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Abstract

:

In the area where household water use exceeds the capacity of the public water supply, rainwater is considered as one of the alternative water resources. Many researchers studied rainwater potential to cover the specific value of water demand in households having the average catchment area, so that the estimated potential expresses that of the average population. In this research, the possibility of rainwater use for toilets was investigated more realistically using the probability distributions of water demand and catchment area, and precipitation in case of Hanoi, Vietnam. Monte Carlo simulations were conducted throughout this simulation and the distribution of the possibility of rainwater use was estimated. The effect of household size and seasonal variations on the potential of rainwater utilization was also assessed. These results showed that our new approach exhibited that approximately 60% of the households failed to achieve the potential that was estimated using the conventional approach. Therefore, our new approach should be useful to understand the manner in which the potential of rainwater utilization differs in a given area, and it could be applied to other areas for consideration on the rainwater use potential and the suitable tank size when the distributions of variables and precipitation are clear.
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1. Introduction


In several areas of the world, the household water demand is observed to exceed the capacity of public water supply. The factors that contribute to water shortage include climate change, rapid population increase, economic growth, and insufficient water supply [1,2]. Especially, the accelerating population growth in developing countries is expected to increase the difference between demand and supply in future years. Furthermore, the Environmental Outlook Baseline scenario projects that, by 2050, the global water demand will be 55% larger than that in 2000 because of the increasing demands of manufacturing (+400%), electricity (+140%), and domestic usage (+130%) [3]. Domestic usage should be prioritized in terms of water allocation because it is essential to maintain suitable public health and living standards. Traditionally, household water usage has been managed by supply augmentation [4]; however, the current water supplies are threatened by climatic changes such as floods and droughts [5]. A potential alternative to supply augmentation is water demand management [5,6,7]. The various methods of water demand measurement [8,9,10] can be classified into the following two groups: 1. Measures for reducing the water demand, and 2. measures for reducing the demand of public water supply. The water demand can be reduced by technological improvements, such as by installing water-efficient devices, or by behavioral approaches, such as by adjusting the water pricing and by imposing water restrictions [9,11]. The demand of public water supply can be reduced by substituting it with alternative water resources [12,13].



The current study focuses on alternative water resources. Reclaimed wastewater and desalinated water have been used for several decades [14]. However, reclaimed water requires complicated treatment before household usage, and desalinated water is facing several problems based on technology, energy, and cost [15]. These difficulties can be overcome using greywater and rainwater. Rainwater is an especially attractive resource, and its household utilization is encouraged because it is easily harvested and stored in household reservoirs; further, the quality of rainwater is considered to be suitable for almost every purpose except for potable use [16]. Furthermore, rainwater harvesting improves the stormwater drainage systems [17]. In fact, introducing rainwater-harvesting systems for non-potable purposes is a global effort. Australia is a representative country that has implemented rainwater-harvesting systems for household usage. For instance, an estimated 40 GL of water from household rainwater tanks was utilized in New South Wales [18]. Further, rainwater harvesting has deployed not only in arid or semi-arid regions, but also in various developing countries. The United Nations Environment Programme emphasized that efficient rainwater harvesting systems can provide water and affordable food to populations in developing countries [17]. Several Thai households use rainwater for drinking [19], whereas Malaysian households collect rainwater for non-potable uses such as general washing and gardening [20].



In several studies that are related to household rainwater utilization, the potential benefits are observed to be based on the available rainwater volume and end-use water demand. The available rainwater volume in households can be estimated based on the local precipitation, catchment area, and tank size, which are quantifiable variables. One study related to water demand estimated the potential of rainwater utilization based on the specific value of monthly demands [21]. Another study estimated the potential for saving potable water in a simulation study. The input data included the surveyed water demand data of two houses, which may not be sufficient to represent the different water demands of individual households [22]. These studies assumed the precipitation that was recorded in the target area [21,22,23], and where relevant, the average catchment area [21] along with the specific values of the tank size [22,23].



