, which is the most commonly used approach in the previous studies, involve monitoring occupants in their natural environments (e.g., workplace, home, school, etc.) and typically have a long data collection duration (weeks or years) [52]. However, in contrast to the other approaches, in situ methods often limit the sample size to the number of willing participants in the subject building [52]. O’Brien et al. [53] indicated that the sample size is of great importance to monitor occupant diversity in a population. They suggested that hundreds of occupant samples were more appropriate rather than 10 to 15 samples, which were used in most existing studies [54]. The present study, therefore, adopted large-scale surveys to analyse the above-mentioned personal/household differences in typical window-opening patterns through a data mining approach with a large number of samples (N = 1570). Data mining techniques are powerful methods to extract hidden patterns and knowledge from large datasets and have also been applied to develop occupants’ behaviour models [55,56,57]. Among various data mining techniques, decision tree, Bayesian network, cluster analysis and association rule mining methods are commonly used for prediction and recognition of occupant behaviour patterns. For example, D’Oca and Hong [40] used a cluster analysis to obtain window opening and closing behaviour patterns based on distinct datasets, and association rule mining was then conducted to discover the frequent patterns that concurrently existed.



Several review papers on occupant behaviour have been published in recent years [12,33,36,54,58,59,60,61]. Some of the studies pointed out that there are few studies in the tropical regions. For example, Schweiker et al. [36] reported that all field studies took place in regions where there are discernible heating and cooling seasons, and no studies were undertaken in the tropics or sub-tropics. Du et al. [61] also concluded that previous studies have covered most climate zones, but limited data are available for the hot-humid zone. Meanwhile, Kubota et al. [3] reported through a survey in Malaysia that nearly 80% of the respondents normally opened their windows during daytime from 10 am to 6 pm, but only 10% practiced it at night. According to the results of a study by Arethusa et al. [62] in Indonesian apartments, similarly, 80–90% of the respondents opened their windows during daytime (6:00 to 19:00) and 30–50% closed at night (19:00–6:00). Regarding AC usage, Uno et al. [63] reported that most respondents in Indonesia answered that they use ACs from 21:00 to 6:00 during night-time and from 13:00 to 15:00 during daytime. The results of surveys carried out by Ekasiwi et al. [64] in Indonesia and Malaysia showed that some occupants still open their windows even during the use of ACs. However, the said studies conducted in the tropics only revealed the current average conditions of occupant behaviour and failed to analyse the personal/household differences among samples.



In this study, the large-scale surveys were conducted in major cities of Malaysia and Indonesia during 2004–2016. The main objective of this study is to extract various typical daily patterns of window-opening, AC usage and fan usage among occupants in the tropics through a data mining approach based on a cluster analysis. These behavioural patterns are expected to be diversified to some extent, as they are influenced by other factors than seasonal changes in air temperatures. Furthermore, influential factors for window-opening patterns, focusing especially on contextual factors such as the time of day as well as household attributes, are determined through a logistic regression analysis. The results of this study will fill the existing knowledge gap in driving factors of occupant behaviour in the tropics, and thus provide useful insights for designers to promote natural ventilation for residential buildings. Furthermore, the resultant patterns can be used for thermal simulations and energy simulations as input data representing the occupants’ behaviour.



In this paper, Section 2 describes the methodology in detail. Section 3, Results and Discussion, first shows the results of typical daily patterns of window-opening and those of AC usage and fan usage. Second, we discuss the associations among the above-mentioned adaptive behaviours, followed by the reasons for not opening windows.




2. Methods


2.1. Survey Cities


The surveys were conducted in Johor Bahru, Malaysia and in Surabaya and Bandung, Indonesia during 2004–2016. Johor Bahru is the second largest city in Malaysia (N1.27, E103.45) with an average annual temperature of 27.9 °C and the annual rainfall of 2174 mm. Surabaya is the second largest city in Indonesia (S7.16, E112.44) with an average annual temperature of 27.7 °C and the annual precipitation of 2677 mm. Bandung is the third largest city in Indonesia (S6.54, E107.36) located at a relatively high altitude (768 m above sea level) and, therefore, experiences a relatively cool climate unlike the other two cities. The average annual temperature is 23.7 °C, and the annual precipitation is 2141 mm. Bandung is treated in this study in comparison to the other two hot and humid cities. Figure 1 shows the monthly mean highest and lowest air temperatures and precipitation in these three cities during the survey periods. Although there are rainy season and dry season, the temperature is high throughout the year and its annual range is very small, ranging from 26.8–28.7 °C, 27.0–28.8°C and 23.3–24.1°C, respectively. On the other hand, the diurnal ranges between the highest and lowest temperature are generally much larger than the annual ranges, which is a characteristic of the climate in Southeast Asia. In this study, occupants’ average behaviour patterns during the dry season were investigated.




