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Abstract

:

Extensive implementation of rainwater harvesting (RWH) systems can promote substantial improvement in urban water resource management. Therefore, establishing the financial feasibility of RWH systems is imperative for their dissemination. This study evaluated the influence of rainfall time series indicators (average annual rainfall, seasonality index and behaviour of periods without precipitation) and design variables (catchment area, rainwater demand, number of inhabitants, potable water demand and rainwater tank size) on the financial feasibility of RWH systems in eight Brazilian cities. Correlations between rainfall indicators and financial feasibility were introduced, along with sensitivity analysis of design variables. Financial feasibility was obtained in 30% to 70% of the simulated scenarios. Initial investment and operating costs varied significantly among the eight cities according to local prices. Systems with a catchment area of 200 m2 were capable of supplying, on average, 90.5% of the maximum rainwater consumption observed in this study. Local variation of potable water tariff schemes affected the financial feasibility of RWH systems. The number of inhabitants was the most influential design variable on the financial feasibility of RWH systems, followed by the rainwater tank size. Places with lower rainfall seasonality indexes and lower incidence and duration of dry periods are likely to lead to greater financial feasibility.
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1. Introduction


In Latin America, access to clean water is still an everyday problem for millions of people [1]. In terms of water availability, Brazil ranks among the biggest countries globally; however, when economic and demographic factors are considered, water scarcity is also a reality in some areas [2]. Ghisi [3] points out that, as of 2050, the northeast and southeast regions of Brazil will have water availability of less than 2000 m3 per capita per year, which is classified as very low by the UNEP [4]. However, if the widespread implementation of residential rainwater harvesting (RWH) is considered in these regions, water availability will remain above the precarious threshold in the following decades.



Traditional approaches to urban water supply prioritise centralised facilities that seek water resources in increasingly distant locations, as potable water demand increases in the city scale [5]. In this sense, RWH systems aim to reduce potable water demand from centralised distribution systems. Ghisi [3] estimated the potential for potable water savings to be between 48% and 100%, employing RWH systems in the residential sector of five Brazilian regions. However, high payback often deems most residential RWH systems as financially unfeasible [6]. In Brazil, payback periods for such systems can be as short as 1.5 years but more often range from 20.1 to 25 years [7]. Costs of RWH are characterised by high initial outlays, followed by low operational costs throughout their service life [8]. The high cost of such a solution is still a limiting factor for its implementation, and it is recommended that public authorities provide incentives to encourage the population to adopt it [5]. In addition, developing more cost-effective design solutions and innovations is also necessary for improving the financial appeal of RWH systems [6].



Usually, rainwater distribution to the water appliances can be done directly or indirectly. In systems with indirect distribution, a motor pump pumps rainwater from the primary storage tank at ground level to an upper rainwater tank [6]. From the upper tank, rainwater is distributed to the water appliances by gravity. As an alternative, rainwater distribution can be done from the lower tank by directly pressurising the distribution system to the water appliances. In this study, systems with both direct and indirect rainwater distribution schemes were evaluated. Direct rainwater distribution tends to be more financially feasible when compared to indirect rainwater distribution in single-family RWH systems [9]. However, as Vieira et al. [10] pointed out, the direct configuration consumes more energy than systems with indirect rainwater distribution.



The dissemination of RWH systems depends greatly on their financial feasibility, which is often neglected by residential users [11]. This study determines the costs and benefits of residential RWH systems in eight Brazilian cities with different rainfall patterns, aiming to demonstrate the conditions for financial return. The net present value, internal rate of return and payback were used as feasibility indicators, as this is a common practice in the literature [12,13].



Comparison of results from studies that investigate the financial feasibility of RWH systems is generally difficult. As Amos et al. [13] point out, this is because such studies usually employ significantly different building and design conventions for determining initial outlays. In this sense, Teston et al. [7] indicate that the tank sizing method commonly differs among studies and directly influences the potential for potable water savings and the financial feasibility of RWH systems. Correspondingly, Ward et al. [14] compared simple design methods with continuous simulation methods for RWH system designs. Methods based on continuous simulation resulted in smaller tank sizes, thus positively impacting the systems’ installation costs and financial feasibility. Furthermore, it was found that RWH systems tend to be more feasible for large commercial buildings than for domestic and more compact systems.



Installation costs of RWH systems can vary greatly, primarily depending on the tank size. Teston et al. [7] observed a wide range of paybacks (0.5 to more than 25 years) for residential RWH among six Brazilian studies. According to Li et al. [15], rainwater tanks are the most expensive components of the RWH systems, corresponding to 50–70% of their total cost in domestic settings. Similarly, Gómez and Teixeira [12] obtained tank cost corresponding to 68% of the total outlay in Belém, northern Brazil. The underground installation of rainwater tanks tends to be more expensive than the installation on the surface [15]. In this sense, for a city in southern Brazil, Istchuk and Ghisi [16] observed tank costs corresponding to 23% of the initial outlay of single-family houses. In this case, a thorough item-by-item cost survey procedure was performed.



Several Brazilian studies [12,17,18] found that the rainwater demand directly influences the financial feasibility of single-family RWH systems. Ghisi and Schondermark [17] observed that the systems are feasible (paybacks between 1.5–10 years) in most cases. Berwanger and Ghisi [18] observed feasible systems with rainwater demand above 18 m3/month. Severis et al. [9] conducted financial analyses on residential RWH systems comparing three different system typologies: direct distribution, indirect distribution and a simpler system with a single rainwater tank. The system with direct rainwater distribution proved to be the most feasible, with an internal rate of return of 6.85% per year.



The potable water tariff schemes practised by local water utilities are also influential for the feasibility of domestic RWH systems. Liang and Van Dijk [19] observed that, in Beijing, China, the financial feasibility of RWH systems depends largely on potable water tariffs. In this sense, Li et al. [15] point out that paybacks tend to increase in the future for these systems, given the upward trend in water costs and the current lack of government incentives in the country for RWH. Gómez and Teixeira [12] studied the financial feasibility of twelve houses in northern Brazil. Similarly, as observed in other works [18], the tariff scheme of the local water utility makes it unfeasible to use rainwater in homes that pay a fixed rate for consumption up to a certain threshold. This observation reinforces the importance of reviewing the tariff scheme practised in some locations and establishing government incentive policies that encourage implementing RWH systems.