Thus, the potential of rainwater utilization in households have been discussed based on the representative values of catchment area and water demand such as average value in previous studies. However, they are observed to differ among various houses. Dimensionless analysis has been conducted to consider this uncertainty using the demand fraction, and the storage fraction. The demand fraction is given by D/AR, where D is the demand (m3), A is the roof area (m2), and R is the precipitation (m), and the storage fraction is given by S/AR, where S is the tank capacity (m3) [24,25,26]. In another study, the modified storage fraction was used instead of the storage fraction. This is given by S/(D·nD/nR), where nD and nR are the number of dry and rainy days, respectively [27]. By using these values, we can estimate the potential of rainwater utilization for different combinations of demand, roof area, precipitation, and storage fraction. However, the demand and the roof area should have a specific distribution, respectively, so that the potential of rainwater utilization have a distribution too. Hence, the distributions of the uncertain variables should be considered to understand the realistic potential of rainwater utilization. To analyze the probabilistic potential, we use Monte Carlo simulations, which determine the probability distribution of different outcomes from those of the input variables (namely, the catchment area and end-use water demand), and the precipitation data recorded in Hanoi, Vietnam. The simulation results were evaluated in comparison with the potential estimated from the specific value of water demand and the average roof area, as previous researches evaluated [21]. We also varied the household size and investigated the resulting changes in the annual potential of rainwater utilization. The effect of seasonal variations in monthly precipitation on the potential of rainwater utilization was further assessed. The variable distributions were determined from the measured data that were obtained from prior research [28] or the data derived from published maps.




2. Methods


2.1. Simulation Model


Figure 1 schematizes the rainwater utilization system that is considered in this research. The rainwater is harvested from the roofs of houses and is stored in rainwater tanks. When the stored rainwater exceeds the tank volume, it is discarded by overflow [29]. Figure 2 is a detailed flowchart of the simulation. The rainwater is presumably used in detached houses, and the runoff coefficient, Cf, is assumed to be 0.9 [22]. The rainwater is assumed to satisfy the usage demand for toilets alone.



For evaluation purposes, the covering ratio of rainwater utilization was estimated using the following equation.


C(%)=∑t=0dPt(m3)WD(m3/household/month)×d(months)×100



(1)




C: Covering ratio of demand of public water supply by rainwater utilization (%), t: time, Pt: Possible rainwater utilization volume (m3), WD: household water demand for toilets (m3/household/month), d: duration (months).



This model was run with two following approaches: 1. Probabilistic approach, 2. Conventional approach.



2.1.1. Probabilistic Approach


Ten-thousand runs following Monte Carlo simulation of the model, shown in Figure 2, were executed in Oracle Crystal Ball 11.1.2.3.500 (Figure 3). This simulation generated the covering ratio, CP, using Equation (1) for a particular combination of randomly selected parameters, roof area, and toilet water demand, which follow their own probability distributions. The determination ways of these probability distributions are shown in Section 2.2. In each simulation, the possible rainwater utilization volume, Pt, was estimated for every month of the simulation duration (see Figure 2). Further, the Pt distribution was calculated for each month, and its probability distribution throughout the simulation duration was also estimated by Monte Carlo simulation. Finally, the probability distribution of the covering ratio, CP, of the water demand that was satisfied by the utilization of rainwater was calculated by Equation (1), as mentioned above.




2.1.2. Conventional Approach


A run of the model, shown in Figure 2, was executed using fixed values of the roof area and water demand (Figure 4). The roof area and the water demand were determined as the average value, and the specific demand, respectively, following a previous study [21]. These determined values are shown in Section 2.2. This approach determines the possible rainwater utilization volume, Pt, for every month of the simulation duration. The covering ratio, CC, of the demand of public water supply were calculated by Equation (1) too.





2.2. Data Utilized for Simulations


2.2.1. Targeted Area


In this study, we have investigated the potential of rainwater utilization in Hanoi, Vietnam, where the toilet-water demand was investigated in the previous study. Hanoi is located in the Northern part of Vietnam which has a population of 7,420,100 inhabitants [30]. In this study, we refer the data of water demand from a study, which was investigated in three areas of Hanoi, including Thanh Tri, Gia Thuong Bac Bien, and Vinh Quynh (Figure 5).




2.2.2. Precipitation


Some studies recommended that simulations using precipitation of 10-year time series length [31,32]. Therefore, the input data of the simulations were the monthly precipitation data of Hanoi that were obtained from General Statistics of Vietnam from January 2008 to December 2017 [33]. The model was run over these five years, and the results were displayed from 2009 onward (the results of the first year, which assumed that rainwater tanks were installed in households in the simulation, were omitted).