2.2. Surveyed Houses


Apartments in Indonesia, apartments and terraced houses in Malaysia were targeted in this study, representing general housing for low- to middle-income earners (Figure 2). The Indonesian government has been implementing a subsidy policy for apartment construction to promote housing supply to low- and middle-income earners. This includes public rental apartments (Figure 2a) and private built-for-sale apartments (Figure 2b). Generally, the former is a 3 to 5 story naturally ventilated building. There are a few room types, including a single room type and a two-bedroom type with a small balcony outside, depending on the construction year. Both types have windows and doors on two sides (i.e., outdoor side and corridor side). In addition, there are ventilation windows with a permanent slit between two fixed glass panes above the openings on both sides. The latter is generally a high-rise building (Figure 2b). There are several floor plans (e.g., single-room type, two-bedroom type, etc.), and these units only have a door on the corridor side without windows and, therefore, single-sided ventilation. Units are placed on both sides of the corridor. Instead, there is a small balcony on the outdoor side, normally used just for placing outdoor units of ACs. There is no ventilation window above the openings on both sides. This means that the private built-for-sale apartments are highly closed and are designed on the premise of using ACs in their units. In Malaysia, the terraced house is the most common type of urban houses (Figure 2c). Each house has windows on the front and back sides of the first and second floors so that the occupants can open the windows on the two sides (i.e., cross ventilation). In this study, a total of 1570 households were randomly chosen from respective cities, comprising 612 from apartments in Surabaya, 299 from apartments in Bandung, 303 from apartments and 356 from terraced houses in Johor Bahru. The surveys were conducted from September to October in 2013 and 2016 in Surabaya, in September 2014 in Bandung, and from September to October 2004 and from April to June 2006 in Johor Bahru, respectively.




2.3. Survey Methods


The surveys were conducted through face-to-face interviews using a questionnaire sheet. All surveys were conducted during the dry season, and the respondents were asked about their usual adaptive behaviour of each household of a day. The open/close state of windows and doors in the living room and bedrooms, and the usage of ACs and fans in every hour (24 h) were interviewed in particular. In the usage analysis, weekdays and weekends were distinguished, and a weighted average was adopted with one week as 5 weekdays and 2 weekends. Only openable windows and doors were considered. If a window or door was opened in one or more places in the living room or bedrooms during that time, it was regarded as open. In addition, household attributes (e.g., household size, household income, etc.) and reasons for not opening windows (multiple-choice question) were included, among others. Furthermore, in the survey of Surabaya in 2016, reasons for opening and closing windows were asked additionally by distinguishing the rooms and the time of day to supplement more specific reasons.




2.4. Sample Profiles


The sample profile of each survey is shown in Table 1. As mentioned above, Bandung is located at a high altitude, so the average annual temperature is approximately 4 °C lower than the other cities. The average household size was 3.4 to 3.6 in Surabaya, 1.9 in Bandung, 4.6 to 5.4 in Johor Bahru, and 3.8 in total. Most respondents were 30 to 40 s, except for the Bandung (30 s and below). The income level here is a ratio obtained by logarithmic conversion after correcting the price difference due to the currency and the survey year by dividing the value in each currency by the exchange rate against the US dollar in 2011. The average household income level was the lowest in Surabaya as 7.6 to 7.9, and the highest in Johor Bahru as 8.8 to 9.4. The AC ownership rate was 0–10.7% in Surabaya, 34.8% in Bandung, and 35.3–65.0% in Johor Bahru. There is a positive correlation between the AC ownership rate and the household income level.




2.5. Analysis Methods


A data mining approach was adopted to extract the hidden typical daily patterns of occupant behaviour under the similar climatic conditions. The total samples of 1570 households were first classified by its climate, before analysing their adaptive behaviour in detail. As background climate is significantly different, we classified the survey cities into the following two attribute groups: the hot and humid cities (Surabaya and Johor Bahru) and the relatively cool city (Bandung). Second, a hierarchical cluster analysis (Euclid square distance, Ward method) was conducted based on the hourly usage data (binary data) for 24 h to further classify the samples into several sub-groups with similar usage patterns. In the cluster analysis, principal component values for 24 h were adopted instead of the raw binary data. For each of the two attribute groups, the number of clusters effective to represent typical behaviour patterns was selected from the results of the cluster analyses. Similarly, cluster analyses were conducted for usage patterns of ACs and fans, respectively. Third, especially for the window-opening patterns, multilevel logistic regression analyses were conducted to identify the influential factors affecting the classified window-opening patterns. We also analysed the associations between the classified window-opening patterns and the household and building attributes obtained through the surveys. We estimated crude odds ratios (ORs) and then adjusted for socio-economic factors, including household size, age of the respondent and household income.





3. Results and Discussion


3.1. Daily Patterns of Window-Opening


Table 2 and Figure 3 show the results of classification for typical daily patterns of occupants’ window-opening behaviour. As mentioned before, all samples are divided into two attribute groups based on its climate, and then each group is subdivided into several sub-groups through the hierarchical cluster analysis. The line graphs in Figure 3 depict the hourly usage patterns of window-opening of a day. As shown in Figure 3a, for example, the households in the hot and humid cities are classified into four sub-groups, i.e., “all-day”, “daytime and evening”, “daytime” and “never”. In other words, the window-opening behaviour of this attribute can be typified by four patterns. The most frequent group is “daytime and evening” (34.1%), where the respondents open their windows in the morning between 5:00 and 8:00 and close them before sleep time between 20:00 and 1:00 of the next day (they keep windows open during daytime and evening), resulting in the opening period of 14.5 h per day on average. The second most frequent group is “daytime” (25.3%), where they open their windows at the same time as the previous group but close between 18:00 and 20:00 (11.5 h per day). The third group “all-day” (23.5%) keep their windows open for almost 24 h (23.2 h per day). The group “never” (17.2%) tends not to open windows at any time of the day (6.1%). Looking over the overall patterns in the hot and humid cities, three groups except “never” (82.8%) keep their windows open during daytime, while three groups except “all-day” (76.5%) keep their windows closed during night-time. As in previous reports [3,62], it was confirmed that daytime ventilation is the mainstream in the tropics. Nevertheless, unlike the previous studies, the present result shows that at least four typical window-opening patterns can be extracted even under the similar hot-humid climate as shown in Figure 3a. The overall average window-opening duration per day is 15.4 h, which is much longer than that during the non-heating period of Korea (1.8 h/day) [31].