Large-scale implementation of RWH systems could be financially beneficial for water companies. Cureau and Ghisi [20] evaluated the possible financial impacts of different water-saving strategies on public administration in the city of Joinville, southern Brazil. When considering the extensive implementation of RWH systems in the city, annual savings of up to five million Brazilian reais (BRL) could be achieved by reducing the need to expand centralised supply systems. The study concludes that the utility would not fail to profit and would obtain total financial gains between 13 and 45 million BRL annually by adopting the use of rainwater at the scale of the city.



In Brazil, the technical standard NBR 15527 specifies RWH requirements for non-potable uses [21]. According to Teston et al. [7] non-potable uses correspond to about 50% of residential water use nationally. The Brazilian technical standard [21] states that the RWH systems design must consider several variables, including the local rainfall characteristics, the catchment area and rainwater demand. To assess the influence of these variables on the model outputs, sensitivity analysis methods are practical and widely used tools [22,23,24].



According to Saltelli and Marivoet [25], sensitivity analysis techniques are fundamental for understanding complex models, especially when they involve many input variables. For instance, Jin et al. [26] employed a sensitivity analysis to determine the relative importance of uncertain parameters such as inflation and discount rates on financial support programs to promote installation of RWH systems in South Korea. The net present value was deemed as an appropriate indicator to estimate the financial feasibility of RWH systems. Moreover, funding programs and financial support policies were recommended to increase financial feasibility of RWH systems. Conversely, Severis et al. [9] employed a sensitivity analysis to assess the financial feasibility of RWH systems in Lages, southern Brazil. Systems with direct and indirect rainwater distribution were analysed, and the potable water tariff was pointed out as the variable with the most significant influence on the system’s financial feasibility.



Silva and Ghisi [24] also used a sensitivity analysis to determine the influence of design variables on RWH systems’ performance in eight Brazilian cities. Rainwater demand was the most important parameter affecting most cities’ potential for potable water savings. Considering the diversity of input variables involved in the design of RWH systems, sensitivity analysis is a valuable tool for designers, customers and decision-makers to make their choices towards implementing this technology more broadly.



Not many studies can be found in the literature on the influence of rainfall characteristics on the performance of RWH systems. Pacheco et al. [27] evaluated the influence of different rainfall patterns on the financial feasibility of 1000 RWH system design scenarios in the same location in central Brazil. The number of days without precipitation was deemed an essential parameter for the feasibility of RWH systems. Similarly, Geraldi and Ghisi [28] found that short-term rainfall time series can be used instead of long-term time series for simulating RWH with similar results. The main condition for this is that the average number of dry days per year should be similar for both series, thus pointing to this indicator as an important parameter for RWH design.



Considering the water scarcity perspective due to urbanisation and climate change, the current water and sanitation model must undergo structural changes, aiming toward more decentralised water supply strategies [29]. In this sense, the broad adoption of RWH systems contributes to the water security of cities, delaying the need to build or expand centralised water treatment units [30]. In addition, it is also important to highlight other benefits of RWH systems, such as the reduction in energy consumption linked to the treatment and distribution of potable water, reduction in the emission of greenhouse gases and mitigation of urban flooding during intense precipitation events [6].



For a more complete and realistic analysis of the financial feasibility of RWH systems, it is important to consider their indirect benefits. Despite this, most approaches used in research are simplistic because they do not consider the full benefits of this type of technology [6]. Considering this, government support through policies and incentives designed to encompass the socio-environmental benefits of RWH systems are essential to disseminate their use on a wider scale [5,12,31,32].



Reliable information regarding the financial feasibility of RWH systems is imperative for the development of accurate incentive schemes for its promotion. Conversely, most research about the topic employs different approaches, making it difficult to equitably analyse their results. Considering the knowledge gap regarding the financial feasibility of residential RWH systems in the literature [33] and the great diversity observed in design conventions for RWH systems [13], this study aims to provide relevant information for potential investors or policymakers through presenting a comparable financial feasibility analysis among cities with different rainfall characteristics. Moreover, the study classifies the initial outlays of RWH systems of varied sizes into relevant categories for RWH design, thus providing a reference for further studies or other locations.



The main output of this study consists in evaluating the influence of rainfall time series indicators (average annual rainfall, average number of dry days per year, seasonality index, average duration, standard deviation, coefficient of variation and maximum duration of dry periods) and design variables (catchment area, rainwater demand, number of inhabitants, potable water demand and rainwater tank size) on the financial feasibility of RWH systems. For this, this study introduces two novel approaches: sensitivity analysis of design variables over the net present value and correlation analysis between rainfall characteristics and the financial feasibility of RWH systems.




2. Method


Rainfall time series from eight Brazilian cities were obtained and characterised with RWH-oriented indicators. Two rainwater distribution schemes were considered for the financial analysis: direct (via pressuriser) and indirect (via gravity, with two tanks). Single-family RWH systems were designed considering materials and labour for obtaining installation costs in new buildings, following the recommendations from the Brazilian standard NBR 15227 [21]. Computer simulations were used to determine ideal tank sizes, potable water savings and energy consumption of the RWH systems based on a range of generic design variables. The initial cost survey comprised costs from local tank suppliers and a federal budget composition database [34]. Combined results from the computer simulations, literature conventions and local energy tariffs were used to obtain operational costs.



Financial analysis of the RWH systems rendered three indicators: payback, internal rate of return and net present value. Sensitivity analysis (ANOVA) was employed to determine the influence of design variables on the financial feasibility of RWH. Finally, correlation analysis (Pearson and Spearman) was used to determine the influence of rainfall indicators on the feasibility of RWH systems.



2.1. Rainfall Data


Eight representative cities were selected among the 27 Brazilian capitals following the cluster analysis method described by Istchuk and Ghisi [35]. The selection sought to contemplate the different rainfall characteristics in Brazil.



Precipitation data for each city were obtained via the National Institute of Meteorology of Brazil and characterised through RWH-oriented indicators which are commonly used by other researchers.



