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Abstract: The objective of this study is to evaluate the potential for potable water savings by using
rainwater in the residential sector of Joinville, a city located in southern Brazil. Data on roof areas
of residential buildings were obtained from the Joinville city council. By considering the roof areas
and typologies of residential buildings, representative models were created. The following
parameters were used to determine the rainwater tank capacity: the number of dwellers; the total
daily water demand per capita; and the rainwater demand. To carry out the simulations for
determining the optimal rainwater tank sizes and potential for potable water savings, the computer
program Netuno was used to run 33,720 different scenarios. By considering the occurrence
percentage for each representative building model (weighted average), the average potential for
potable water savings by using rainwater was calculated. The average potential in the central region
of Joinville was 18.5% when there is rainwater use only in toilets, and 40.8% when there is rainwater
use in toilets and washing machines. The rainwater harvesting system showed a better performance
for a rainwater demand equal to 20% of the total daily water demand. The results indicate the
necessity to properly size rainwater tank capacities to meet water demands, thereby encouraging
more people to adopt rainwater harvesting as an alternative source for non-potable water in
buildings. The demand for rainwater should be carefully evaluated, especially in multi-story
residential buildings, due to the low availability of roof areas.

Keywords: rainwater harvesting; potable water savings; water demand; residential buildings; tank
sizing; computer simulation

1. Introduction

By 2030, the current world population (7.6 billion) is expected to increase by 13% and reach 8.6
billion [1]. The availability of potable water of adequate quality and quantity is one of the greatest
challenges that humanity will face in this century [2]. Water shortage is a problem that deserves
significant attention, given the fundamental role of water in human development and economic
growth [3]. In several regions of the world, population growth, industrial growth, and climate change
have put great pressure on the water resources, thereby necessitating the development of new
techniques to tackle the increasing water demand [4,5]. Climate, as well as social and economic
changes, has forced society to continually adapt to water shortages [6-8]. Various strategies have
been developed and improved in the last decades to mitigate water shortage, such as rainwater
harvesting [9-12], greywater use [13], and hybrid rainwater—greywater systems [14].

Many authors have proposed rainwater harvesting to reduce the potable water demand in
buildings. Rostad et al. [15] assessed the potential for residential potable water savings in four cities
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in the United States, namely New York, Philadelphia, Chicago, and Seattle. The use of rainwater in
toilet flushing, washing machines, and irrigation has the potential to achieve average potable water
savings of 40% in these cities. Several studies have demonstrated the efficiency of rainwater for
potable water savings in residential buildings. In Ireland, potable water savings due to rainwater
harvesting have been reported to range from 30% to 90% [16]. In Jordan, the savings ranged from
0.27% to 19.7% [17], and in Sweden, the savings ranged from 40% to 60% [18]. In Barcelona, the
average potable water savings in residential buildings was 18% [19], and in Brazil, it ranged from
48% to 100% [20]. According to the results of studies focusing on different regions of Brazil, the
savings in southern Brazil ranged from 14.7% to 17.7% [21], whereas it was 31% for northeastern
Brazil [22]. The reasons for such large ranges in potable water savings are due to the variability on
parameters involved on rainwater harvesting, such as roof area, daily rainfall, potable water demand,
non-potable water demand, and user behavior.

Many previous researches have shown that rainwater helps reduce potable water consumption.
The viability of rainwater harvesting systems depends completely on the roof areas [23]. Regarding
the roof area, these studies have been conducted considering: typical roof areas [12]; total roof area
of buildings in a chosen region [16]; a specific roof area per person [20]. However, the estimated roof
areas may not properly represent reality. Thus, in this study, the potential for potable water savings
by using rainwater in residential buildings was estimated considering the roof areas of all residential
buildings in a certain region. Thus, instead of a single average roof area for all buildings, the average
roof areas of several groups of buildings were considered to take into account the variability of roof
areas. This study aims to estimate the potential for potable water savings by using rainwater in
houses and multi-story residential buildings in Joinville, southern Brazil.

