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ABSTRACT

Using rainwater harvesting (RWH) system is influenced by socioeconomic, environmental and technical factors. This work presents as 
analysis of  the influence of  the rainfall time series characteristics and design criteria on RWH performance of  five Brazilian capitals 
with different climatic characteristic: Goiânia, João Pessoa, Manaus, Porto Alegre and São Paulo. The analysis combined different 
rooftop areas, storage volumes and the indoor and outdoor demands. Rainfall temporal discretization and the types of  demands were 
the most important characteristics when assessing RWH reliability. Daily rainfall data were suitable for sizing the RWH, the time series 
length influenced the sizing of  larger storage volumes, and the RWH efficiency was not significantly affected by the first-flush. Toilet 
flushing and the irrigation demands had the greatest impact on RWH performance. The greatest potentials for the implementation 
of  RWH were observed for Porto Alegre, because of  well distributed rainfall throughout the year, and for Manaus owing to higher 
annual volumes of  precipitation. These results highlight relevant aspects that must be observed during the conception and design of  
RWH, complementing the guidelines provided in the Brazilian technical standards.

Keywords: Reliability; Feasibility; Demand; Design criteria.

RESUMO

Os sistemas de aproveitamento de água da chuva (RWH) são influenciados por fatores socioeconômicos, ambientais e técnicos. Foi 
avaliada a influência das características das séries temporais de chuva e dos critérios de projeto no desempenho de RWH em cinco capitais 
brasileiras com diferentes características climáticas: Goiânia, João Pessoa, Manaus, Porto Alegre e São Paulo. As análises combinaram 
diferentes áreas de telhado, volumes de armazenamento e demandas. As séries diárias de precipitação foram adequadas para dimensionar 
o RWH, a extensão da série influenciou a eficiência para maiores reservatórios, e a eficiência de RWH não foi significativamente afetada 
pelo first-flush. As demandas de descarga da bacia sanitária e irrigação tiveram o maior impacto no desempenho do RWH. Os maiores 
potenciais para a implantação de RWH foram observados para Porto Alegre, devido à precipitação bem distribuída ao longo do ano, 
e para Manaus devido aos maiores volumes anuais de precipitação. Esses resultados evidenciam aspectos relevantes que devem ser 
observados durante a concepção e projeto de RWH, complementando as diretrizes previstas nas normas técnicas brasileiras.

Palavras-chave: Confiabilidade; Viabilidade; Demanda; Critérios de projeto.
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INTRODUCTION

The growing urban development generates greater 
pressure on water resources and the consequent concern with 
their management (Hoff, 2010; Arfanuzzaman & Rahman, 2017; 
Connor et al., 2019; An et al., 2021). In this sense, the suitable 
water resources planning must consider the managing of  demand 
as well introducing alternative sources for water supply (Hurlimann, 
2011; McDonald et al., 2014; Fielding et al., 2015; Dean et al., 
2016; Hurlimann & Dolnicar, 2016). The rainwater is an alternative 
source of  water, and its usage allows to increase water supply 
without the need of  new sources of  water and contributes to 
the reduction of  water scarcity situations (Elliott & Trowsdale, 
2007; Palla et al., 2011; Kim & Furumai, 2012; Rahman et al., 
2012; Campisano et al., 2017; van Dijk et al., 2020; Semaan et al., 
2020; Kahinda et al., 2010; Notaro et al., 2016), being a technique 
recently incorporated into the Marco Legal do Saneamento Básico 
Brasileiro (Brazilian Basic Sanitation Legal Framework), according 
to the Bill 3189/19 (Brasil, 2020). This strategy can assist Brazil 
to achieve the goal No. 6 of  sustainable development (SDG-6), 
established by the United Nations, which deals with water and 
sanitation (Cardoso et al., 2020).

The use of  rainwater is mainly intended for non-potable 
uses, as toilet and urinal flushing, vehicles and sidewalks washing, 
garden irrigation and landscaping, once the rainwater quality 
makes its unsuitable for drinking purposes without treatment 
(Associação Brasileira de Normas Técnicas, 2019). However, 
this does not diminish the importance of  this practice, since 
more than 40% of  the water consumption of  a residence could 
be fully supplied by rainwater (U.S. Environmental Protection 
Agency, 2004; Muthukumaran et al., 2011; Campisano & Modica, 
2012; Campisano et al., 2017; Lopes et al., 2017). Additionally, the 
rainwater usage reduces the property’s water bills and, some studies 
also suggest that the rainwater harvesting (RWH) may provide a 
local stormwater attenuation feature (Elliott & Trowsdale, 2007; 
Memon et al., 2009; Sample & Liu, 2014).

The planning of  the RWH system is influenced by a series 
of  socioeconomic, environmental and technical factors such as the 
rainfall regime, rainwater quality, space availability, required demands 
and its characteristics, criteria for project, among others (Santos 
& Taveira-Pinto, 2013; Melville-Shreeve et al., 2016; Martínez-
Acosta et al., 2019; Vargas et al., 2019; Toosi et al., 2020). Therefore, 
it is difficult to find a basic and generic recommendation for the 
size and configuration of  rainwater storage systems (Jones & Hunt, 
2010; Campisano et al., 2017; Corrêa et al., 2018; Semaan et al., 
2020), especially in regions and countries, such as Brazil, where 
the large climatic variability can affect the RWH performance 
(Palla et al., 2012; Sahin & Manioglu, 2019, Pacheco et al., 2017).