Geraldi and Ghisi’s [28] three indicators to describe rainfall for RWH design: average annual precipitation, the average number of dry days per year and the seasonality index. The average annual precipitation was calculated using Equation (1).


  R =     ∑   i = 1  n   (   T i   )   n   



(1)




where: R is the average annual precipitation (mm), Ti is the total precipitation for each year i (mm/year) and n is the historical time series duration (years).



The average number of dry days per year was calculated using Equation (2).


  D =     ∑   i = 1  n   (   d i   )   n   



(2)




where: D is the average number of dry days per year (days), di is the total number of dry days for each year i (mm/year) and n is the historical time series duration (years).



The seasonality index was calculated using Equation (3) [36]. The higher it is, the higher the seasonal rainfall variation.


  S =  1   A i    ×   ∑   i = 1   12    |   M i  −    A i    12    |   



(3)




where: S is the seasonality index (non-dimensional), Ai is the yearly precipitation (mm) and Mi is the average monthly precipitation (mm).



In addition, four statistical indicators for dry periods were also obtained, in accordance to what was done by Silva and Ghisi [24]. First, each dry period in the precipitation series was identified. Any day with no precipitation record (0 mm) preceded by a day with a precipitation record (>0 mm) was regarded as the beginning of a dry period. For each dry period, the number of consecutive days with no precipitation records was obtained. Additionally, the average duration, standard deviation, coefficient of variation and maximum duration of dry periods were obtained for each rainfall time series by means of MS Excel functions.




2.2. Rainwater Distribution Schemes


The first RWH scheme, with indirect rainwater distribution, contemplates two rainwater tanks. Collected rainwater flows by gravity to a lower tank, from which it is pumped to an upper tank, where again, by gravity, it is distributed to the water appliances. In the second scheme, collected rainwater is stored in the lower tank and distributed directly to the water appliances through a pressuriser. Details about the two configurations are shown in Figure 1.




2.3. Initial Outlay


The design used for the cost outlay was defined following NBR 15227 [21]. Table 1 shows the design conventions adopted.



Tank costs were collected for each city via telephone, e-mail or online consultation with local suppliers. At least three different suppliers were consulted, and the lowest price found was used in the analysis. A national budget composition database [34] was used to obtain the costs of all remaining items according to each location. Labour costs were embedded in all items according to the national SINAPI cost database.




2.4. Computer Simulation of RWH Systems


Generic RWH systems were simulated for each location based on local rainfall time series. The Netuno computer programme, version 4, was used to perform the simulations [37]. A daily water balance model considered building features related to RWH (catchment area, first-flush discharge, runoff coefficient) and water demand information (total water demand, number of occupants and rainwater demand as a percentage of total water demand). The main outputs are the potential for potable water savings and the ideal rainwater tank size. The detailed simulation procedure is available in Netuno’s user manual [38].



Ideal tank sizes were used to compose the list of materials for the systems, and potentials for potable water savings were used to determine the operational costs. Other input variables were selected to represent a single-family dwelling compatible with the cities studied, occupied by four people. The total water demand was considered as 165 L/inhab.day, corresponding to the average consumption observed among the eight representative cities. To simplify the simulations, no upper rainwater tank was considered. The runoff coefficient was adopted as 0.8 to favour safety and allow compatibility with similar studies that involved simulating generic residential RWH systems [24,27,39,40]. First-flush discharge was defined as 2 mm according to the previous version of the Brazilian technical standard NBR 15527 [41]. Table 1 shows the input variables used in the computer simulations. Table 2 shows the input values used in the computer simulations.




2.5. Operational Cost


Operation and maintenance costs considered a typical RWH system that distributes rainwater in the building via motor pump or pressurizer. Electricity tariffs were considered according to the current value of each location [42]. According to Vieira et al. [10], 0.80 kWh/m3 was used as a reference for the RWH systems with indirect rainwater distribution and 0.60 kWh/m3 was assumed for all direct RWH systems. Maintenance costs were considered as 1.00% of the initial outlay yearly [9].




2.6. Lifespan


The lifespan of 30 years was considered for the RWH systems according to Sant’Ana et al. [43], and it corresponds to the total extent of the feasibility analysis. Inflation was considered to be 0.40% per month [44]. According to such an index, the system’s cash flow was corrected yearly.




2.7. Financial Benefit


Potable water savings by means of rainwater use were used to calculate the financial benefits generated by the RWH systems. Table 3 shows the list of water utility companies consulted to obtain water tariffs in each city. Sewage treatment costs were included in the analysis according to the rules of each local water utility.



The financial benefit was calculated monthly by comparing water tariffs obtained after the installation of the RWH system with the value that would be paid originally. The monthly water consumption used to obtain the initial water tariff was obtained according to Equation (4).


   W 0  = n   ×   Q   ×   d  



(4)




where: W0 is the initial monthly water consumption (litres/month); n is the number of dwellers (people); Q is the potable water demand (litres/dweller.day) and d is the number of days in the month (days).



Similarly, the monthly water consumption used to obtain the water tariff after implementing the RWH system in the building was calculated using Equations (5) and (6).


   W r  =  W 0    ×    P  w s    



(5)




where: Wr is the monthly rainwater consumption (litres/month); W0 is the initial monthly potable water consumption (litres/month) and Pws is the potential for potable water savings obtained in the computer simulations (%).


   W 1  =  W  0     −  W r   



(6)




where: W1 is the potable water consumption after the implementation of the RWH system (litres/month); W0 is the initial monthly potable water consumption (litres/month) and Wr is the monthly rainwater consumption (litres/month).



The monthly financial benefit generated by the RWH system was determined with Equation (7).


  B =  C  W 0   −  C  W 1    



(7)




where: B is the financial benefit generated by the RWH system (BRL/month); CW0 is the water cost before installation of the RWH system (BRL/month) and CW1 is the water cost after the installation of the RWH system (BRL/month).




2.8. Financial Feasibility Analysis


Financial feasibility was described by three indicators. The analysis was performed via the built-in calculator of the Netuno computer programme [37].