2. Method

The rainwater tank capacity of each building and the number of buildings in the study area must
be determined in order to estimate the potential for potable water savings by using rainwater. The
residential buildings in the urbanized area of Joinville were considered for this study, as shown in
Figure 1.

Figure 1. Location of Joinville and the study area [24].

The urban region (shown in pink color in Figure 1) comprises 49% of the city’s population [25],
57,946 houses, and 7380 multi-story residential buildings. Therefore, there are 65,326 buildings, which
correspond to 40.7% of the total residential buildings in the city. The rainwater tank capacity was
estimated using the computer program Netuno. More information about Netuno can be found in [26].
The input data required for the simulations are as follows:

e Daily rainfall;
e Roof area of buildings;
e Number of dwellers per building;
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e  Total daily water demand per capita;

e  Rainwater demand (% of daily water demand);
e Runoff coefficient;

e First flush.

2.1. Daily Rainfall

Daily rainfall was collected from the CCJ (municipal management committee for the Cubatao
and Cachoeira River hydrographical basins, located in Joinville) for a 20-year period (1997-2006).

2.2. Roof Areas of Buildings

The roof area is a fundamental parameter in this research, since it collects the rainwater. The city
government provided the following data on buildings: Cadastral registration number; building
projection area; building typology; building address; number of apartments (for multi-story residential
buildings); neighborhood.

Non-residential buildings and all buildings in districts located outside the area studied were
excluded from the database (in accordance with the maps of the municipal georeferenced information
system). The buildings were grouped according to similar roof areas by means of a frequency
distribution analysis. In the first step, the buildings were divided into two groups: Houses and multi-
story residential buildings. This grouping is important, since the population, potable water demand,
rainwater demand, and roof areas are different for each typology. In the second step, the frequency
distribution of the roof areas was calculated. The relative frequencies were obtained using Equation
(1).
= fl - 1)

Yifi

where f,; is the relative frequency, f; is the absolute frequency, and i is the total number of

fn’

observations in each class.

The average roof area of each class represents the class itself. The frequency distribution is used
to determine the percentage of buildings that have a specific roof area. The number of classes was
defined using Sturges’ equation [27], i.e., Equation (2).

k =1+ 3.3 xlog(n) 2)

where k is the number of classes, and n is the total number of observations.
The interval of each class of roof areas was estimated using Equation (3).

AA = Xinax — Xmin 3)

where AA is the amplitude of the sample (m?), X,y is the maximum roof area in the sample (m?),
and X,;, is the minimum roof area in the sample (m?).
Based on the number of classes and amplitude of the sample, the amplitude of the intervals for
each class of roof areas was obtained using Equation (4).
AA

Al
k

4)

where Al is the interval amplitude.
Thus, the lower limit of the first range of classes is the minimum value in the sample coverage
area. Its upper limit can be calculated using Equation (5).

LS, = Xpin + Al ©)

where LS; is the upper limit of the first range.
For the remaining class intervals, the lower intervals were determined using Equation (6).

L, =LS, , (6)
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where LI, is the lower limit of the nth interval (m?), and LS,_; is the upper limit of the (n-1)th
interval (m?).
The upper limits for each class were estimated using Equation (7).
LS, = LI, + Al )

where LS, is the upper limit of the nth interval (m?), LI, is the lower limit of the nth interval (m?),
and Al is the interval amplitude.

2.3. Number of Dwellers

The total number of people served by the municipal water supply service was obtained from the
Water and Sewage Services Diagnosis [28]. Thus, the number of people per dwelling was estimated
using Equation (8) [29].

_ PC
~ NDC

where PD is the number of people per dwelling, PC is the number of people served by the

PD (8)

municipal water supply service, and NDC is the number of dwellings in the city. In this research, the
number of dwellers ranged from 1 to 5 since the average number of dwellers was 3.5 (determined
using Equation (8)).