The window-opening patterns in the relatively cool city are significantly different from those in the hot and humid cities (Figure 3b). As shown, the households do not open windows during daytime and night-time. Most of the households open their windows only in the short period once or twice a day, i.e., “sunrise and sunset” and “sunrise”. The groups “sunrise 1” and “sunrise 2”, where the households open their windows shortly between 5:00 to 7:00, account for 31.8% and 26.6%, whereas the group “sunrise and sunset”, where they open windows twice a day approximately between 5:00 to 7:00 and 16:00 to 18:00, accounts for 41.6%. The average window-opening duration per day is 3.0 h, which is significantly shorter than those in the hot and humid cities.



Figure 3c indicates profiles of the classified sub-groups of window-opening in different housing types, i.e., public apartment, private apartment and terraced house (see Figure 2). As shown, there are significant differences among the three housing types. This indicates that the housing type is one of the influential factors for window-opening behaviour.



Table 3 shows the results of logistic regression analyses (odds ratio and 95% confidence interval) for each of the surveyed variables, with the four classified window-opening patterns as dependent variables. Based on the result, it is possible to identify unique household and building features that influence each of the window-opening patterns.



As shown, first, household size (i.e., number of household members) is found to be a key factor. A larger household is more likely to have the “daytime” or “daytime and evening” window-opening pattern, whereas a smaller household tends to have the “never” or “all-day” pattern. This is probably because daily window-opening patterns of the larger households are influenced by the daily activities, such as cooking, cleaning and sleeping, more than the smaller households as discussed in [17,31]. Age of the respondent somewhat distinguishes “daytime” from “daytime and evening”. This is understandable because younger households probably spend a longer time at night and increase the duration of opening windows. Age was reported as a significant factor in some previous studies as well [13]. Interestingly, household income strongly influences the window-opening patterns. As shown, the odds ratio is the highest for “never” (OR: 1.70), followed by “daytime” (1.21), “daytime and evening” (0.94) and “all-day” (0.61). The above order of window-opening patterns corresponds to that of the duration of opening windows per day (see Table 2). The higher the household income is, the shorter the duration of opening windows would be. This is probably indirectly related to the AC ownership. As shown in Table 3, the households that “never” open windows tend to use more AC, while “all-day” households use less. Moreover, the households with “daytime” opening tend to own more ACs than “all-day” households. Accordingly, the electricity bill is also associated with the window-opening behaviour in the sub-group “all-day”. These “all-day” households tend to use less electricity. The association between window-opening and AC usage was discussed in several previous studies such as [65], but there is no study that revealed the household income to be an influential factor for window-opening behaviour.



Second, as discussed before, housing type is found to be an influential factor. Here, the following nominal variable was used for the housing type: 1 = public apartment; 2 = private apartment; 3 = terraced house. The result shows that the terraced house has a higher possibility of “daytime” opening pattern, whereas the households in public apartments tend to have the “all-day” pattern. A previous study [66] also reported that housing type was an influential factor. However, this study further reveals that the difference between the terraced houses and public apartments can be seen in window-opening behaviour during the night-time. This difference is partially attributed to the floor level. As shown in Table 3, the households living on the lower floors tend to have the “daytime” opening patterns, while those who living on the higher floors tend to open even during the night and become the “all-day” pattern.



Third, as discussed before, AC owners are more likely to have the “daytime” pattern and less likely to have the “all-day” pattern. This means that the AC ownership is a factor that prevents occupants from opening windows in the evening and night. This is mainly because the AC owners in the tropics mainly use AC in the evening and night in their bedrooms while closing windows, as reported in [3,6,63,64]. Therefore, AC ownership in the living room has no association with the window-opening behaviour in this study. Meanwhile, fan owners are more likely to have the “daytime” opening pattern. Furthermore, duration of stay at home is also found to be an influential factor. The households with a shorter duration of stay tend to have the “never” opening pattern, whereas those with a longer duration are likely to have the “all-day” pattern.



Fourth, it should be noted that there is no significant association between thermal sensations and the window-opening behaviour. This result supports the original assumption that daily window-opening patterns in the tropics would be determined mainly by the non-temperature factors. Meanwhile, a significant association is found in the wind flow sensation. The households perceiving higher winds tend to open windows more and become the “all-day” opening pattern.



Finally, regarding the reasons for not opening windows, the households with concerns about insects are more likely to have the “daytime” pattern, and less likely to have the “never” and “all-day” patterns. This means that invasion of insects is a concern not during daytime but during the evening and night. Further, the households concerned about security are more likely to have the “all-day” pattern. This is a contradictive result but can be related to the floor level—the households with the “all day” pattern tend to live on the higher floors as described before. Furthermore, rain, privacy and AC are found to be associated with some of the window-opening patterns.