The first feasibility indicator is the discounted payback. It indicates the time required so that the investment generates enough financial benefit to pay for itself. Investments are more feasible as shorter paybacks are observed, and paybacks longer than the system’s lifespan are unfeasible. Discounted payback periods were calculated using Equation (8).


    ∑   t = 1   360      B t  −  C t       (  1 + i  )   t      ≥ K  



(8)




where: Bt is the total benefit in the month of analysis (BRL), Ct is the total cost at the month of analysis (BRL), i is the interest rate (% per month), t is the time step count (months) and K is the initial cost of the investment (BRL).



The net present value was used to calculate the total financial benefit generated by the RWH system for 30 years using Equation (9).


  NPV = − K +   ∑   t = 0   360      B t  −  C t       (  1 + i  )   t     



(9)




where: NPV is the net present value (BRL), K is the initial cost of the investment (BRL), Bt is the total benefit at month t (BRL/month), Ct is the total cost at month t (BRL/month), i is the interest rate (% per month) and t is the time step count (months).



According to Ghisi and Cordova [38], the internal rate of return is the rate that equals the present value of total benefits and costs at a certain point in time. The minimum acceptable rate of return was defined as 0.50% per month, commonly found in investments in Brazil. The internal rate of return is the value that satisfies Equation (10).


  NPV = 0 = − K +   ∑   t = 1   360      B t  −  C t       (  1 + IRR  )   t     



(10)




where: NPV is the net present value (BRL), K is the initial cost of the investment (BRL), Bt is the total benefit at month t (BRL/month), Ct is the total cost at month t (BRL/month), IRR is the internal rate of return (% per month), and t is the time step count (months).




2.9. Sensitivity Analysis


Sensitivity analysis was used to determine the influence of RWH systems’ design variables (Section 3.4) over the net present value obtained in the financial analysis. The influence of the variables was determined up to the second-order effects by means of a complete factorial experiment based on variance analysis (linear ANOVA) [53]. The sensitivity analysis was performed using the Minitab® 18 Statistical Software. The indicator used for the sensitivity analysis was the F-value, calculated using Equation (11) for the first and second-order effects.


  F  ( A )  =   M Q  ( A )    M Q  (  Error  )     



(11)




where: MQ(A) is the mean square of A variable (analogously for B variable); F(A) is the F-value of A variable (analogously for B variable); MQ(Error) is the mean square of the non-computed variances, i.e., the variances above third order effects.



The F-values underwent linear normalisation using the highest value observed in each set as a reference (assumed = 1.0). This procedure allows to compare the results directly with F-values sourced from other studies.




2.10. Correlation Analysis


Correlation analysis was performed to examine the relationship between rainfall characteristics and the financial feasibility of RWH systems for different Brazilian rainfall patterns. Pearson and Spearman correlation coefficients were obtained between the rainfall indicators in Section 3.1 and the net present value obtained in the financial analysis. The distribution type affects the correlation analysis. Therefore, the Pearson correlation was used to assess the linear relationship between two continuous variables; and the Spearman correlation was used to assess the monotonic relationship between two continuous or ordinal variables. Median and average net present values were assessed in the correlation analysis.





3. Results


Based on the cluster analysis method described in the work by Istchuk and Ghisi [35], the representative cities chosen for this study are Belém, Recife, Campo Grande, Salvador, Brasília, Florianópolis, Belo Horizonte, and São Paulo. Table 4 shows the rainfall indicators obtained for the cities analysed.



A total of 432 scenarios were simulated (54 for each city) to obtain financial feasibility indicators. All costs correspond to March 2021. Results from other studies were also corrected to March 2021, according to Brazil’s National Index of Civil Construction [54].



3.1. Initial Outlay


Figure 2 shows the average initial investment values for each city, considering RWH systems with direct and indirect rainwater distribution.



Initial outlays presented slight variations among the cities surveyed. The highest average initial cost among the cities was obtained for the city of São Paulo (BRL 15,785.17 and BRL 15,360.22 for systems with indirect and direct rainwater distribution, respectively). The lowest cost was observed in Belém (similarly, BRL 12,094.61 and BRL 11,904.50). Systems with direct rainwater distribution presented initial outlays between 0.30% (Salvador) and 2.69% (São Paulo), below the outlays of systems with indirect rainwater distribution. RWH systems with direct distribution tend to have lower initial costs due to the absence of an upper rainwater tank. However, higher costs for pressurisation equipment tend to make such savings less significant. Table 5 shows the average initial outlays among all cities for both rainwater distribution schemes evaluated herein.



Ghisi and Oliveira [55] evaluated initial outlays of RWH systems with indirect distribution in two single-storey houses in Palhoça, Santa Catarina and obtained costs that correspond from 44.3% to 55.2% of the outlays obtained herein in similar systems in Florianópolis. Similarly, Carvalho [56] estimated an initial cost of BRL 7199.29, corresponding to 52.9% of the cost taken as a reference in this analysis.



Both in this work and in the literature cited herein, materials and labour were considered in the outlays. However, as Teston et al. [7] pointed out, the significant difference observed among works is related to different design conventions adopted. Higher initial costs indicate that a more comprehensive list of items has been considered herein when compared to results obtained by Ghisi and Oliveira [55] and Carvalho [56].



Severis et al. [9] evaluated larger systems and indirect rainwater distribution. The authors obtained an initial cost that corresponds to 88.9% of the average cost obtained herein for a similar system. Considering the greater proximity between the costs compared, it can be assumed that the authors considered a similar level of detail in the cost surveys.



Initial outlays were also distributed into categories representing different component groups of RWH systems. Table 6 shows the average results among all cities. Systems with a catchment area of 200 m2 were taken as a reference.



As tank size increases, costs relative to tanks and civil works also increase. In this study, most civil works correspond to the underground tank installation. For the other items, the representative cost decreases as the capacity of the tanks increases. Despite having similar outlays, indirect and direct rainwater distribution systems presented different cost distributions. Although systems with direct distribution require less investment for tanks, the costs of electrical installations tend to be higher due to the considerable cost difference observed between the pressurizer and the motor pump.