2.2.3. Distribution of the Catchment Areas


The rainwater catchment area was defined as the projected area of the house roof [34]. The photomap was derived from Google Earth, and the roof area was estimated using Image J software. This study analyzed the projected roof areas of 1653 households in three areas, shown in Figure 5. The roofs of the detached houses (assumed to have areas of less than 200 m2) were selected for conducting the study; large areas were assumed to belong to business, and other types of buildings, such as corporate buildings, were excluded. The minimum, maximum, and average areas of the presumed detached houses were 9, 199, and 66.3 m2, respectively. In the probabilistic approach, because the projected roof area did not follow a normal or log-normal distribution, it was represented as a histogram (see Figure 6) and was directly applied in this study. The bin width was calculated as 20 m2, based on Sturges’ formula. In the conventional approach, the average value was applied.




2.2.4. Rainwater Tank Size


Further, various methods have been discussed for determining the rainwater tank size [22,35]; however, no standard approach exists to perform this calculation.



A study indicated that the tank size was ideal when the saving potential of potable water increased by less than 1.0% after increasing the rainwater-tank volume by 1000 L [22]. Ward et al. [35] calculated the tank size from the catchment area, runoff coefficient, system filter efficiency, and average annual precipitation. In the present study, we assessed the representative tank size using the following equation [36]:


V(m3)=A(m2)×0.1(m)



(2)




V: tank capacity (m3), and A: roof area (m2).



Using Equation (2), the average tank size was estimated to be approximately 7-m3. However, the required tank size should vary with the precipitation conditions, water demand, household size, and other factors. To understand the minimum and the maximum potential of rainwater utilization, we varied the tank size from 1-m3, which is small enough to install in households easily, to 20-m3, which is assumed to be large enough to store most of the captured rainfall in general, in 1-m3 increments.




2.2.5. Distribution of Toilet-Water Demand Per Capita


The probability distribution of the toilet-water demand per capita was derived from a survey conducted for two months from March 2011 in Hanoi, Vietnam [28]. This survey targeted 56 households, and we derived the data of 31 households in which toilet-water demand was measured successfully. The averages and variances of the natural logarithmic values of the toilet-water demand did not significantly depend on the household size (Levene’s test: W = 0.863, p = 0.520, Variance analysis: F = 1.473, p = 0.230). Therefore, the end-use water demand in this study could not be distinguished based on the household size. The data of toilet-water demand per capita is renowned to follow a log-normal distribution [28]. The log-normal probability of the toilet-water demand is displayed in Figure 7. The average and standard deviation of the toilet-water demand were calculated from the actual toilet-water demand, as the average of the natural logarithmic values = 2.98 L/cap./day (antilogarithmic value = 19.7 L/cap./day), and the standard deviation = 0.45 L/cap./day (antilogarithmic value = 1.57 L/cap./day). In addition, the total water consumption was 124.8 L/cap./day in 2011 in Hanoi, according to the statistics [37], so that the ratio of the toilet to the total-water demand was expected to be approximately 16% on average. The determined log-normal distribution of the toilet-water demand was referred to as the probabilistic approach, and the average was referred to as the conventional approach, as the specific demand.




2.2.6. Household Size


The potential of rainwater utilization in an average household (3.6 persons/household) [38] was considered. Furthermore, we investigated small (two persons/household) and large (five persons/household) households to determine the effect of household size on the potential of rainwater utilization. The household size was used to estimate the toilet-water demand per household by multiplying it by the toilet water demand per capita.






3. Results


3.1. Estimated Potential of Rainwater Utilization


Figure 8 depicts the ratios of households with different covering potentials, CP, of the demand of public water supply. These results were obtained by the probabilistic approach of toilet-water demand in an average household (3.6 persons/household) with a tank having a representative size (7-m3) throughout the simulation. From Figure 8, it was found that all households can satisfy at least half of their toilet water demands using the rainwater captured in their tanks. In addition, the ratio of households, which can cover total toilet water demands, was estimated as approximately 40% of the households. Conversely, the covering potential, CC, was estimated to be 100% when using the average catchment area and the average toilet-water demand based on the conventional approach. Clearly, the conventional approach overestimated the covering potential, neglecting approximately 60% of the households with an insufficient coverage. Consequently, the conventional approach will considerably misrepresent the potential of rainwater utilization.



We further integrated the ratios of households whose toilet-water demands were satisfied using rainwater at different portions of the year: more than 182.5 days (CP ≥ 50%), more than 328.5 days (CP ≥ 90%), and 365 days (CP = 100%), using the estimated distribution of the covering potential by the probabilistic approach. Figure 9 depicts the accumulated ratios at each tank volume for an average household size (3.6 persons/house). The ratio of households, for which CP exceeded 50%, were not considerably different among the tank sizes when the tank size is three m3 or more; further, a three m3 tank would satisfy the toilet-water demands of almost all the households. When the required covering ratio exceeds 90% of that observed in a year, a four m3 tank should be able to satisfy the needs of almost 50% of the households of the average size. However, to satisfy the toilet-water demands of all households of the average size over the complete year, the tank size must be increased so that it has a capacity of more than 20-m3. This result confirms that the required tank size considerably depends on the required covering ratio.