Overall, household size, age of respondent, household income and concerns about insects are found to influence three or more window-opening patterns and thus considered as the most influential factors in this study. In addition, housing type, floor level and AC ownership, respectively, have some influences on the “daytime” and “all-day” opening patterns. These factors can be also important determinants for window-opening in the evening and night indirectly. In particular, insects, security and rain would be key factors required to encourage occupants to open windows at night.




3.2. Daily Patterns of AC Usage


Table 4 and Figure 4 depict the results of classification for typical daily patterns of occupants’ AC usage. Both of households with and without owning AC(s) are included in this analysis. As shown, the usage patterns are significantly different between hot and humid cities and relatively cool city. In the hot and humid cities, the usage patterns are classified into “night-time” (11.5%), where AC is used during sleep time, and “evening and night-time” (6.8%), where AC is used not only during sleep time, but also in the evening (Figure 4a). The average daily usage duration is 7.5 h per day for each group. As discussed in the previous section, it was confirmed that ACs are mainly used in the evening and night. Almost all (94.2%) of the group “never” are made up of AC non-owners. Most AC users are households in the private apartments and the terraced houses (Figure 4c).



By contrast, in the relatively cool city, it can be seen that ACs are used only in the afternoon and evening. The group “early evening”, where the AC usage rate peaks by approximately 60% from 16:00 to 20:00, accounts for 15.9%, followed by “evening”, where the usage peaks from 20:00 to 24:00, accounting for 12.5% (Figure 4b). The third group “afternoon”, where the usage peaks from 11:00 to 15:00, accounts for 5.4%. The average daily usage duration is 4.7 h in “early evening”, 5.9 h in “evening” and 6.3 h in “afternoon”, respectively. The group “never” consists of AC non-owners only. All of the above-mentioned sub-groups similarly do not use ACs during night-time, highlighting a clear difference in AC usage patterns between the hot and humid cities and the relatively cool city.




3.3. Daily Patterns of Fan Usage


Table 5 and Figure 5 show the results for typical daily patterns of fan usage. As shown, overall, the usage patterns among households in the hot and humid cities are subdivided into five groups (Figure 5a). There is no dominant group with a large share. The most frequent group is “afternoon and night-time” (23.6%), followed by “all-day” (23.1%), “evening and night-time” (22.3%), “daytime and evening” (16.2%) and “never” (14.9%). In “afternoon and night-time” and “evening and night-time”, the fan(s) usage rate is as high as approximately 80% or more during night-time, resulting in the average usage time of 14.2 and 11.7 h, respectively. In “daytime and evening”, the fan(s) are turned on by 8:00 and turned off after 22:00, resulting in 12.8 h. The group “never” includes many non-owners (43.9%), but 8.3% of fan owners in the hot and humid cities do not use them almost at all. Furthermore, as shown in Figure 4c, the fan usage patterns are also influenced by the housing type. The households in private apartments tend to use less fans than the others.



As illustrated in Figure 5b, fan(s) are rarely used in the relatively cool climate, and thus, all households, including 94.1% of non-owners, are categorized as “never” (100%). The result clearly indicates that there is a clear contrast in terms of the fan usage between the hot and humid cities and the relatively cool city. The use of fan(s) is found only in the hot and humid cities.




3.4. Associations Among Daily Patterns of Window-Opening, AC Usage and Fan Usage


In this section, we analyse associations of the three adaptive behaviours, i.e., window-opening, AC usage and fan usage. The hierarchical cluster analysis was conducted using all the combined binary data of the three adaptive behaviours (total 72 variables). As a result, all the households in the hot and humid cities are classified into five sub-groups (Table 6 and Figure 6). Groups A1–A2 show the classified groups of households with owning AC(s), whereas Groups A3-A5 mainly represent those without AC.



As shown, the difference between Groups A1 and A2 is primarily due to a difference of AC usage patterns, namely the difference between the group “night-time” and “evening and night-time” (see Figure 4a). Meanwhile, Groups A3–A5 depict large differences in window-opening behaviour pattern. Group A4 is considered the most frequent group of the households without owning AC (49.3%), where windows are opened during daytime, followed by Group A3 (18.7%), where windows are opened throughout the day. The households in Group A5 (13.8%) do not open their windows much at any time of the day. Comparing Groups A1–A2 and Groups A3–A5, the former groups show relatively lower night-time fan usage rates than daytime, while the latter groups depict relatively higher night-time fan usage rates than daytime. Among the households without owning AC (Groups A3–A5), fan(s) are often used at night.



Table 7 summarizes major patterns of occupants’ adaptive behaviour in the two attribute groups. In the hot and humid cities, the majority of households open their windows during daytime regardless of AC ownership, while using AC(s) during night-time if they own it (otherwise, they use fans instead of AC). In the relatively cool city, most households open their windows twice a day shortly in the morning and the evening. It can be concluded that these adaptive behavioural patterns are different, firstly depending on the climatic conditions such as hot and humid and relatively cool climates. Nevertheless, even in the same climate region, various types of adaptive behaviour patterns can be extracted, especially in the hot and humid climate cities, as shown in Figure 6.




3.5. Reasons for Not Opening Windows


Figure 7 shows the reasons for not opening windows, which were asked in a multiple-choice question. In the hot and humid cities (Figure 7a,b), the households without owning AC answered “insects” (36.0%), “security” (28.6%), “privacy” (30.7%) and so on, whereas the households with AC(s) chose “insects” (33.2%), “rain” (26.6%), “security” (24.1%), etc. As discussed before, the daily patterns of window-opening were similar regardless of AC ownership, i.e., most households open their windows during daytime and close them at night (see Figure 6). Therefore, the above-mentioned major reasons for not opening windows such as “insects” and “security” are considered primarily as reasons for closing windows during night-time.