3.2. Operational Cost


On average, the operating costs obtained for systems with direct rainwater distribution were only 3.08% lower than those obtained for indirect rainwater distribution, mainly due to the lower electricity costs attributed to the pressuriser. Table 7 shows the average operational costs obtained in each city, considering both rainwater distribution schemes evaluated herein. Average operational costs were obtained per cubic meter of consumed rainwater for both feasible and unfeasible systems.




3.3. Financial Feasibility


Systems with paybacks under 30 years, positive net present values and internal rates of return above 0.50% per month were considered financially feasible. Figure 3 shows the financial feasibility of the eight cities studied herein for RWH systems with direct and indirect rainwater distribution.



Florianópolis, Salvador and Campo Grande performed best in terms of financial feasibility. Despite presenting similar feasibility results, it is interesting to point out the significant differences among their rainfall indicators. Campo Grande, for instance, is much drier (1479 mm/year) than Florianópolis and Salvador (1857 and 1754 mm/year, respectively). Campo Grande and Salvador have similar seasonality indexes (0.47 and 0.48, respectively), while Florianópolis stands out for its excellent rainfall distribution throughout the year (S = 0.22).



Campo Grande, Recife, Belém performed best in terms of feasibility for direct systems when compared to indirect systems. Severis et al. [9], in this sense, found that systems with direct rainwater distribution tend to be more financially feasible than those with indirect rainwater distribution.



Belo Horizonte stands out for presenting a feasibility percentage of 56%, even with a seasonality index equal to that of Brasília (0.74) and an average of 263 dry days per year, the highest among the cities studied. The different tariff structures practised in the eight cities can explain such a difference. Figure S1, in the Supplementary Materials, shows the water tariff schemes practised in each city.



Belém stands out as the city with the highest rainfall availability (2998 mm/year) and a seasonality index similar to Campo Grande and Salvador (0.46). With an average of only 98 dry days per year, the feasibility of RWH systems in Belém was compromised by the water pricing scheme practised there.



Water tariffs in Belém, despite being lower than the national average, do not produce significant savings on the water bill from potable water savings. On the other hand, Campo Grande benefited in this sense by implementing a water tariff structure that favours the financial benefit of RWH systems.



Berwanger and Ghisi [18] evaluated residential RWH systems in the city of Itapiranga, southern Brazil. They pointed out that no financial feasibility is possible in systems with water consumption below 10 m3/month due to the fixed tariff practised by the local water utility. In this research, the same can be observed in Belém, Recife and São Paulo. Salvador and Belo Horizonte also have fixed tariffs for monthly water consumption lower than a water consumption threshold. Campo Grande, Brasília and Florianópolis do not adopt fixed tariffs.



In this sense, Ghisi and Oliveira [55] highlight the importance of reviewing Brazilian legislation regarding water tariff schemes to stimulate potable water savings. Based on a case study in Belém, Gómez and Teixeira [12] also mention the tariff structure practised and suggest adjustments so that more significant financial benefit can be obtained from potable water savings.



Financial feasibility indicators did not vary significantly for RWH systems with direct or indirect rainwater distribution. Table 8 shows the average results among all simulated scenarios for both rainwater distribution schemes evaluated herein.



Figure 4, Figure 5 and Figure 6 show the financial feasibility indicators obtained for systems with indirect rainwater distribution.



Shorter paybacks can be expected as lower seasonality indexes are observed. The best financial feasibility of RWH systems was observed in Florianópolis. Abundant (1857 mm/year) and well-distributed (0.22) rainfall contribute to these results, in addition to water tariffs that benefit financial savings from using rainwater. Recife (2360 mm/year), Salvador (1754 mm/year) and Campo Grande (1479 mm/year) presented intermediate results. Despite being a drier location, Campo Grande obtained better financial feasibility due to the water tariff scheme adopted by the local water utility. Systems simulated in Brasília (1449 mm/year), Belo Horizonte (1486 mm/year) and Belém (2998 mm/year) had low financial feasibility indexes. Despite the high rainfall, the financial feasibility of RWH systems in Belém was hindered by its water tariff scheme. São Paulo (1658 mm/year) presented average results similar to those of Recife, Salvador and Campo Grande.



In every city, the net present value was correlated with the rainwater consumption, and Figure 7 shows such correlations for systems with indirect rainwater distribution. The graphs also show the minimum and maximum rainwater consumptions that the rainfall regime of each city was capable of supplying according to the design conventions adopted in this study.



The rainfall regime in Belém (2998 mm/year) supplied a maximum rainwater consumption of 14.5 m3/month of rainwater for systems with a catchment area of 100 m2, 18.2 m3/month for systems with a catchment area of 200 m2 and of 19.1 m3/month for systems with 300 m2 according to the design variables used in this simulation. Systems with indirect distribution of rainwater and rainwater consumption below 9 m3/month did not reach financial feasibility. No scenario with two inhabitants in the household was considered financially feasible, while all simulated scenarios with six inhabitants were considered feasible.



Rainfall in Belo Horizonte (1486 mm/year) provided significantly less rainwater than in Belém, with a maximum of 7.4 m3/month for systems with catchment areas of 100 m2, 10.3 m3/month for catchment areas of 200 m2 and 11.2 m3/month for catchment areas of 300 m2. Systems with a catchment area of 100 m2 showed financial feasibility with rainwater consumption above 5.6 m3/month. In systems with a catchment area of 200 m2 and 300 m2, feasibility was achieved with rainwater consumptions above 6.5 m3/month and 6.8 m3/month, respectively. Only systems with four or more inhabitants achieved financial feasibility.



For both rainwater distribution schemes, Brasília presented financial feasibility in only 30% of the scenarios. The low rainfall availability (1499 mm/year) and a water tariff scheme that does not favour financial savings due to the potable water savings contributed to this result. The maximum rainwater consumption in Brasília is similar to that of Belo Horizonte—between 8 m3/month and 12 m3/month in feasible systems, depending on the catchment area and other design variables.



Despite having similar rainfall availability to Brasília (1479 mm/year), the water tariff scheme practised in Campo Grande helped this city to achieve superior financial feasibility results. Conversely, even though the rainfall regime of Florianópolis (1857 mm/year) is not as high as in Belém, this city obtained very similar rainwater consumptions. The excellent annual rainfall uniformity explains this in Florianópolis (0.22).