3.2. Potential of Rainwater Utilization for Toilet-Water in Households of Different Sizes


We estimated the potential of rainwater utilization in a household of average size (3.6 persons/household). In this part, we investigate the effect of household size on the potential of rainwater utilization. From panels (a–c) of Figure 10, we can estimate the required tank size that guarantees 90% coverage for more than 182.5 days (CP ≥ 50%), more than 328.5 days (CP ≥ 90%), and 365 days (CP ≥ 100%) in the large, average, and small-sized households, respectively. From Figure 10a, we can observe that the demands of more than 90% of the large, average, small-sized households were satisfied by a tank of five, three, and two m3, respectively, for half of the year. In Figure 10b, the tank size that guaranteed 90% coverage of all households for 90% of the year strongly depended on the household size. More specifically, the demands of the small and average-sized households were satisfied by five and 15-m3 tanks, respectively; however, those of the large households were not satisfied by a 20-m3 tank. Furthermore, a tank size of 20-m3 was considered to be impractical because of the high cost and the required installation area. From Figure 10c, we can estimate that 79% of the two-person households gain adequate coverage from a seven m3 tank throughout the whole year. However, in large households (with five persons), a 20-m3 tank can satisfy the requirements of only 68% of the households throughout the whole year. Consequently, full-year coverage of the toilet-water demand by rainwater alone is considered to be impractical in households with more than two persons.




3.3. Seasonal Change in the Potential of Rainwater Utilization for Toilet Requirements


To understand the seasonal change in the potential of rainwater utilization, we estimated the covering ratios, CP and Cc, in each month. Figure 11 depicts the relation between the precipitation and the estimated averages of CP and Cc in a tank of representative size (seven m3). The conventional approach estimated that rainwater satisfied all the toilet-water demands throughout the simulation. However, in the probabilistic approach, the average covering ratio fluctuated between approximately 60% and 100%. Further, the potential of rainwater utilization responded to the precipitation in a probabilistic approach but not in the conventional approach. The covering ratio in the probabilistic approach was also influenced by the previous precipitation pattern. This behavior reflects the storage of rainwater in months of high rainfall even though the precipitation may be less than the precipitation in the previous month. Furthermore, the present study used the monthly precipitation data; however, applying the daily precipitation data would result in the precise estimation of the changes in water availability.





4. Discussion


The probabilistic approach for estimating the rainwater utilization of households from the distributions of both the catchment area and the water demand exhibited that more than half of the households failed to achieve the potential that was estimated using the conventional approach. The conventional approach estimated the potential using the average roof area and the basis water demand. Such approach has been done in the majority of the previous studies, and the potential was treated to be homogeneous. However, the roof area should differ among households. In addition, not only the roof area, but also the water demand should depend on households. Even in the case of toilet-water demand, which is thought to be due to mainly appliance and not to human behavior, it differs among households as well as among countries or areas [39,40]. A study reported that people use various types of toilet such as single-flush toilets and dual-flush toilets in Hanoi. These toilets have different efficiency in water use. Even among dual-flush toilets, flush volume varies [40]. Thus, the roof area and the water demand should be uncertain variables, and the potential should be considered to be heterogeneous among water users. Some studies also emphasized that the probability distribution of water saving potential should be estimated based on the heterogeneousness of each parameter [40,41]. Hence, the probabilistic approach using the probability distributions of the roof areas and the water demands is expected to offer us a better understanding the efficiency of rainwater utilization in households as compared to that estimated by the conventional approach.



Additionally, the required tank size depended not only on the required covering ratio but also on the household size. Previous studies used the specific values of the water demand or roof area to estimate the appropriate tank size too [22,42], and it may considerably overestimate the potential and misunderstand the appropriate size. In contrast, the results of the probabilistic approach provided the necessary tank size that would satisfy the water demands of a specific proportion of households over a specific portion of the year and the proportion of households that were able to achieve a high covering potential using only a small tank. When the demands outstrip the standard water supply, these insights will assist the deployment of compensatory rainwater utilization. For example, when the supplied water can satisfy only 30% of a household’s water demand, the probabilistic approach can assess the volume of the rainwater storage tank that satisfies the remaining 70% of the demand in the majority of the households. The probabilistic approach is also useful for ensuring that a specific ratio of households achieves a targeted covering ratio and for understanding the effect of household size on the potential of rainwater utilization.