However, in Brazil, there has been technical standardization 
for RWH design since 2007 (Brazilian Technical Standard, NBR 
15527), when the first guidelines for projects of  this type of  system 
in urban areas were presented (Associação Brasileira de Normas 
Técnicas, 2007). In the first version, different methodologies for 
sizing the volume of  the storage tank were presented, although 
they could generate completely different required volumes, even 
when evaluated in the same climatic condition (Imteaz et al., 2012; 
Campisano & Modica, 2016). In 2019, a revised version of  the 
NBR 15527 was released, and the previous sizing methodologies 

were removed, remaining only the water mass balance model 
(Associação Brasileira de Normas Técnicas, 2019).

There is an international consensus that among the different 
possible methods for sizing the storage tank reservoirs, which 
include empirical relationships (Ghisi, 2010; Palla et al., 2011), 
stochastic analysis (Cowden  et  al., 2008; Basinger  et  al., 2010; 
Lopes et al., 2017), and the water mass balance model, the last 
one would be the most common (Fewkes & Butler, 2000; Liaw & 
Tsai, 2004; Campisano & Modica, 2012; Zhang et al., 2019). This 
method allows to incorporate characteristics of  rainfall and the 
dynamics of  water demand, at different spatial-temporal scales 
(Herrmann & Schmida, 1999; Liaw & Tsai, 2004; Mitchell, 2007; 
Campisano & Modica, 2015; Melville-Shreeve et al., 2016).

However, the NBR 15527 can be a quite generic and it 
is often necessary to observe technical guidelines available in 
the specialized literature (Mitchell, 2007; Helmreich & Horn, 
2009; Ward et al., 2010; Basinger et al., 2010; Mun & Han, 2012). 
Despite that, even in these reports there are few recommendations 
regarding the system sizing and the uncertainties related to the RWH 
performance in different climatic regions, because most studies 
concentrated on the analysis of  specific situations, considering 
the local rainfall regime while varying the roof  area and water 
demand (Palla et al., 2012).

In this study the long-term water Mass Balance Method 
was used to assess how the reliability of  the RWH is influenced by 
those aspects related to rainfall data availability and design criteria 
in cities with different climate conditions. Five Brazilian cities 
placed in different climate characteristics were selected for these 
analyzes. A set of  rainfall data with different time series length, as 
well as rainfall data with different temporal discretization (hourly, 
daily and monthly) were evaluated during the analysis. Lastly the 
design criteria as the usage of  a first-flush device and four different 
demands scenarios were also evaluated.

METHODOLOGY

Cities and climatic conditions

Five Brazilian state capitals located in different climate regions 
were used for this study: Goiânia (GO), João Pessoa (PB), Manaus 
(AM), Porto Alegre (RS) and São Paulo (SP) (Figure 1). According 
to Köppen-Geiger classification (Alvares et al., 2013), Goiânia 
has a Tropical Savanna Climate (Aw), with average temperature 
around 24.1 °C. Its average annual rainfall is 1559.6 mm, with large 
amounts of  rain from October to March (Figure 2a).

João Pessoa have a Tropical Monsoon Climate (Am), the 
average temperature is 26.8 °C and the average annual rainfall is 
1674.8 mm, with large amounts from March to August in João 
Pessoa. Manaus has a Tropical Equatorial Climate (Af), with 
an average temperature of  27 °C and average annual rainfall 
of  2302.8 mm, and the rainy season is from December to May 
(Figure 2c).

Porto Alegre has a Humid Subtropical Climate (Cfa). 
In this city, the average temperature is 19.6 °C and the average 
annual rainfall is 1397.6 mm well distributed throughout the 
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year (Figure 2d). São Paulo has an Oceanic Climate (Cfb), with 
1602.4 mm average annual rainfall and an average temperature of  
20.1 °C. Whilst Porto Alegre and São Paulo have approximately 
the same amount of  annual rainfall, in São Paulo most of  this 
volume occurs from October to March (Figure 2e).

Modeling and performance evaluation

To achieve the main objectives, the strategy applied was 
based in long-term mathematical modeling evaluating different 
scenarios. To simulate the RWH system the Equations 1 and 
2 based on water mass balance model were applied. The input 
data required are the rainfall, building related information as 
rooftop area and its runoff  coefficient, rainwater demands and 
storage tank capacity. The simulation outputs are the rainwater 
supply failure rate, overflows, and the potential for potable water 
savings for every storage tank capacity evaluated.

( ) ( ) ( ) ( )1 1 1t t t tV Q V D+ + += + − , subject to ( )10 tV S+≤ ≤ 	 (1)

( ) ( )1 1t tQ C P A+ += × × 	 (2)

being: V(t+1) the water (rainfall) in the storage tank at end of  time 
interval, t+1; V(t) the water (rainfall) in storage tank at end of  
time interval, t; D(t+1) the water demand during time interval, t+1; 
Q(t+1) the inflow (stormwater runoff) during time interval, t+1; 
C the rooftop runoff  coefficient; P(t+1) the total rainfall during 
time interval, t+1; A the rooftop superficial area; S the storage 
tank capacity.