Recife’s rainfall regime was able to supply a rainwater consumption similar to what was found for Campo Grande. In Recife, rainfall availability is higher (2360 mm/year), the periods without precipitation are shorter (average duration = 2.58 days), but rainfall is less evenly distributed throughout the year (S = 0.56). Like in Campo Grande, RWH systems in Recife were feasible in 67% of the scenarios with indirect rainwater distribution.



Salvador’s rainfall regime supplied rainwater consumption between 5.2 m3/month and 15.3 m3/month, as observed in Campo Grande, Recife and São Paulo. São Paulo and Salvador have relatively similar rainfall regimes based on the indicators used in this research. In this case, the difference in financial feasibility is related to the different potable water tariff schemes between the two cities. São Paulo also has the highest installation costs among the studied locations and operating costs among the highest.



It is interesting to highlight the relationship between the maximum rainwater consumption and the system’s catchment areas. Such a difference between systems with a catchment area of 200 m2 and 300 m2 varied only 1.4 m3/month compared to 3.9 m3/month obtained between 100 m2 and 200 m2. This means that increasing catchment areas from 200 m2 to 300 m2 does not imply an increase in rainwater availability in the same proportion as an increase from 100 m2 to 200 m2. The average maximum consumption of rainwater observed for all cities was 15.1 m3/month. Thus, the systems with a catchment area of 200 m2 could supply, on average, 90.5% of the rainwater consumption simulated in this research among the rainfall regimes studied. Complete financial feasibility results can be found in Tables S1–S16 in the Supplementary Materials.




3.4. Sensitivity Analysis


Figure 8 shows the influence of design variables on the net present value of the RWH systems in each of the cities evaluated in this study.



In Figure 8, F = 1 represents the design variable with the most influence on the net present value, whereas F = 0 represents the least influence. The number of inhabitants was the most influential design variable on the net present value. This variable directly impacts the rainwater consumption in the house and directly influences rainwater savings. This result is in agreement with other studies that, by employing other methods, established a direct relationship between rainwater demand and the financial feasibility of the RWH systems [9,12,17,18].



Despite being related to rainwater supply, the catchment area was the design variable that exerted the least influence on the net present value of residential RWH systems. This is because the catchment area is not directly linked to the generation of financial benefit throughout the RWH system’s lifespan.



In Brasília, the rainwater tank size significantly influenced the net present value more than observed in the other cities. This is related to the presence of long periods without precipitation in the rainfall regime of this location (maximum duration of 128 days and seasonality equal to 0.74), which requires the installation of larger rainwater tanks and results in a lower potential for potable water savings.



As shown in Section 3.3, RWH systems in São Paulo are more susceptible to design variables because they present a significant difference between the best and worst feasibility results. In São Paulo, the number of inhabitants resulted in F-values much greater than that observed for other variables. Therefore, potable water demand is of great importance in establishing financially feasible systems in this location.




3.5. Correlation Analysis


Figure 9 shows the coefficients of correlation between the rainfall indicators and the net present values obtained for residential RWH systems in eight Brazilian cities. All coefficients of correlation can be found in Table S17 in the Supplementary Materials.



The seasonality index was the rainfall indicator that presented the highest correlation with the net present value of RWH systems, thus linking the financial feasibility of these systems with the uniformity of rainwater distribution throughout the year. Geraldi and Ghisi [40] also pointed out that the rainfall distribution within the year should be incorporated in future works about RWH design, given its important influence in simulation outcomes. Figure 10 shows the correlation between the seasonality index and the net present value.



Considering that the initial outlays and operational costs of the systems presented coefficients of variation of 24% and 40%, variations extrinsic to the interactions between rainfall and financial feasibility are present in this analysis. In this sense, more direct correlations between rainfall indicators and financial feasibility could be obtained if the financial analysis used the same costs in all cities.



The analysis performed by Geraldi and Ghisi [28] showed that the average number of dry days per year had major relevance for short-term instead of long-term time series representativeness for RWH systems design. In this sense, the maximum duration, variation coefficient, and standard deviation of the periods without precipitation correlated better with the net present value than those observed for the average annual rainfall. Results corresponding to other rainfall indicators can be found in Figures S2–S7 in the Supplementary Materials.





4. Conclusions


This study investigated the conditions and compared the financial feasibility of residential RWH systems in eight Brazilian cities. For this, a comprehensible outlay procedure was performed using local-specific costs and tariffs. The study was based on an equivalent RWH system design among all scenarios with two design configurations (direct and indirect rainwater distribution). Rainfall time series indicators were correlated with the financial feasibility of the systems, and sensitivity analysis was used to point the most significant design variables.



The selected cities presented financial feasibility indexes between 30% and 70% of the simulated scenarios, thus presenting a diverse panorama for Brazilian RWH systems. In Florianópolis, the systems presented the best financial feasibility, thus pointing at this city as one of the most favourable cities for financially feasible RWH systems. Recife, Salvador, São Paulo and Campo Grande presented intermediate feasibility results. Correspondingly, the seasonality index was the rainfall indicator that presented the highest correlation with the net present value of the RWH systems, which are clearly benefitted from more uniform rainwater distributions throughout the year.



Despite being drier than most other locations studied, Campo Grande obtained better financial feasibility due to the water tariff scheme adopted by the local water utility. Belém, on the other hand, was negatively influenced by potable water pricing policy. RWH systems in Belém, Brasília, Belo Horizonte yielded the lowest financial feasibility rates. Despite a significant influence of potable water tariff schemes on the financial feasibility of RWH systems was identified, this was not evaluated quantitatively. In this sense, obtaining this correlation would allow comparing this influence with other design variables and rainfall characteristics.



Considering all rainfall patterns studied, RWH systems with a catchment area of 200 m2 were able to supply, on average, 90.5% of the rainwater consumption. In this sense, it can be said that catchment areas above 200 m2 tend to be unnecessary for dwellings of up to six inhabitants in Brazil.



On average, systems with direct rainwater distribution presented initial outlays 1.4% lower than systems with indirect rainwater distribution. In such cases, the higher cost of the pressurising equipment is equivalent to the savings obtained by not using the upper rainwater tank and the necessary complements for its operation. In this sense, it would be interesting to consider solutions that result in initial investment costs that are more different from each other to assess the impact of this difference on the financial feasibility of the systems more comprehensively. In this study, the direct rainwater distribution scheme positively influenced the financial feasibility indexes in four of the eight cities.