2.4. Total Daily Water Demand

According to the Water and Sewage Services Diagnosis [28], the average potable water
consumption in the state of Santa Catarina, where Joinville is located, is 153.6 L/capita/day. The water
consumption in residential buildings in Joinville ranged from 129.89 L/capita/day to 335.67
L/capita/day. However, the authors state that most of the buildings consume less than 200 L per
person per day [30]. Thus, water demands equal to 110 L/capita/day and 220 L/capita/day were
adopted for the rainwater harvesting system design.

2.5. Rainwater Demand

The rainwater demand was chosen considering two scenarios: Rainwater for toilet flushing, and
rainwater for washing machines and toilet flushing. The typical water end-uses for residential
buildings were taken from the literature (Table 1). For the computer simulations, the rainwater
demand was set considering the minimum percentage of potable water demand for toilet flushing
(20%) and the maximum percentage of potable water demand for washing machines and toilet
flushing (50%).

Table 1. Water end-uses in Brazilian residential buildings.

Water End-Uses

City Toilet Flushing Washing Machine
Floriandpolis (southern Brazil) [31] - 22.0
Floriandpolis (southern Brazil) [21] 32.8 12.4
Palhoga (southern Brazil) [32] 28.0 72
Feira de Santana (northeastern Brazil) [33] 8.0 13.0
Simdes Filho (northeastern Brazil) [33] 23.0 17.0
S&o Paulo (southeastern Brazil) [34] 20.0 14.0
Floriandpolis (southern Brazil) [35] 20.0 14.0

2.6. Runoff Coefficient

Runoff coefficients equal to 70%, 80%, and 90% were adopted for the different combinations of
computer simulation scenarios.

2.7. First Flush
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The first flush was set to 2 mm as recommended by the Brazilian Standard NBR 15,527 [36]. The
first flush is used to wash the roof area, thereby avoiding the deposition of dirt inside the rainwater
tanks.

2.8. Computer Simulation

Figure 2 illustrates the combination of multiple scenarios for computer simulations.

Average roof area for each dlass Average roof area for each class of
of houses multi-storey residential buildings
( First flush: 2 mm )

( 110 L/capita/day ) ( 220 L/capita/day )

( 1 dwellers

coefficient: 70% coefficient: 80% coefficient: 20%

Toilet flushing Toilet flushing + washing machines
Rainwater demand: 20% Rainwater demand: 50%

Figure 2. Flowchart showing combinations of multiple scenarios for computer simulations.

Based on the combinations shown in Figure 2, a total of 33,720 cases were created and simulated
in Netuno to determine the rainwater tank sizes and potential for potable water savings for each case.
The parameters shown in Figure 2 were used as input data for the computer simulations. The
capacities of the rainwater tanks were estimated considering the amount of storage needed to cover
the daily water consumption for toilet flushing and washing machines.

The Netuno program calculates the potential for potable savings for each rainwater tank size.
This function has an asymptotic behavior, and the simulations are conducted in discrete intervals.
When the difference between two consecutive potentials was less than 2%/m?, the rainwater tank
capacity was considered optimal. The difference between the various potentials for potable water
savings by using rainwater is defined as shown in Equation (9) [26].

Bigear= 2_32 9)
where A4 is the difference between the potential for potable water savings by using rainwater
(%/m?), Ap, is the variation in the potential for potable water savings by using rainwater in two
consecutive simulated tanks, and AV} is the variation in minimum rainwater tank capacity (m?).

The difference between the potential for potable water savings by using rainwater was set to
2%/m?. The rainwater tank sizes were simulated at 500 L intervals, considering a minimum of 0 L and
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a maximum of 50,000 L. Finally, the average potential for potable water savings by using rainwater
in the region studied was obtained using Equation (10).

n
PG:Z.P’:XR': (10)
L

where P; is the average potential for potable water savings by using rainwater in the region studied
(%), P; is the potential for potable water savings by using rainwater in the ith building class according
to the frequency analysis, and R; is the percentage of the ith building class in the frequency
distribution in relation to the total number of buildings in the region.

3. Results and Discussion

For each representative building group, the rainwater tank capacities and potential for potable
water savings by using rainwater were calculated using Netuno. Each building was represented by
an average roof area and simulated for all scenarios shown in the previous section.