For each scenario, a set of  different rooftop areas 
(100 m2, 200 m2 and 300 m2), commonly found in urban areas, 
and progressive commercial volumes for rainwater storage tank 
(1 m3, 1.5 m3, 2 m3, 3 m3 e 5 m3) were assessed. Together with 
the rooftop runoff  coefficient (0.95), those parameters were kept 
fixed throughout the simulations.

At the beginning of  the simulation, the storage tank 
was set as full (maximum storage tank capacity), following the 
recommendation of  Perius (2016), who identified little influence of  
this criterion on RWH performance. Additionally, it was considered 
that 100% of  stormwater runoff  is directly diverted to the storage 
tank, that both gutters and pipes have enough hydraulic capacity 
to convey the flows without overflowing, and that evaporation 
loses can be disregarded. Furthermore, additional sources of  water 
supply were not contemplated during simulation.

Figure 1. Brazilian cities evaluated.
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The non-dimensional failure rate (Equation 3) was chosen 
as indicators to compare the results between cities and scenarios 
along the simulations.
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being: FR the failure rate; Def  the total water deficit volume; Dem 
the total water demand volume; T the tTH time-period.

Scenarios

Different simulation scenarios were defined, allowing 
an individual evaluation of  the effect of  each component to be 

investigated on the RWH performance. Hence, in a first stage, the 
effect of  the rainfall temporal discretization used in the simulation 
was investigated in scenarios including hourly, daily, and monthly 
time intervals. Following, the influence of  the rainfall time series 
length, the usage of  the first-flush diverter and four possible 
rainwater demands scenarios were evaluated.

In order to compare the results between the simulations, the 
scenario initially adopted as a reference considered the first-flush 
device, supplying the demand 1 (D1) and hourly rainfall time-
step – all detailed information about these criteria is appropriately 
presented in the following sections. However, as it will be seen in 
the first results related to the time-step analysis, the daily rainfall 
data proved to be suitable for RWH design, then the subsequent 
scenarios evaluated used the daily time-step as a reference, due to 
the longer rainfall time series available with this time-resolution. 

Figure 2. Average monthly rainfall and temperature in the five Brazilian Capitals studied.
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Therefore, this scenario was changed according to the analysis to 
be accomplished. In these cases, all parameters were kept fixed, 
except that one under evaluation.

The conditions to be investigated were combined with 
three different rooftop areas, five storage tank volumes and four 
demands (D1, D2, D3 and D4) in a total of  1050 simulations. 
Table 1 shows an overview of  the investigated variables, which 
were combined to define the simulation scenarios. Data source 
and criteria are presented below.

Rainfall data influence

Hourly rainfall time series were freely obtained at INMET 
(Brazilian National Institute of  Meteorology) database (Instituto 
Nacional de Meteorologia, 2016), as well the daily rainfall data 
were obtained at ANA (Brazilian National Water Agency) for 
each city evaluated (Table 2). Before usage, the time series were 
checked for consistency by using doble-mass analysis and missing 
data were identified.

Following recommendations from Perius (2016), when 
the missing hourly values along any year were greater than 30%, 
the correspondent year was discarded, which happened for João 
Pessoa (2012 and 2015 were removed) and Manaus (2003, 2004, 
2005 and 2009 were removed). Zero values were adopted when 
missing values were lower than 30%. When missing daily values 
were reported, zero values were used for replacing them during 
15 consecutive missing values, after that, the modeling was 
interrupted until the next valid data.

Temporal discretization

The result of  water mass balance simulation carried out 
with Equation 1 can be affected by the modelling time-step, 
normally equal to the input time interval data (Campisano & 
Modica, 2014). Thus, to evaluate the influence of  time-step on 
RWH performance, 225 simulations were accomplished by using 
both rainfall and demand time series, according to the following 
temporal resolutions: i) hourly (reference scenario); ii) daily; and 
iii) monthly.

These temporal resolutions were also the time-step during 
simulations, which were accomplished for the five cities, with 
three different rooftop areas and the five storage tank volumes. 
During these analyses, the demand 1 (D1) was kept fixed and a 
chamber for first-flush diversion was used - detailed information 
about D1 and first-flush diversion are provided further in the text. 
The rainwater supply failure rate from daily and monthly scenarios 
were compared against the reference scenario failure rate (hourly).

Time series length

Long-term rainfall data are recommended for assessing 
RWH, and a 30-year time series is commonly considered as 
representative (World Meteorological Organization, 1989) for this 
analysis. However, meeting this requirement can be unfeasible due 
to the lack of  long-term historical data, and short-term time series 
data are often the only source for the RWH project (Geraldi & 
Ghisi, 2017; Zhang et al., 2020; Yue et al., 2020; Ali et al., 2020). 
Nevertheless, few studies (Ghisi  et  al., 2012; Geraldi & Ghisi, 

Table 1. Investigated variables on scenarios composition for evaluating RWH performance.