The average initial costs of indirect RWH systems varied between BRL 10,999.18 and BRL 18,061.37, depending on the catchment area and tank size. The greater the tank capacity used in the system, the greater its cost relative to the total investment. Among the eight cities, the average operating costs for systems with indirect rainwater distribution varied between BRL 4.31/month and BRL 5.32/month. On average, systems with direct rainwater distribution presented operating costs 3.08% lower than systems with indirect rainwater distribution.



A low correlation was observed between the rainfall indicators and the net present value of the systems. This result is also related to the presence of extrinsic factors in the interactions between rainfall and the financial feasibility of RWH systems. Initial investment costs of RWH systems resulted in a coefficient of variation of 24% among all cities and simulated scenarios. Similarly, operational costs presented a coefficient of variation of 40%. This variation is due to differences in the initial outlays of the systems and the different water and energy pricing schemes practised locally. In this sense, a new financial analysis is suggested by considering a common cost base among the cities evaluated. Thus, more relevant correlations can be obtained between rainfall characteristics and the financial feasibility of generic RWH systems.



Sensitivity analysis pointed to the number of inhabitants as the most influential variable on the financial feasibility of RWH systems. This variable is directly related to the rainwater consumption in the building, often associated to the feasibility of RWH systems in the literature.



The results obtained in this study provide reliable information regarding the costs of installing and operating RWH systems in Brazil. Moreover, the selection of eight representative cities allows direct comparisons, thus covering an important knowledge gap in the field. Considering the relevance of financial feasibility to promote the adoption of RWH systems at a broader scale, the information generated herein can contribute to the elaboration of more assertive public policies and incentive schemes. Finally, the novel approach of evaluating the influence of rainfall indicators over the financial feasibility of RWH systems produced additional insight on which conditions should be verified in the design stage when aiming towards more efficient RWH.
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Figure 1. Indirect (a) and direct (b) rainwater distribution schemes. 
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Figure 2. Average initial outlays for Brazilian RWH systems. 
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Figure 3. Financial feasibility of Brazilian residential RWH systems with direct and indirect rainwater distribution schemes. 
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Figure 4. Discounted paybacks among feasible systems with indirect rainwater distribution. 
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Figure 5. Net present values for systems with indirect rainwater distribution. 
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Figure 6. Internal rate of return for systems with indirect rainwater distribution. 
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Figure 7. Financial feasibility analysis for eight Brazilian cities. 
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Figure 8. Influence of design variables on the net present value. 
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Figure 9. Correlation coefficients between rainfall indicators and the average and median net present value obtained in the financial analysis of Brazilian cities. 
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Figure 10. Correlation between the seasonality index and the average and median net present value of the RWH systems. 
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Table 1. Design conventions adopted to define initial outlays.
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Item

	
Convention






	
Rainwater tanks

	
Type

	
Fibreglass, standard type, with lid




	
Includes

	
PVC Rainwater distribution branches




	
Overflow and cleaning branches in the tanks




	
Potable water supply system for dry seasons




	
Pumping branch (only in indirect system)




	
Civil works

	
Underground rainwater tank

	
Manual excavation




	
Levelled base with 5 cm of gravel




	
Masonry walls at the edges of the cavity




	
Precast concrete cover




	
Overflow system

	
Manual excavation




	
Precast concrete inspection boxes




	
Catchment

	
Gutters

	
PVC—according to the catchment area




	
Filter

	
PVC filter, according to NBR 15527 [21]




	
First-flush

	
200L plastic barrels, according to catchment area




	
Includes PVC knobs and pipes for operation




	
Electrical installations

	
Level sensors

	
Electric floats




	
Flow control

	
Solenoid valve (dry season feeder)




	
Wiring

	
Includes cables and conduits




	
Motor pump

	
Power ½ HP




	
Includes circuit board for automatic activation




	
Pressuriser

	
Power ½ HP




	
Controlled by a built-in pressure switch




	
Includes circuit board for automatic activation
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Table 2. Input values used for the computer simulations.






Table 2. Input values used for the computer simulations.





	Variable
	Unit
	Input Data





	Rainfall time series
	-
	Daily data for eight cities



	Rainwater distribution
	-
	Indirect 1, Direct 2



	Runoff coefficient
	%
	80



	Catchment area
	m2
	100, 200 and 300



	Number of dwellers
	inhabitant
	2, 4 and 6



	Total water demand
	L/inhab.day
	165



	Rainwater demand

(% of total water demand)
	%
	30, 50 and 70



	First-flush discharge
	mm
	2



	Upper tank size
	L
	1 variable, 2 zero



	Lower tank size
	L
	1000–50,000 (at intervals of 1000)







Note(s): 1 Indirect rainwater distribution, 2 Direct rainwater distribution.
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Table 3. Water utility companies consulted.






Table 3. Water utility companies consulted.





	City
	Reference





	Belém-PA
	CONSANPA [45]



	Belo Horizonte-MG
	ARSAE [46]



	Brasília-DF
	CAESB [47]



	Campo Grande-MS
	AEGEA [48]



	Florianópolis-SC
	CASAN [49]



	Recife-PE
	COMPESA [50]



	Salvador-BA
	EMBASA [51]



	São Paulo-SP
	SABESP [52]
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Table 4. Rainfall time series indicators for eight Brazilian cities.






Table 4. Rainfall time series indicators for eight Brazilian cities.