3.1. Daily Rainfall

The daily rainfall data was used as input to Netuno. The average annual rainfall for the region
studied was 2358 mm. Figure 3 shows the minimum and maximum rainfall for the last twenty years
for each month of the year. The maximum rainfall observed in November 2008 was 974 mm. The
minimum rainfall observed in April 2000 was 12 mm. This variability on average monthly rainfall
demonstrates the necessity to use models that consider daily rainfall, such as the Nefuno program.

1000.0 —
800.0 |
é 600.0
i
‘S 400.0
200.0 - J J l J l
0.0
o el =1 b~ o) [ = &0 [V ] = <
S22 s && 32237 &0 8 A8

Figure 3. Average monthly rainfall in Joinville over 1997-2016 [37].

3.2. Roof Area

Figure 4 shows the frequency distribution for each house class concerning the relative frequency
percentage for all houses in the area studied. According to the results, 21.0% of the houses have an
average roof area equal to 63.3 m?, 12.7% have an average roof area equal to 75.1 m?, 9.0% have an
average roof area equal to 69.0 m? 5.5% have an average roof area equal to 97.2 m? 8.4% have an
average roof area equal to 103.2 m?, and 5.7% have an average roof area equal to 117.0 m2. Regarding
the rest, the relative frequency percentage was between 0-5%. In Philadelphia, USA, it was observed
that the most common roof areas were in the range of 50-60 m? [12]. In New York, most houses had
roof areas between 80-90 m? [12]. In this study, the average roof area of 57,946 houses was 101.6 m>.
The average roof area was not considered to calculate the potential for potable water savings by using
rainwater. The average roof area has a standard deviation equal to 61.5 m?, which could cause errors
in the calculation of the rainwater tank sizes. The frequency distribution was used (Section 2.2).
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Figure 4. Relative frequency for the class of roof areas for houses in the region studied. (a) Class of

Figure 5 shows the frequency distribution for each multi-story residential buildings class

roof areas for houses: 36-106 m?. (b) Class of roof areas for houses: 106230 m2. (c) Class of roof areas
concerning the relative frequency percentage for all multi-story residential buildings in the area

for houses: 240-660 m2.
studied. The number of apartments for each multi-story residential buildings was considered to

estimate the number of dwellers of these buildings.
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Figure 5. Relative frequency for the class of roof areas for multi-story residential buildings in the
region studied.

The number of dwellings in each multi-story residential building was considered for grouping
the buildings. However, multi-story residential buildings with an absolute frequency equal to 1 also

exist. These buildings and their roof areas are shown in Table 2.

Table 2. Multi-story residential buildings with absolute frequency equal to 1.

Number of Roof Area Number of Roof Area

Dwellings (m?) Dwellings (m?)
34 44.09 58 575.47
36 510.35 64 569.64
38 596.78 71 915.39
41 577.59 84 721.59
45 512.99 88 657.77
46 520.50 93 1270.44
47 715.65 103 987.82

3.3. Potential for Potable Water Savings by Using Rainwater

Figure 6 presents a frequency histogram of the potential for potable water savings by using
rainwater for 7200 cases involving houses simulated using Netuno. The 7200 cases were obtained by
combining the 67 classes of roof areas and other parameters for the rainwater tank sizing: Potable
water demand, rainwater demand, number of dwellers, and runoff coefficient. According to Figure
6a, for a rainwater demand of 20%, approximately 99.8% of the cases have a potential for potable
water savings equal to 10-20%. In Figure 6b, for a rainwater demand equal to 50%, approximately
90.0% of the cases have a potential for potable water savings equal to 40-50%.
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Figure 6. Potential for potable water savings by using rainwater in houses. (a) Rainwater demand

equal to 20%. (b) Rainwater demand equal to 50%.