Rainfall time-step First-flush treatment Demand type Rooftop areas (m2) Storage tank volumes 
(m3)

D1 1.0
Hourly With diverter D2 100 1.5
Daily Non-diverter D3 200 2.0

Monthly D4 300 3.0

Table 2. Rainfall time series characteristics.

City

INMET ANA

Rain Gauge 
Station Code

Begin-End 
(Month/year)

Hourly 
time series 

length 
(years)

Rain Gauge 
Station Code

Begin-End 
(Month/year)

Daily time series length 
(years + month)

Goiânia A002 Jan/2002-
Dec/2015

14 01649013 Jan/1949-Jun/2019 70 + 5

João Pessoa A320 Jan/2008-
Dec/2015

8 734037 Jan/1996-
May/2018

22 + 4

Manaus A101 Jan/2001-
Dec/2015

15 359005 Jul/1997-nov/2019 22 + 4

Porto Alegre A801 Jan/2001-
Dec/2015

15 03051011 Jan/61-jun/2019 58 + 5

São Paulo A701 Jan/2007-
Dec/2015 9 2346117 Jun/1975-jun/2019 44 + 5
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2019) have researched its real impact on the performance of  these 
facilities in Brazilian cities, especially by comparing the results in 
different climate conditions.

Thus, a set of  375 simulations were carried out considering 
shorter rainfall time series than the original ones, with periods that 
were reduced every 5 years, always from the most recent to the 
oldest date. According to the length of  the original series, new 
series with different extensions resulted for each city as presented 
in Table 3. Notice that even using the original time series from 
Manaus and João Pessoa the available length does not meet the 
recommendations from the World Meteorological Organization 
(WMO).

The different rainfall time series presented in Table 3 were 
assessed, with three different rooftop areas and five storage tank 
volumes for each city. The scenario with the original rainfall time 
series was considered as the reference, besides keeping the first-
flush diverter and demand D1 fixed.

Design criteria influence

The influence of  design criteria as the rainwater demand 
time series and the inclusion of  the first-flush diversion on RWH 
performance was also evaluated by considering the following analysis.

Demand time series influence

The influence of  the rainwater demand characteristics on 
RWH performance was evaluated by simulating four demand time 
series (D1, D2, D3 and D4), based on water consumption metering:

•	 	D1: indoor and outdoor uses, including toilet flushing, 
garden irrigation, car washing and cleaning external areas;

•	 	D2: indoor use for toilet flushing;

•	 	D3: outdoor uses, including garden irrigation, car washing 
and cleaning external areas;

•	 	D4: outdoor use for garden irrigation.

Brazilian average consumer demand patterns were considered 
for the establishment of  these demands time series. In this light, 
5 inhabitants per building was kept fixed, resulting in specifics 
rooftop area of  20 m2.person-1 (100 m2), 40 m2.person-1 (200 m2) 
and 60 m2.person-1 (300 m2), and the non-potable volumes were 
considered as: i) toilet flushing (6 L.flushing-1); ii) garden irrigation 

(0.19 m3.use-1); iii) car washing (0.22 m3.use-1); and iv) cleaning 
external areas (0.28 m3.use-1).

These demands were hourly-related, following water 
consumption metering typically found in the studied cities - 
additional information about water consumption patterns are 
available in Hentges (2013). For time-steps modeling greater than 
the daily one the volumes were added according to the proper 
timescale. During simulations it was considered an average of  
4 toilet flushes (day-1.person-1), and a biweekly cleaning external 
areas and car washing.

Drought period and the air temperature were considered 
to assess the garden irrigation demand. Therefore, the irrigation 
was considered every two days whether air temperature was 
higher than 20 °C and the amount of  rainfall during this period 
was equal zero. Otherwise, when temperature was lower than 
20 °C, garden irrigation was computed weekly since the amount 
of  rainfall during this period was zero.

A set of  300 simulations was accomplished, with three 
different rooftop areas, five storage tank volumes, five cities, and 
four rainwater demands. The failure rates from the D2, D3 e 
D4 demands were compared against D1 failure rate, considered 
as a reference scenario.

First-flush diverter influence

Filters and first-flush diverter can improve rainwater quality 
prior storage; however, the use of  this device can reduce the amount 
of  water stored and consequently the RWH performance for the 
same storage tank volume (Amin et al., 2013).

The influence of  the first-flush deviation was evaluated 
through 150 simulations by comparing the performance between 
the RWH systems with and without the device. As a reference 
value, the initial 2 mm rainfall volume was considered for designing 
the diversion chamber, as recommended by the NBR 15527. 
Therefore, storage chambers with suitable volumes for the rooftop 
area (200 L - 100 m2, 400 L - 200 m2 and 600 L - 300 m2) were 
included in the modeling.

A weekly emptying was considered as a criterion for emptying 
the diversion chamber. The analyzes were accomplished for the 
three different rooftop areas, five commercial storage tanks and 
five cities analyzed to supply the D1 demand.

RESULTS AND DISCUSSION

Rainfall data influence

Temporal discretization

Figure 3 shows the RWH failure rate (FR), when the different 
rainfall temporal discretization are evaluated – this figure shows 
results for a 200 m2 rooftop area, because the results are similar 
for the additional rooftop area evaluated. The demand D1 and 
first-flush device was considered during this analysis.