	
City

	
Average Annual Rainfall (mm)

	
Average Number of Dry Days per Year (Days)

	
Seasonality Index (Non-Dimensional)

	
Dry Periods




	
Average Duration (Days)

	
Standard Deviation (Days)

	
Coefficient of Variation (%)

	
Maximum Duration (Days)






	
Belém

	
2998

	
98

	
0.46

	
1.84

	
1.59

	
0.86

	
18




	
Recife

	
2360

	
145

	
0.56

	
2.58

	
2.63

	
1.02

	
18




	
Florianópolis

	
1857

	
198

	
0.22

	
3.17

	
3.08

	
0.97

	
24




	
Salvador

	
1754

	
170

	
0.48

	
2.94

	
2.82

	
0.96

	
22




	
São Paulo

	
1658

	
238

	
0.53

	
4.32

	
5.49

	
1.27

	
51




	
Brasília

	
1499

	
237

	
0.74

	
6.29

	
15.75

	
2.50

	
128




	
Belo Horizonte

	
1486

	
263

	
0.74

	
6.71

	
11.91

	
1.77

	
97




	
Campo Grande

	
1479

	
235

	
0.47

	
4.86

	
7.75

	
1.60

	
90
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Table 5. Average initial outlays (BRL).






Table 5. Average initial outlays (BRL).





	
Rainwater Tank (L)

	
Catchment Area (m2)—Indirect

	
Catchment Area (m2)—Direct




	
100

	
200

	
300

	
100

	
200

	
300






	
3000

	
10,999.18

	
12,077.02

	
12,885.18

	
10,749.30

	
11,872.14

	
12,680.30




	
4000

	
11,565.93

	
12,643.77

	
13,451.94

	
11,361.05

	
12,438.89

	
13,247.06




	
5000

	
12,157.43

	
13,235.27

	
14,043.43

	
11,952.55

	
13,030.39

	
13,838.55




	
6000

	
13,134.95

	
14,212.78

	
15,020.95

	
12,930.07

	
14,007.90

	
14,816.07




	
7000

	
14,130.44

	
15,208.27

	
16,016.44

	
13,925.56

	
15,003.39

	
15,811.56




	
8000

	
15,143.90

	
16,221.74

	
17,029.90

	
14,939.02

	
16,016.86

	
16,825.02




	
9000

	
16,175.34

	
17,253.17

	
18,061.34

	
15,970.46

	
17,048.29

	
17,856.46
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Table 6. Initial outlay distribution for systems with a catchment area of 200 m2.






Table 6. Initial outlay distribution for systems with a catchment area of 200 m2.





	
Tank Size (L)

	
Tanks (%)

	
Plumbing (%)

	
Civil Works (%)

	
Rain Collection (%)

	
Electrical System (%)




	
Indirect

	
Direct

	
Indirect

	
Direct

	
Indirect

	
Direct

	
Indirect

	
Direct

	
Indirect

	
Direct






	
3000

	
15.6

	
14.1

	
24.6

	
16.0

	
15.8

	
23.4

	
31.4

	
14.5

	
12.6

	
31.9




	
4000

	
17.3

	
16.0

	
23.5

	
17.4

	
17.1

	
22.3

	
30.0

	
13.8

	
12.1

	
30.5




	
5000

	
18.9

	
17.7

	
22.5

	
18.7

	
18.4

	
21.3

	
28.7

	
13.2

	
11.5

	
29.1




	
6000

	
22.8

	
21.7

	
20.9

	
19.1

	
18.8

	
19.8

	
26.7

	
12.3

	
10.7

	
27.1




	
7000

	
26.2

	
25.3

	
19.6

	
19.5

	
19.2

	
18.5

	
24.9

	
11.5

	
10.0

	
25.3




	
8000

	
29.2

	
28.3

	
18.3

	
19.9

	
19.7

	
17.3

	
23.4

	
10.7

	
9.4

	
23.7




	
9000

	
31.8

	
31.0

	
17.2

	
20.3

	
20.1

	
16.3

	
22.0

	
10.1

	
8.9

	
22.2
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Table 7. Operational costs per cubic meter of consumed rainwater for each city.






Table 7. Operational costs per cubic meter of consumed rainwater for each city.





	
City

	
Average Operational Cost—General (BRL/m3)

	
Average Operational Cost—Feasible Scenarios (BRL/m3)

	
Average Operational Cost—Unfeasible Scenarios (BRL/m3)




	
Indirect

	
Direct

	
Indirect

	
Direct

	
Indirect

	
Direct






	
Belém

	
4.31

	
4.15

	
3.7

	
3.62

	
4.97

	
4.81




	
Belo Horizonte

	
5.32

	
5.14

	
4.55

	
4.39

	
6.28

	
6.09




	
Brasília

	
5.13

	
4.98

	
4.47

	
4.33

	
5.41

	
5.25




	
Campo Grande

	
4.74

	
4.58

	
4.09

	
4.06

	
6.03

	
5.83




	
Florianópolis

	
4.67

	
4.48

	
4.28

	
4.12

	
5.43

	
5.23




	
Recife

	
4.46

	
4.33

	
4.24

	
4.11

	
5.12

	
5.18




	
Salvador

	
4.63

	
4.50

	
4.24

	
4.11

	
5.40

	
5.27




	
São Paulo

	
4.81

	
4.75

	
4.03

	
3.87

	
5.35

	
5.27
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Table 8. Average financial feasibility indicators obtained for both rainwater distribution schemes.






Table 8. Average financial feasibility indicators obtained for both rainwater distribution schemes.





	
City

	
Net Present Value (BRL)

	
Discounted Payback (Years)

	
Internal Rate of Return (%/Month)




	
Indirect

	
Direct

	
Indirect

	
Direct

	
Indirect

	
Direct






	
Belém

	
9223.56

	
9316.67

	
18.3

	
18.1

	
0.85

	
0.86




	
Belo Horizonte

	
10,328.69

	
10,977.60

	
18.2

	
17.5

	
0.84

	
0.86




	
Brasília

	
6877.52

	
7472.59

	
20.5

	
20.3

	
0.56

	
0.56




	
Campo Grande

	
15,317.79

	
15,039.28

	
15.3

	
15.6

	
0.99

	
0.99




	
Florianópolis

	
35,473.20

	
36,133.10

	
8.9

	
8.7

	
1.45

	
1.47




	
Recife

	
14,334.85

	
13,022.89

	
14.1

	
15.6

	
1.01

	
0.93




	
Salvador

	
16,152.37

	
16,893.45

	
14.3

	
14.1

	
1.02

	
1.03




	
São Paulo

	
24,108.97

	
25,068.60

	
14.5

	
14.1

	
0.99

	
0.95
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