Despite only 7380 multi-story residential buildings, the number of classes per roof area is greater
than that for houses, due to the high number of apartments. Whereas 67 classes were created for
houses, 235 classes were created for multi-story residential buildings considering the roof areas and
the number of apartments, which influence the number of dwellers. This consideration and the
parameters for rainwater tank sizing (Section 2) led to the generation of 26,520 simulations for multi-
story residential buildings. In Figure 7a, for a rainwater demand equal to 20%, approximately 75.1%
of cases for multi-story residential buildings have a potential for potable water savings equal to 10—
20%. However, in Figure 7b, for a rainwater demand equal to 50%, only 13.3% of the cases have a
potential for potable water savings equal to 40-50%; this means that supplying the rainwater demand
to these buildings requires an increase in the roof area.

100.0 100.0
<) 80.0 E 800
o m
§ 00 £ 600
B 400 £ 400
= 200 - 2 200
o0 0.0
0-10 1020 2030 3040 4050 0-10 1020 2030 3040 4050
Potable-water saving potential (%) Potable-water saving potential (%)
(a) (b)

Figure 7. Potential for potable water savings by using rainwater in multi-story residential buildings.
(a) Rainwater demand equal to 20%. (b) Rainwater demand equal to 50%.

Figures 8 and 9 show the minimum, maximum, and average potential for potable water savings
by using rainwater for all house classes for rainwater demands equal to 20% and 50%, respectively.
In Figures 8 and 9, the squares represent the average potential for potable water savings by using
rainwater, and the vertical lines above and below represent the maxima and minima.
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10.0

0.0
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Figure 8. Minimum, maximum, and average potential for potable water savings by using rainwater
for 67 house classes for rainwater demand equal to 20%.

For a rainwater demand equal to 20% and all house classes, the average potential for potable
water savings by using rainwater is approximately 20%. The minimum 13.6% belongs to the class
with the smallest roof area (37 m?). The minimum, maximum, and average potentials for potable
water savings are approximately 20% for buildings with larger roof areas. For a demand equal to
50%, only houses with a roof area greater than 200 m? have a potential for potable water savings by
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Figure 9. Minimum, maximum, and average potential for potable water savings by using rainwater
for 67 house classes for rainwater demand equal to 50%.

Figures 10 and 11 present the minimum, maximum, and average potential for potable water
savings by using rainwater for each multi-story residential-building class and rainwater demands
equal to 20% and 50%, respectively. The larger ranges are caused by greater variations in the number
of dwellers in multi-story residential buildings (1-5 persons per dwelling), as described in Section
2.3. The minimum potential for potable water savings in multi-story residential buildings was
obtained for the scenario with one resident per dwelling.

When only houses and a rainwater demand equal to 20% are considered, the average potential
for potable water savings is approximately 19.3%. However, for multi-story residential buildings, the
average potential for potable water savings is 14.8%. For houses with a 50% rainwater demand, the
potential for potable water savings by using rainwater is 43.9%. For multi-story residential buildings,
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of classes multi-story residential buildings for rainwater demand equal to 20%.
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Figure 11. Minimum, maximum, and average potential for potable water savings by using rainwater
for rainwater of classes multi-story residential buildings for rainwater demand equal to 50%.

In Minas Gerais, a state in southeastern Brazil, for an assumed rainwater demand equal to 50%,
the potable water saving potential was 50% [38], because the authors considered average roof areas
equal to 85 m? and 150 m?; this implies that the roof areas in this region were sufficiently large enough
to meet the rainwater demand. In northeastern Brazil, the average potential for potable water savings
by using rainwater was 31% [22], which was similar to the average potentials determined in this
study. Figure 12 shows the results of other studies regarding residential buildings worldwide. The
two lines indicate the potential for potable water savings obtained herein for rainwater demands
equal to 20% and 50%.
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Figure 12. Potential for potable water savings due to rainwater use in different regions of the world
compared to the results of the study shown herein [9,15-19,21,22,29,38-40].

The potential for potable water savings by using rainwater considering the demand for toilet
flushing (20%) in the region studied is 18.5%. For a demand of 50% (toilet flushing and washing
machines), the potential is 40.8%. In the case of houses (Figure 12), the rainwater demand can be met
up to 90%.