Table 3. Evaluated rainfall time series length.
City Length

Goiânia 5 years; 10 years; 15 years; 20 years; 25 years e 30 
years

João Pessoa 5 years; 10 years; 15 years e 20 years
Manaus 5 years; 10 years; 15 years
Porto Alegre 5 years; 10 years; 15 years; 20 years; 25 years e 30 

years

São Paulo 5 years; 10 years; 15 years; 20 years; 25 years e 30 
years
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Overall, when considering the same city, the same rooftop 
area and demand, by increasing the rainfall temporal discretization, 
there is a reduction in demand-supply failures for the same storage 
tank volume. The differences found are less evident (<20%) 
between the daily and hourly results, especially as the storage tank 
volume is increased.

The use of  daily rainfall would lead to a storage tank 
undersized in approximately 6%, when compared to the storage 
tank design based on hourly rainfall. Likewise, Campisano & 
Modica (2014) evaluated that the differences between the storage 
tank volume designed with sub-hourly (five-minutes) and daily 
time series can reach up to 17%. In this study, sub-hourly rainfall 
was not assessed due to the lack of  available long-term rainfall 
data for all cities.

Corrêa et al. (2018) also suggest that when daily rainfall 
data are replaced by the sub-daily ones, the RWH storage tank 
volume can be oversized, especially when the first-flush volume is 
automatically discarded. During the simulations accomplished in 
this study, a weekly frequency of  manual emptying of  the first-flush 
chamber was considered, therefore, this effect was not observed.

Taking advantage of  the approximate FR obtained by using 
daily and hourly rainfall data, a RWH failure correction factor 
(Fc) is proposed, allowing to estimate the percentual of  failure on 
rainwater demand supply that would be found whether an hourly 
rainfall time series is replaced by a daily one. Table 4 shows the 
values found for the cities and evaluated rooftop areas

It was not possible to estimate similar Fc values for monthly 
rainfall based on hourly data, due to the lack of  a pattern for the 
different storage tank volumes and rooftop areas.

The monthly time interval produced an underreporting 
in the number of  failures in demand-supply (decreasing from 
20% to 35%), practically invariable even when the storage tank 
volume is increased. Imteaz et al. (2012) also pointed out that the 
storage tank volume can be up to 1.6 times smaller than necessary 
when the RWH systems are designed by using monthly rainfall. 
It is noteworthy that in the NBR 15527 (Associação Brasileira 
de Normas Técnicas, 2019) monthly temporal discretization and 
even annual rainfall are suggested for designing the RWH system, 
which could lead to an undersized tank storage volume.

The analysis accomplished indicated that daily rainfall time 
series are suitable for RWH system design in the evaluated cities and 
were also adequate for Belém, State of  Pará, Brazil (Corrêa et al., 
2018). The use of  daily rainfall time series is also an international 
recommendation, as stated by Campisano et al. (2017).

The suitability of  daily rainfall data for RWH design allows 
to expand the range of  available information, since the number 
of  non-recording rain gauges in the Brazilian network managed 
by the National Water Agency (ANA) is much broader than the 
recording ones. Furthermore, daily time series are normally longer 
than hourly ones as presented in Table 2, having a better long-
term representativeness. For this reason, the following analysis 
are presented solely for the simulations accomplished by using 
the daily rainfall time series.

Figure 3. Failure (%) of  the RWH on demand-supply for rainfall temporal discretization (a) hourly; (b) daily; and (c) monthly – 200 
m2 rooftop area.

Table 4. RWH failure correction factor (Fc) for estimating failures (%) on rainwater demand supply when hourly rainfall data are 
replaced by daily ones.

Porto Alegre São Paulo Goiânia João Pessoa Manaus
100 m2 1.05 1.13 1.01 1.02 1.04
200 m2 1.10 1.18 1.02 1.04 1.06
300 m2 1.15 1.19 1.05 1.05 1.07

Average 1.10 1.17 1.02 1.03 1.10
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Time-series length

Table 5 shows the variability in the FR to meet D1 related 
to different rainfall time series length – results are presented for 
200 m2 rooftop area, because other evaluated areas had similar 
behavior.

The FR due to shorter rainfall time series tend to be like 
the results obtained for the original rainfall time series length 
as suggested by Geraldi & Ghisi (2017). Goiânia and São Paulo 
presented little variability in the FR, when evaluating rainfall series 
shorter than the original one, and non-pattern of  increasing or 
reducing the FR was observed due to rainfall time series length 
reduction. When considering the same storage tank volume, low 
coefficients of  variation (Cv<3.1%) on FR were obtained for the 
different rainfall time series length from Goiânia. In the case of  
São Paulo, the coefficients of  variation ranged from 1.5% (1 m3) 
to 9.6% (5 m3).

Similarly, Porto Alegre presented a non-defined pattern 
in the increasing or reducing FR due to different rainfall series 

length. However, when the rainfall time series is reduced from 
58 years (original) to a shorter period evaluated (5 years), the FR 
is reduced by about 67% for a 5 m3 storage tank. In addition, 
Porto Alegre was the city that had the highest Cv for the same 
storage tank volumes, ranging from 3.6% (1 m3) to 50% (5 m3).