In the relatively cool city, few households open windows not only during night-time but also daytime (see Figure 6). As shown in Figure 7, the households are more concerned about “security” (71.6%), “privacy” (65.9%), “rain” (62.2%), “insects” (54.5%), etc. Although the frequencies are different between the two attribute groups, the above four major reasons were chosen similarly in the two groups. As these major reasons were considered those for closing windows during night-time, the reasons for not opening windows during daytime in the relatively cool city are found to be not attributed to these major reasons but to the climatic conditions, i.e., relatively cool climate.



More detailed interviews were conducted in the survey of Surabaya (a hot-humid city) in 2016. Here, the reasons for closing windows among the households without owning AC were asked, distinguishing the time of a day (morning, evening and night-time) and the room (living room and bedroom), respectively (Figure 8). As seen in Figure 6, the daily patterns of window-opening of this attribute group were classified into three groups of A3, A4 and A5, which are full-day ventilation group (A3), daytime ventilation group (A4) and no ventilation group (A5). Hence, the reasons in Figure 8a primarily explain the reasons for closing windows during daytime among Group A5, whereas the reasons in Figure 8b–e explain those during night-time among Group A4. As shown in Figure 8b,c, the most frequent reason for closing windows in the evening is “insects” (72.6% and 86.5%) in both living room and bedroom. “Insects” remains the major reasons for later hours (night-time) in both rooms, while “theft” and “someone’s eyes” were also chosen with high frequencies especially for the living room (Figure 8d,e).



As discussed before, night ventilation is one of the effective passive cooling techniques even in the tropics for achieving indoor thermal comfort [3,6,8,11]. However, as shown here, most of the households in the hot and humid cities do not open their windows during night-time even without owning AC. To ensure the thermal comfort and energy-saving benefits from night ventilation, their current window-opening patterns need to be reconsidered. Eliminating concerns about “insects”, “theft” and “someone’s eyes” that are obstacles in opening windows at night are some of the key issues that need to be addressed in designing openings and windows.




3.6. Duration and Location of AC Usage


Furthermore, we conducted a hierarchical cluster analysis by using AC usage data of the households with owning ACs in the hot and humid cities (Table 8 and Figure 9). As mentioned before, if we analysed using all household data including AC non-owners, most households in this attribute group were found to use ACs in the evening and night-time (see Figure 4a). However, when AC non-owners are excluded from the analysis, a new usage group “afternoon and evening” emerges, where AC is used from about 12:00 noon to about 24:00 midnight. The average AC usage duration of this group is 12.7 h per day and significantly longer than the overall average of 7.8 h.



Figure 10a shows the locations of AC installation for the groups “night-time 1” and “night-time 2” (using ACs during night-time), and the group “afternoon and evening” (see Figure 9). As a result of a Pearson’s chi-square test, a significant difference was found between the two groups (χ2 = 14.825, df = 2, p < 0.01). It can be seen that approximately 70% of the households in groups “night-time” install ACs only in their bedrooms, whereas those in the group “afternoon and evening” tend to install AC(s) more in their living rooms (approximately 58%). In other words, the households who have an AC in their living rooms use AC earlier from the afternoon. Figure 10b depicts the total number of AC(s), comparing between the households with AC only in the bedroom and those with ACs only in the living room or both living room and bedrooms (χ2 = 71.479, df = 3, p < 0.001). As shown, more than 55% of the former group own only one unit of AC, while around 74% of the latter group have two or more ACs in their houses. This implies that they tend to install an AC in their bedrooms first and then, install further units in their living rooms additionally.



At present, approximately 87.3% of the households (AC owners) use AC only at night particularly in their bedrooms (7.1 h per day), and the remaining 12.7% use it for a long time from afternoon to night (12.5 h) (see Figure 9). The above result suggests that if the AC ownership continues to rise further along with the increase in household income in the near future, the households are expected to install their AC(s) not only in their bedrooms but also in the living room and thus increase their usage time dramatically.





4. Conclusions


The key findings revealed in this study are as follows:




	(1)

	
Several typical daily patterns of window-opening, AC usage and fan usage were extracted, respectively. Occupants’ window-opening behaviour was influenced by its climatic conditions such as hot and humid and relatively cool climates. Nevertheless, there were various behavioural patterns even in the same hot and humid climate. This indicates that there are factors affecting the window-opening behaviour other than temperature changes. There was no significant association between thermal sensations and the window-opening behaviour in this survey.




	(2)

	
It was found that household size, age of respondent, household income and concerns about insects were the most influential factors for daily window-opening patterns. In addition, housing type, floor level and AC ownership, respectively, affected window-opening behaviour in the evening and night. Concerns about insects, security and rain were associated as obstacles for window-opening behaviour at night.




	(3)

	
Daily patterns of AC use and fan use were different between the hot and humid cities and the relatively cool city. In the former cities, most households used ACs during night-time, whereas AC non-owners used fans instead. In the latter city, AC(s) were mostly used only in the evening without using fan(s).




	(4)

	
Most households without owning AC in the hot and humid cities mainly opened their windows only during daytime. The reasons for closing windows in the evening and night-time included “insects” for both living room and bedrooms. “Theft” and “someone’s eyes” were also chosen as the reasons for living room at night. This result suggested that it is necessary to eliminate these obstacles to promote structural cooling with night ventilation.