As aforementioned, the demand fraction, the storage fraction, or the modified storage fraction have been used to discuss the uncertainty of the catchment area and the water demand in previous studies [24,25,26,27]. This methodology gives use as the information regarding the tank volume, which is suitable to install in a specific house having a specific demand fraction. By contrast, the probabilistic approach using the distributions of both the catchment area and the end-use water demand made it possible to consider the potential of rainwater utilization, based on the ratio of households, which can achieve a specific water demand. Hence, it was found that the proposed method is useful to get the detailed information on the difference of the potential of rainwater utilization among households in a given area.



Based on the estimated monthly potentials over a period of nine years, small precipitation was observed to reduce the potential of the rainwater utilization of the subsequent month. This indicates that the stored volume can be inadequate in the month after a low-rainfall month, even when precipitation of the month is high. However, in the case of our study area, the rainwater utilization remained efficient, even when the precipitation was small.



This approach can reveal the potential utilization of rainwater other than for usage in toilets, such as for outdoor and laundry purposes, which are considered to be suitable candidates for rainwater usage [20].




5. Limitation


This study has several limitations. The potential of rainwater utilization was discussed in households of different sizes: Average (3.6 persons/household), small (two persons/household), and large (five persons/household). However, if the probabilistic distribution of the household sizes is known, it can be incorporated into the simulation for a precise description of the potential rainwater-use distribution. Additionally, the probabilistic distribution of the catchment areas was obtained from the rooftop data in the peri-urban and rural areas of Hanoi. These areas are expected to adequately provide the probability distribution of the catchment areas in Hanoi, because urban areas generally contain few detached houses, and because the area of rainwater tank installation is adequate in the case of rural areas. However, if the probabilistic distribution of the catchment areas of the detached households were available throughout Hanoi, our simulations would yield more accurate results. In addition, the monthly data of precipitation was used for the simulations in this study for ten years, although previous research suggested that the time step resolution affect the results [26]. Removal of the first flush was not considered either, and removal of the first flush should reduce the possible volume of rainwater inflow into a tank. Yet, if the daily data of precipitation is available, we can assume the first flush removal for almost every rainfall, and it can give us more precise results.




6. Conclusions


We estimated the potential of rainwater utilization in households using a new simulation method that combined the randomly selected catchment-area and water-demand parameters. The probabilistic approach accounts for the differences in the catchment area and the water demand in different households. When compared with the results of the probabilistic approach, the conventional approach overestimated the usage potential. Additionally, the proposed method clarified the variable demands of differently-sized households to determine the size of rainwater tanks.



The proposed simulation method is useful to understand the manner in which the potential of rainwater utilization differs in a given area, and it can be applied to any area of which distributions of catchment-area and water-demand are available. It leads to an understanding of the demand volume of public water supply, which can be saved, and the best tank size to maximize the rainwater potential throughout the targeted area. In addition, conducting the proposed simulation for multi usage would indicate the optimal usage of rainwater in households (e.g., toilet, laundry, and outdoor), while taking the difference of water usage among households into account. These ideas are considered to be beneficial for evaluating the feasibility of water demand management using rainwater in households.
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Figure 1. The schematic of rainwater utilization model. 
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Figure 2. The Model flow chart. 
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Figure 3. Flow of probabilistic approach. 
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Figure 4. Flow of conventional approach. 
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Figure 5. The location of the targeted area in Vietnam. 






Figure 5. The location of the targeted area in Vietnam.



[image: Water 10 01706 g005]







[image: Water 10 01706 g006 550]





Figure 6. Distribution of catchment area. 
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Figure 7. Lognormal probability plots of toilet water demand per capita. 
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Figure 8. Distribution of the covering ratio of supplied water, CP. 
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Figure 9. Ratio of households covering water demand by rainwater and tank volume having 3.6 persons. 
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Figure 10. Comparison of ratio of households which can cover toilet water demand among household sizes: (a) CP ≥ 50%, (b) CP ≥ 90%, and (c) CP = 100%. 
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Figure 11. Seasonal change in covering ratio of supplied water with a tank of 7-m3 at households having 3.6 persons. 
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