On other hand, in João Pessoa as shorter the rainfall 
time series lower the FR for all the storage tank volumes tested 
(Table 5). In addition, greater variation coefficients were obtained 
for FR as the storage tank volumes increased from 1 m3 (Cv = 
7.2%) to 5 m3 (Cv = 19.3%). In opposition, Manaus had the FR 
increased for shorter rainfall time series. Generally, the FR variation 
coefficient increased as the storage tank volumes were increased, 
varying from 11.5% (1 m3) to 19.2% (5 m3).

Therefore, the use of  shorter rainfall time series does not 
necessarily cause an increase in the FR for the same storage tank 
volumes, as the result obtained for the cities of  Porto Alegre and 
João Pessoa. For these cities, shorter time series generated a FR 
reduction, which could lead to an undersized storage tank for 
meeting the demand supply equivalent to that one that would be 

Table 5. Failure (%) of  the RWH on demand supply according to different rainfall time series length.
City Series length 1 m3 1.5 m3 2 m3 3 m3 5 m3

Goiânia (%) 5 years 41.16 37.55 35.08 31.91 26.66
10 years 42.18 38.46 35.86 32.88 28.17
15 years 42.71 39.04 36.50 33.47 29.24
20 years 42.68 39.06 36.42 33.21 29.04
25 years 42.54 38.72 36.08 32.83 28.65
30 years 41.99 38.02 35.29 31.95 27.84
Original 42.62 38.54 35.78 32.42 28.25

Cv 1.32 1.42 1.49 1.84 3.06
João Pessoa (%) 5 years 24.34 18.26 14.59 10.61 6.57

10 years 26.96 21.26 17.59 12.90 8.66
15 years 28.29 23.03 19.62 15.41 10.54
20 years 28.50 23.16 19.56 15.35 10.51
Original 29.40 23.82 20.17 15.76 10.87

Cv 7.16 10.27 12.53 15.81 19.30
Manaus (%) 5 years 28.30 20.03 15.11 9.63 5.15

10 years 24.04 16.86 12.29 7.17 3.75
15 years 22.80 16.24 11.95 7.05 3.67
Original 22.03 15.78 11.75 6.94 3.46

Cv 11.51 11.15 12.29 16.82 19.23
Porto Alegre (%) 5 years 25.45 15.76 9.52 4.16 0.55

10 years 25.98 16.15 9.94 4.22 0.60
15 years 26.61 16.62 10.38 4.36 0.56
20 years 25.50 15.80 9.85 4.17 0.56
25 years 26.05 16.34 10.40 4.54 0.79
30 years 25.84 15.99 9.97 4.24 0.72
Original 28.18 18.40 12.30 5.83 1.62

Cv 3.59 5.59 8.85 13.30 49.85
São Paulo (%) 5 years 35.24 26.94 22.36 16.59 11.26

10 years 35.23 27.40 22.92 16.70 10.43
15 years 35.35 26.98 22.44 16.56 10.51
20 years 35.86 27.85 23.04 16.81 10.57
25 years 35.26 27.34 22.42 16.22 9.80
30 years 34.21 25.91 21.05 14.96 8.78
Original 34.62 26.45 21.28 14.91 8.70

Cv 1.52 2.39 3.45 5.10 9.62
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obtained by using the complete rainfall time series. The opposite 
problem would occur for other capitals, where storage volumes 
could be overestimated.

The lowest storage tank volumes remained with the highest 
FR for all evaluated rainfall series length. However, the greater 
storage tank volumes were the most affected by the rainfall time 
series length as indicated by the Cv. For the city of  Manaus, for 
example, by reducing the length of  the original rainfall series 
from 22 years to 5 years, the percentual increase in the original 
FR reached 49% (5 m3).

The variability of  results found for the evaluated cities 
due to short rainfall time series corroborates with findings from 
different authors and locations around the world. Immich Júnior 
(2013), for instance, found that the use of  short (<5 years) rainfall 
time series from Porto Alegre could underestimate the RWH 
efficiency of  a 20 m3 reservoir by up to 8%, when compared to 
a 48-year series. Still, such author highlights that as the rainfall 
time series is increased from 20 years to 30 years, the differences 
in FR become smaller.

Geraldi & Ghisi (2018) suggested a minimum 6-year 
rainfall time series for Santo Amaro city (close to São Paulo city) 
and a 15-year series for Santarém (close to Manaus) as suitable 
for RWH design, when long rainfall time series are unavailable. 
Those results agree with the findings in the present study about 
the need for longer time series for Manaus than for São Paulo 
aiming to reducing the uncertainties in the sizing storage tank 
volume. Otherwise, Mitchell (2007) reported that the use of  
a 10-year rainfall data, compared to a 50-year rainfall data, did 
not diminish the accuracy of  RWH performance for different 
cities in Australia, and Geraldi & Ghisi (2017) suggest that short 

rainfall time series were especially important when assessing higher 
rainwater demands in Berlin.