	(5)

	
In the hot and humid cities, the households tended to install their AC in their bedrooms first, and then install an additional unit in their living rooms. It was suggested that energy consumption would increase further if AC ownership is increased and used not only in their bedrooms at night but also in the living rooms during daytime in the future.









The above-mentioned results suggest that well-design of household and building features would be able to encourage the occupant adaptive behaviour such as window-opening in the tropics. Based on the results, we propose a strategic housing design that encourages natural ventilation in the living room, while limits the AC use only in the bedrooms. This hybrid cooling strategy is to promote passive cooling techniques especially for their living rooms so that occupants can achieve indoor thermal comfort without relying on excessive use of ACs during daytime. As discussed before, structural cooling with night ventilation can be one of the options to help achieve the thermal comfort during daytime. Therefore, the concerns (e.g., insects and security) that hinder window-opening at night need to be resolved by designing windows and openings. On the other hand, sufficient solar shading and thermal insulation should be adopted especially for the air-conditioned spaces (i.e., bedrooms) to reduce the cooling loads and thus energy consumption for cooling as much as possible.
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Figure 1. Climatic conditions in survey cities. 






Figure 1. Climatic conditions in survey cities.



[image: Sustainability 12 10650 g001]







[image: Sustainability 12 10650 g002 550] 





Figure 2. Exterior views and unit floor plans. 
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Figure 3. Daily patterns of window-opening for each sub-group. 
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Figure 4. Daily patterns of AC usage for each sub-group. 
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Figure 5. Daily patterns of fan usage for each sub-group. 
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Figure 6. Daily patterns of AC use, window-opening and fan use for each sub-group. 






Figure 6. Daily patterns of AC use, window-opening and fan use for each sub-group.



[image: Sustainability 12 10650 g006]







[image: Sustainability 12 10650 g007 550] 





Figure 7. Reasons for not opening windows. 
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Figure 8. Reasons for closing windows. 
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Figure 9. Daily patterns of AC usage for each sub-group. 






Figure 9. Daily patterns of AC usage for each sub-group.



[image: Sustainability 12 10650 g009]







[image: Sustainability 12 10650 g010 550] 





Figure 10. Location and number of ACs. 






Figure 10. Location and number of ACs.



[image: Sustainability 12 10650 g010]







[image: Table] 





Table 1. Brief profile of respondents.
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	Total
	Survey 1
	Survey 2
	Survey 3
	Survey 4
	Survey 5





	Sample size
	1570
	356
	303
	347
	265
	299



	Survey city
	-
	Johor Bahru
	Johor Bahru
	Surabaya
	Surabaya
	Bandung



	Mean daily air temp. (°C)
	-
	27.9
	27.9
	27.7
	27.7
	23.7



	Mean daily relative humidity (%)
	-
	82.2
	82.2
	76.5
	76.5
	75.2



	Survey period
	-
	Sep.–Oct. 2004
	Apr.–Jun. 2006
	Sep.–Oct. 2013
	Sep.–Oct. 2016
	Sep. 2014



	Household attributes
	
	
	
	
	
	



	Average household size
	3.8
	5.4
	4.6
	3.4
	3.6
	1.9



	Average age of respondent
	41.8
	45.0
	40.7
	39.7
	41.6
	N/A



	Age of respondent (%)
	
	
	
	
	
	



	≤30
	22.6
	8.3
	13.8
	22.0
	18.3
	51.2



	31–40
	31.4
	24.2
	37.7
	34.6
	28.8
	32.4



	41–50
	29.7
	41.6
	37.7
	25.2
	31.3
	12.0



	51–60
	11.6
	19.8
	9.3
	11.3
	14.2
	2.7



	≥60
	4.7
	6.2
	1.4
	6.9
	7.5
	1.7



	Median household income ratio 1
	8.5
	9.4
	8.8
	7.6
	7.9
	8.3–9.0



	Building attributes
	
	
	
	
	
	



	Housing type; (a) apartment
	842
	0
	238
	309
	265
	30



	Housing type; (b) apartment
	372
	0
	65
	38
	0
	269



	Housing type; (c) terraced house
	356
	356
	0
	0
	0
	0



	Floor number
	-
	N/A
	4.6
	3.5
	3.3
	N/A



	Unit floor size (m2)
	-
	N/A
	N/A
	19.5
	25.5
	31.8



	Ownership
	
	
	
	
	
	



	AC ownership (%)
	29.6
	61.0
	35.3
	10.7
	0.0 2
	34.8



	AC in bedroom (%)
	24.3
	58.4
	32.0
	3.4
	0.0 2
	19.7



	AC in living room (%)
	12.6
	16.6
	11.2
	0.6
	0.0 2
	33.4



	AC quantity (unit)
	0.6
	1.4
	0.7
	0.1
	0.0 2
	0.5



	Fan ownership (%)
	91.5
	97.7
	92.4
	85.6
	89.8
	N/A



	Duration
	
	
	
	
	
	



	Window-opening (h)
	12.3
	11.7
	13.7
	14.2
	18.9
	3.8



	AC usage (h)
	2.2
	4.6
	2.6
	1.2
	0.0 2
	1.9







1 Converted by the exchange rate (Source: The World Bank, Indicators). 2 This survey (Surabaya in 2016) was conducted only for low-cost apartments, in which AC was not used.
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Table 2. Profiles of groups classified by window-opening patterns.