3.4. Rainwater Tank Capacities

The rainwater tank capacity for each scenario was determined. Figure 13 shows the absolute
frequency distribution and rainwater tank capacities for each case simulated involving houses. Figure
14 presents the results for multi-story residential buildings. According to Figure 13, approximately
69.3% of the cases simulated have a rainwater tank capacity between 1000-4000 L.

2500

2000

1500

1000

Absolute frequency

500 M

Rainwater tank capacity (L)

Figure 13. Rainwater tank capacities for houses for the study area.
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The values presented in Figure 13 are similar to those of other studies. In San Diego, USA, the
rainwater tank capacities were 227-7571 L for residential buildings [41]. For Nanjing, China, an
average rainwater tank equal to 26.7 L/m? of roof area was assumed for residential buildings [42].
Considering a rainwater tank equal to 26.7 L/m? [42] and the average roof area in this study (101.6
m?), the rainwater tank capacity would be approximately 2712 L. In this research, 29.4% of the cases
simulated have rainwater tank sizes in the range of 2000-3000 L. The average rainwater tank
capacities are 43.8 L/m? of roof area for houses, and 21.0 L/m? of roof area for multi-story residential
buildings. In Germany and Malaysia, studies involving residential buildings have used rainwater
tank capacities equal to 5000 L [39,43]. Figure 14 shows the absolute frequencies of the rainwater tank
capacities for multi-story residential buildings for different scenarios.

2500
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= —
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=
5 —
& 1500
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z 1000 o B
4
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Rainwater tank capacity (L)

Figure 14. Rainwater tank capacities for multi-story residential buildings for the study area.

According to Figures 13 and 14, the rainwater tank capacities obtained for each scenario with
their corresponding average roof area have approximately normal frequency distributions. Two
normal distributions can be observed because the simulation considered various numbers of dwellers
(1-5 dwellers). For one resident, the potable water demand in the buildings is minimum. Thus, even
residential buildings with large roof areas would need relatively small rainwater tanks. For higher
numbers of dwellers (2-5), the increase in the potable water demand results in greater rainwater tank
capacities. For example, 7000 L rainwater tanks were obtained in 2156 computer simulations for
approximately all building classes because potable water demand values of 110 L/capita/day and 220
L/capita/day were considered, which were then multiplied by the number of dwellers.

For multi-story residential buildings, approximately 57.8% of the cases presented rainwater tank
capacities equal to 4000-8000 L as a result. These capacities are due to the larger daily rainwater
demand (more dwellers than in houses). Only 3.4% of the cases of multi-story residential buildings
needed tank capacities lower than 2000 L.

4. Conclusions

This study aimed to estimate the potential for potable water savings by using rainwater in
residential buildings in Joinville, southern Brazil. The study used data from residential buildings
registered in the region and their corresponding roof areas. The buildings were grouped according
to the average roof area and their types (houses or multi-story residential buildings). Buildings with
very small roof areas cannot harvest enough rainwater to meet greater demands, thereby causing
simulation results with unreasonable rainwater tank sizes. A rainwater demand of up to 50% would
guarantee the efficiency of the rainwater harvesting system for houses. High efficiency means that
the potential for potable water savings reaches values closer to the rainwater demand. However,
regarding multi-story residential buildings, the design of rainwater harvesting systems with
rainwater demands greater than 20% will result in larger rainwater tanks. The system will be less
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efficient because the roof areas of most buildings will not be sufficiently large enough to harvest
enough rainwater to meet the demand.

Regarding the existing buildings in the city, the rainwater harvesting system performs better for
a rainwater demand equal to 20%. In this case, the potential for potable water savings is closer to the
rainwater demand. This study can contribute to the municipal legislation proposal on rainwater
usage in new buildings, and also serve as instruction for local designers. The application of this
method to other cities with different climates to evaluate the potential for potable water savings by
using rainwater should be considered in future research. Data on buildings should be available for
surveys to assess the real potential for potable water savings by using rainwater.
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