Therefore, in a country like Brazil, with great climatic 
diversity, it is possible that there is not a single recommendation 
for the minimum rainfall time series length to be used in the 
RWH design. In this case, it is possible that the use of  regional 
recommendations related to the minimum length of  the rainfall time 
series be the most appropriate, and the technical standard could 
incorporate these advices, as already discussed by Campisano et al. 
(2017). Alternatively, when only short-term rainfall time series are 
available, or even when the only information are monthly data, 
stochastic weather generators are useful for creating daily rainfall 
data, minimizing the database extension problem (Cowden et al., 
2008). Furthermore, the stochastic approach can help designers 
to better access the RWH storage capacity without the need for 
extremely long rainfall data periods (Lopes et al., 2017).

Design criteria

First-flush diverter

From Figure 4 it is possible to observe that for the same 
storage tank volume, the failures on demand-supply are greater 
when the first-flush diverter is considered by comparing with a 
non-diverter system, agreeing with results presented by Corrêa et al. 
(2018) and Semaan et al. (2020). Specifically, for the 200 m2 rooftop 
area, the introduction of  a first-flush diverter means to discard a 
volume that can reach 0.4 m3 every 7 days. Results of  this analysis 

Figure 4. Influence of  the first-flush diverter on FR (%) on demand-supply: (a) with first-flush diverter; and (b) without first-flush 
diverter - 200 m2 rooftop area.
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are presented only for the 200 m2 rooftop area once the results 
for the other areas (100 m2 and 300 m2) follow the same pattern.

The first-flush diverter affected the RWH performance 
specially for the smallest storage tank volumes, due to the maintenance 
of  a fixed diverter chamber volume (exclusively dependent on the 
rooftop area), even when the storage tank volume is increased. 
Percentual differences between FR of  a system with first-flush 
diverter and a non-diverter system are presented in Table  6. 
In this table, maximum and minimum percentual differences are 
related to 1 m3 and 5 m3 storage tanks, respectively. In any case, 
the difference does not exceed 5.1%, which is a low value when 
considering other sources of  uncertainties.

The major interference on FR due to the usage of  a first-
flush diverter chamber was observed in João Pessoa. Manaus 

and Porto Alegre presented lower interference of  this criteria, 
especially for the greater storage tank evaluated, possibly due to 
the high amount of  annual rainfall in the first city and due to a well 
distribution of  the rainfall over the months in Porto Alegre. In the 
case of  Goiânia, in the worst situation the difference is only 2% 
(1 m3), because of  the winter months (May to September) which 
present the lowest rainfall volume, with precipitation almost nil.

Demand time-series

From Figure 5, it is possible to see that all simulated cities 
follow the same pattern regarding failures in meeting demands 
(results shown for 200 m2 rooftop area, as the other results are 
similar), and that D1 generated the highest FR in all cities.

Porto Alegre and Manaus have the lowest percentage of  
FR for all simulated combinations (rooftop areas, storage tank 
volumes and adopted demands) when compared to the other 
cities. Although Manaus presents a strong seasonal component in 
the distribution of  rainfall, all months are rainy, and the city has 
the highest average annual rainfall (above 2300 mm) among the 
evaluated cities. These characteristics ensure a good reliability on 
meeting the demands requirement. In the case of  Porto Alegre, 

Table 6. Percentual differences between FR of  a first-flush diverter 
and non-diverter RWH system.

City Maximum (%) Minimum (%)
Goiânia 2.00 1.53

João Pessoa 5.09 3.43
Manaus 2.74 0.68

Porto Alegre 4.39 0.69
São Paulo 3.94 2.02

Figure 5. Effect of  different rainwater demand time series on FR (%): (a) Demand 1; (b) Demand 2; (c) Demand 3; (d) Demand 
4 – 200 m2 rooftop area.
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although it is the capital city evaluated with the lowest average 
annual precipitation volume (1397.6 mm), all the demands assessed 
were also met with low FR, due to the good distribution of  rainfall 
throughout the year.

The importance of  a good temporal distribution of  
precipitation is more evident if  observed that the highest percentages 
of  failures in meeting any of  the assessed demands were reported 
for Goiânia, although this city has an average annual rainfall higher 
than Porto Alegre. In this case, the period between June and August, 
in which the rainfall volumes are practically nil, ends up significantly 
compromising the performance of  the RWH (Figure 6) for any 

demand assessed. Therefore, in regions where the rainfall pattern 
is like that observed in Goiânia, a poorly designed tank will result 
in a high failure rate or an oversized tank that is idle most of  the 
time (Lopes et al., 2017). In these cases, the RWH reliability is 
limited by climate conditions, even when lower demands or higher 
rooftop area are considered (Imteaz et al., 2013).

Nevertheless, it is observed that among the evaluated 
demands the toilet flushing represents the consumption that has 
the greatest impact on RWH performance (Figure 5), a fact that 
can also be observed in Figure 6. Zhang et al. (2019) similarly 
reported that the indoor demands were the most cause for increasing 

Figure 6. Average monthly FR (%) variability: (a) Demand 1; (b) Demand 2; (c) Demand 3; (d) Demand 4 - 200 m2 rooftop area.
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RWH failures when assessing four Chinese cities. Figure 6a and 
Figure 6b show that FR in meeting D1 and D2 are practically 
uniform over the months - rooftop areas of  200 m2 and the five 
storage tank volumes evaluated.