Table 2. Profiles of groups classified by window-opening patterns.





	
Climate

	
Group

	
n

	
Share (%)

	
Window-Opening (h)






	
Hot-humid

	
All-day

	
299

	
23.5

	
23.2




	
Daytime and evening

	
433

	
34.1

	
14.5




	
Daytime

	
321

	
25.3

	
11.5




	
Never

	
218

	
17.2

	
6.1




	
Total

	
1271

	
100.0

	
15.4




	
Relatively cool

	
Sunrise and sunset

	
119

	
41.6

	
4.8




	
Sunrise 1

	
91

	
31.8

	
2.9




	
Sunrise 2

	
76

	
26.6

	
1.9




	
Total

	
286

	
100.0

	
3.4
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Table 3. Adjusted 1 odds ratios 2 with 95% confidence intervals of surveyed variables for the classified window-opening patterns.






Table 3. Adjusted 1 odds ratios 2 with 95% confidence intervals of surveyed variables for the classified window-opening patterns.





	
Surveyed Variables

	
Classified Window-Opening Patterns




	
Never

	
Daytime

	
Daytime and Evening

	
All-Day






	
Household attributes

	




	
Household size

	
0.75 (0.67–0.84) ***

	
1.13 (1.04–1.22) **

	
1.12 (1.04–1.21) **

	
0.89 (0.81–0.98) *




	
Age of respondent

	
0.98 (0.96–1.00) **

	
1.03 (1.01–1.04) ***

	
0.99 (0.98–1.00) *

	
1.01 (0.99–1.02)




	
Household income ratio

	
1.70 (1.41–2.05) ***

	
1.21 (1.05–1.41) *

	
0.94 (0.83–1.08)

	
0.61 (0.52–0.71) ***




	
Electricity bills ratio

	
1.00 (0.74–1.34)

	
1.23 (0.95–1.59)

	
1.09 (0.86–1.37)

	
0.69 (0.52–0.92) *




	
Household income divided by electricity bills

	
1.17 (0.08–16.24)

	
6.34 (0.67–59.73)

	
1.94 (0.27–14.14)

	
0.05 (0.00–0.47) **




	
Building attributes

	




	
Housing type

	
1.07 (0.85–1.34)

	
1.63 (1.35–1.97) ***

	
0.96 (0.81–1.15)

	
0.47 (0.36–0.60) ***




	
Age of building

	
0.91 (0.63–1.33)

	
0.76 (0.55–1.06)

	
1.09 (0.83–1.42)

	
1.13 (0.85–1.50)




	
Floor level

	
0.94 (0.83–1.08)

	
0.86 (0.76–0.98) *

	
1.03 (0.93–1.14)

	
1.12 (1.00–1.24) *




	
Unit size

	
0.97 (0.92–1.02)

	
0.96 (0.92–1.00)

	
0.98 (0.95–1.02)

	
1.05 (1.01–1.08) **




	
Ownership

	




	
AC ownership

	
1.45 (0.96–2.18)

	
1.45 (1.03–2.04) *

	
0.99 (0.72–1.37)

	
0.40 (0.26–0.63) ***




	
AC in bedroom

	
1.41 (0.92–2.17)

	
1.43 (1.01–2.03) *

	
0.93 (0.66–1.30)

	
0.45 (0.29–0.72) **




	
AC in living room

	
1.15 (0.63–2.08)

	
1.23 (0.75–2.02)

	
1.03 (0.63–1.68)

	
0.45 (0.50–1.01)




	
AC quantity

	
1.13 (0.97–1.32)

	
1.09 (0.96–1.24)

	
0.96 (0.84–1.09)

	
0.74 (0.60–0.91) **




	
Fan ownership

	
0.67 (0.37–1.20)

	
2.11 (1.03–4.34) *

	
1.16 (0.69–1.93)

	
0.76 (0.45–1.28)




	
Duration

	




	
AC usage

	
1.07 (1.03–1.12) **

	
1.03 (1.00–1.07)

	
0.98 (0.94–1.01)

	
0.89 (0.84–0.94) ***




	
Fan usage

	
0.98 (0.96–1.01)

	
1.02 (0.99–1.04)

	
0.99 (0.98–1.01)

	
1.00 (0.98–1.02)




	
Stay in house

	
0.91 (0.88–0.94) ***

	
1.02 (0.99–1.04)

	
1.02 (0.99–1.05)

	
1.03 (1.00–1.07) *




	
Sensations 3

	




	
Thermal (daytime)

	
1.01 (0.86–1.18)

	
0.94 (0.82–1.08)

	
1.03 (0.92–1.15)

	
1.01 (0.91–1.12)




	
Thermal (night-time)

	
1.00 (0.85–1.16)

	
0.98 (0.85–1.13)

	
1.08 (0.96–1.21)

	
0.95 (0.85–1.06)




	
Wind flow (daytime)

	
0.87 (0.74–1.03)

	
0.99 (0.86–1.14)

	
0.94 (0.83–1.07)

	
1.30 (1.09–1.54) *




	
General comfort (daytime)

	
1.05 (0.87–1.27)

	
0.82 (0.70–0.95) *

	
1.08 (0.93–1.25)

	
1.13 (0.94–1.37)




	
Reasons for not opening windows

	

	

	