The temporal invariable characteristic of  the demand for 
toilet flushing throughout the year implies in needs for constant 
rainwater availability. This result is more evident when comparing 
Figure 6a and Figure 6b with Figure 6c for meeting D3, in which 
the only difference is the removal of  the toilet flushing. In this case, 
the FR are concentrated in the lowest rainfall months, especially 
influenced by the garden irrigation demand (D4). Figure 6d shows 
exclusively this kind of  demand that is specially controlled by the 
temperature, and strongly influences the results for Porto Alegre, 
which have the highest thermal amplitude throughout the year. 
For Porto Alegre the FR are more accentuated in the period from 
November to May, when the average temperatures are above 
20°C and the monthly rainfall is a little lower. D4 generated the 
smallest FR for any storage tank volume evaluated, and for João 
Pessoa, Porto Alegre and São Paulo these values varied between 
2% and 0%. For Manaus, FR are below 5%, reaching 0% for the 
5 m3 storage tank. For the city of  Goiânia, the use of  rainwater 
only for garden irrigation contributes to the reduction of  FR, 
although this criterion was not as effective in reducing the FR 
as in other cities.

The most critical conditions evaluated were related to high 
seasonality in the rainfall regime, months with low amount of  rain, 
and consecutive rainless periods, corroborating with Zhang et al. 
(2019) and Lopes et al. (2017). In addition, high rainwater demands 
compromises the RWH performance and the 100% reliability 
is not achievable even with a large rooftop size and a big tank 
volume (Imteaz et al., 2013).

Thus, the rainwater demands can be optimized according 
to the local climatic characteristics. In Goiânia, for instance, 
RWH can be designed for meeting specific demands which are 
coincident with the rainy season, otherwise, the efficiency of  the 
system can be greatly reduced. In addition, it is noticed that the 
incompatibility of  the RWH system is highest when the greatest 
demand for irrigation coincides with the summer period, when the 
lowest rainfall levels are usually concentrated. Therefore, seasonal 
demands strongly influenced by climatic conditions can result in 
less reliability in RWH systems (Mitchell et al., 2008).

CONCLUSION

In this article, the performance of  the RWH was evaluated 
for five Brazilian capitals, with different climatic characteristics, 
which include average annual precipitation, seasonality and 
temperatures. It was investigated how the percentage of  failures in 
meeting rainwater demand is affected by rainfall-related information, 
such as the temporal discretization and time series length, besides 
design criteria such as types of  rainwater demands and the use of  
first-flush diverter system.

Regarding the temporal discretization of  the rainfall 
data, the best results were obtained with a sub-daily temporal 
discretization. However, given the greater availability of  daily 
precipitation data in the Brazilian monitoring network, in addition 
to a greater extension of  this database, daily information can be 

used to replace the sub-daily data, with reliable results. On the 
other hand, the designing of  RWH with monthly time series is 
not encouraged, because they can considerably underestimate 
the storage volumes.

The rainfall time series length caused a great variability 
on RWH performance results, which can partly be explained 
by the statistics of  the time series period used in each analysis. 
In any case, longer rainfall time series reduced the uncertainties 
in the results. Therefore, it is recommended to use representative 
time series, or even the introduction of  modeling that includes 
stochastic components and climate change forecast to assess the 
long-term reliability of  RWH.

No major losses in the RWH efficiency were observed 
due to the use of  a first-flush diverter system, with the maximum 
difference of  5% compared to a system without first-flush diverter. 
Besides low influence on the final performance of  the RWH 
system, the introduction of  this device ensures that the stored 
water has better quality, reducing maintenance frequency and costs.

The characteristics of  the demand series significantly 
influenced the RWH performance, thus deserving special 
attention. Indoor usage such as toilet flushing, for instance, is a 
type of  demand characterized by invariability throughout the year, 
independently on temperature or rainfall. Therefore, cities placed 
in regions with rainfall volume well distributed throughout the 
year have great potential to meet this demand. Outdoor rainwater 
demand for irrigation was critical during lower rainfall periods 
and high temperatures.

Additionally, to meet the rainwater demand becomes 
practically unfeasible in cities with a greater seasonality in the 
rainfall regime and long and low rainfall periods, unless other 
sources of  water, such as the drinking water are used. Otherwise, 
to meet a reliability that technically and economically justify the 
RWH use, it would be necessary to considerably increase the 
storage tank volumes, mainly for small rooftop areas. The use of  
greater storage volumes could constitute an alternative source 
of  water, especially for places that suffer from shortages during 
drought periods. In addition, important environmental benefits 
must be considered, such as the conservation of  water sources 
and reduction of  runoff  volume, which were not evaluated in 
this study.

Finally, although the results herein presented reflect the 
operating conditions of  RWH systems evaluated in five Brazilian 
cities located in different climatic regions, it is recommended that 
the application of  the results is not generalized. Thus, the main 
findings of  this study should be considered as indicative of  the need 
for climate responsive projects of  rainwater harvesting systems.
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