	
Insects

	
0.61 (0.4–0.88) **

	
2.09 (1.57–2.77) ***

	
0.91 (0.71–1.18)

	
0.72 (0.54–0.97) *




	
Security

	
0.92 (0.63–1.33)

	
0.93 (0.68–1.27)

	
0.78 (0.59–1.03)

	
1.53 (1.13–2.06) **




	
Rain

	
0.64 (0.41–0.97) *

	
0.96 (0.68–1.34)

	
1.72 (1.27–2.61) ***

	
0.69 (0.47–1.01)




	
Privacy

	
0.82 (0.54–1.26)

	
0.56 (0.39–0.83) **

	
1.26 (0.93–1.70)

	
1.32 (0.96–1.81)




	
Dust

	
1.33 (0.89–2.01)

	
0.93 (0.63–1.35)

	
0.91 (0.65–1.27)

	
0.99 (0.67–1.45)




	
AC

	
2.21 (1.23–3.99) **

	
0.69 (0.37–1.30)

	
0.84 (0.47–1.48)

	
0.62 (0.27–1.41)




	
Noise

	
0.91 (0.42–1.96)

	
0.85 (0.42–1.73)

	
1.03 (0.59–1.80)

	
1.11 (0.63–1.96)








1 Adjusted for household size, age of respondent and household income ratio; 2 significance levels are ***: p < 0.001, **: p < 0.01, *: p < 0.05; 3 sensations in the living room.
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Table 4. Profiles of groups classified by AC usage.






Table 4. Profiles of groups classified by AC usage.





	
Climate

	
Group

	
n

	
Share (%)

	
AC Usage (h)

	
AC Ownership (%)






	
Hot-humid

	
Night-time

	
137

	
11.5

	
7.5

	
100.0




	
Evening and night-time

	
81

	
6.8

	
7.5

	
100.0




	
Never

	
966

	
81.6

	
0.2

	
5.8




	
Total

	
1184

	
100.0

	
1.5

	
23.1




	
Relatively cool

	
Afternoon

	
16

	
5.4

	
6.3

	
100.0




	
Evening

	
37

	
12.5

	
5.9

	
100.0




	
Early evening

	
47

	
15.9

	
4.7

	
100.0




	
Never

	
195

	
66.1

	
0.0

	
0.0




	
Total

	
295

	
100.0

	
1.8

	
33.9
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Table 5. Profiles of sub-groups classified by fan usage.
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Climate

	
Group

	
n

	
Share (%)

	
Fan Usage (h)

	
Fan Ownership (%)






	
Hot-humid

	
All-day

	
293

	
23.1

	
23.2

	
98.0




	
Afternoon and night-time

	
300

	
23.6

	
14.2

	
96.3




	
Evening and night-time

	
283

	
22.3

	
11.7

	
96.8




	
Daytime and evening

	
206

	
16.2

	
13.8

	
99.5




	
Never

	
189

	
14.9

	
2.9

	
56.1




	
Total

	
1271

	
100.0

	
14.0

	
91.3




	
Relatively cool

	
Never

	
272

	
100.0

	
0.1

	
5.9




	
Total

	
272

	
100.0

	
0.1

	
5.9
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Table 6. Profiles of groups classified by AC usage, window-opening and fan usage.






Table 6. Profiles of groups classified by AC usage, window-opening and fan usage.





	
Climate

	
Group

	
n

	
Share (%)

	
AC Usage (h)

	
AC Ownership (%)

	
Window-Opening (h)

	
Fan Usage (h)

	
Fan Ownership (%)






	
Hot-humid

	
A1

	
149

	
12.2

	
8.3

	
100.0

	
11.7

	
11.8

	
84.6




	
A2

	
76

	
6.2

	
8.2

	
100.0

	
10.7

	
11.7

	
89.5




	
A3

	
229

	
18.7

	
0.1

	
1.7

	
22.7

	
12.7

	
94.3




	
A4

	
604

	
49.3

	
0.3

	
8.8

	
14.2

	
14.3

	
93.4




	
A5

	
168

	
13.8

	
1.2

	
20.2

	
6.8

	
11.9

	
87.5




	
Total

	
1226

	
100.0

	
1.8

	
25.8

	
14.2

	
13.2

	
91.4




	
Relatively cool

	
297

	
100.0

	
1.9

	
35.0

	
3.7

	
0.4

	
13.8
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Table 7. Major patterns of occupants’ adaptive behaviour.






Table 7. Major patterns of occupants’ adaptive behaviour.





	
Attributes

	
Daytime

	
Night-Time






	
Hot-humid city

	
With ACs

	
Daytime ventilation

	
AC use




	
Without ACs

	
Daytime ventilation

	
Fan use




	
Relatively cool city

	
With ACs

	
Window-opening in morning and evening

AC use in the evening

	
-




	
Without ACs

	
Window-opening in morning and evening

	
-
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Table 8. Profiles of groups classified by AC usage (only AC owners).






Table 8. Profiles of groups classified by AC usage (only AC owners).





	
Climate.

	
Group

	
n

	
Share (%)

	
AC Usage (h)

	
AC Ownership (%)






	
Hot-humid

	
Night-time 1

	
272

	
75.3

	
6.5

	
100.0




	
Night-time 2

	
43

	
11.9

	
10.9

	
100.0




	
Afternoon and evening

	
46

	
12.7

	
12.5

	
100.0




	
Total

	
361

	
100.0

	
7.8

	
100.0
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