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ABSTRACT

Water is one of the world's most valuable resources and indispensable for human survival. Given this, climate change
and population growth generate an increase in demand for water resources, leading to water scarcity. The use of
rainwater is a measure that mitigates environmental impacts, contributes to the retention of rainwater and reduces
the demand for drinking water. Therefore, water scarcity stimulates the development of alternatives for water
conservation. The objective of this study is to estimate the potential savings of potable water to be replaced by
rainwater for non-potable use in a shopping center building in the Northeast of Brazil. The methodology consisted in
simulating the volume of the reservoir for storage of collected rainwater. A study of the rainfall indexes and their
periodicity was carried out, evaluating the months with highest and lowest precipitation. Subsequently, the Neptune
computer program was used to determine the volume of the reservoir. To this end, a study was carried out with
different catchment areas, in order to define the area that offers the best potential for supplying the water demands.
The results indicated that the most suitable reservoir volume is 117 m3, with potential savings of 6.02% for drinking
water and a complete and partial supply of 52.56% for rainwater demand. It was concluded that the potential for
drinking water savings justifies the implementation of a rainwater harvesting system in a project of this size, proving
to be technically feasible.

KEYWORDS: Rainwater use. Non-potable use. Shopping mall.

1 INTRODUCTION

Water is indispensable for human survival; however, in many situations, this valuable
resource is not available in acceptable quantity and quality due to natural constraints, lack of
infrastructure, or a combination of both (PINTO; MARQUES, 2017). Climate change, population
growth, and complex economic activities generate increased demand for water resources,
compromising the flows and quality of the world's large freshwater ecosystems (LIU et al., 2018;
AGHAKOUCHAK et al., 2021; UNFRIED et al., 2022).

The urbanization process leads to soil sealing in large cities, altering the hydrological
cycle, generating floods, insufficient recharge of aquifers, and changes in water quality (GALVAO
et al., 2022; VANEGAS-ESPINOSA et al., 2022; WANG et al., 2014). Therefore, increasing water
demand exacerbates the stress on surface and groundwater resources (AGHAKOUCHAK et al.,
2021). Withdrawals in regions that already have water scarcity will impose further pressure on
the renewable water resource base, threatening the long-term availability of freshwater in the
various economic activities dependent on this resource (NECHIFOR; WINNING, 2018).

It should be noted that the intense population growth that has occurred in recent
decades directly impacts the natural water dynamics of large urban centers. The scarcity of
water resources is considered a serious threat to human survival and has the ability to restrict
the development of a country's national economy, as well as becoming a strategic concern
worldwide (HASHIM et al.,, 2013; ZHANG et al., 2019). According to the United Nations
population growth projections (UN, 2022), the population is estimated to increase from 7.9
billion, recorded in 2021, to 8.5 billion in 2030 and 9.7 billion in 2050. Therefore, this population
growth can further aggravate the global water supply crisis.

In view of this, the conscious use of water becomes essential. Thus, it is understood that
water conservation is associated with the controlled and efficient use of water, as well as
measures for rational use and reuse. Water conservation practices are ways to improve and
regulate water demand and supply without compromising the supply of water bodies and
environmental protection (BOCANEGRA-MARTINEZ et al., 2014; GOIS et al., 2015).
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Rainwater harvesting practices are also considered a viable strategy for the
sustainability of water resources in urban centers, as they can contribute not only to the
interception and storage of rainwater, significantly dampening flood peaks, but also to the
conservation of drinking water, since a rainwater harvesting system intended for alternative
water use for non-potable purposes is an important tool for water conservation in buildings
(PIMENTEL-RODRIGUES; SILVA-AFONSO, 2022).

The Brazilian Association of Technical Standards (ABNT), updated in 2019 the Brazilian
standard NBR 15.527/2019, which addresses the use of rainwater from roofs for non-potable
purposes, such as irrigation of areas for landscaping purposes; toilet flushing; floor cleaning;
cooling systems; fire technical reserve; vehicle washing.

With regard to water consumption in shopping malls, this type of building is usually
characterized by having high water consumption in non-potable end uses, such as in cooling
towers, cleaning services, in garden irrigation and toilet flushing, demonstrating a high potential
for the use of rainwater (LEE et al., 2016; SOUSA; SILVA; MEIRELES, 2017).

Flooding is the greatest environmental challenge for cities, so the rainwater reservoir
can play a crucial role in reducing the propensity to flooding (SEPEHRI et al., 2018). According to
Silva Junior, Silva and Alcoforado (2016), the city of Recife, Pernambuco-Brazil, the location of
this object of study, faces an unfavorable scenario due to the fact that it has a drainage system
highly vulnerable to tidal oscillations, making the use of reservoirs an essential alternative for
the reduction of flood peaks and consequently flooding.

In this perspective, rainwater harvesting has been identified as an alternative source of
non-potable water for the sustainable management of water resources (SOUSA; SILVA;
MEIRELES, 2017; BINT et al., 2018; YANNOPOULOS et al., 2019). Rainwater harvesting systems
are able to mitigate the problem of water scarcity, reducing dependence on water supply and
the impacts of flooding, in view of the reduction of surface runoff (HASHIM et al., 2013; SAMPLE;
LIU, 2014; MORALES-PINZON et al., 2015, SEPEHRI et al., 2018).

2 OBJETCIVE

The objective of this study was to estimate the potential savings of potable water to be
replaced by rainwater for non-potable use in a shopping center building in the Northeast of
Brazil.

3 METHODOLOGY

The methodological procedure of this work consisted in the study of computer
simulation using the computer program Neptune 4.0, to evaluate the potential for drinking
water savings and the sizing of upper and lower reservoirs for rainwater storage in a shopping
center building that has a rainwater collection network project. Rainwater was considered for
non-potable uses, such as toilet and urinal flushing, bathroom cleaning and garden irrigation.

3.1 Characterization of the object of study and data collection
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The first stage of the work consisted of characterizing the enterprise, evaluating the
architectural project and the hydraulic/sanitary installations project, among others. Then, data
were collected regarding the maximum number of users that frequent the building and the
activities that consume water.

After collecting the data, the pluviometric station was identified and the historical
pluviometric series was surveyed. The rainfall data were obtained from the data made available
by the Pernambuco Water and Climate Agency (APAC), referring to the rainfall station that is
located closest to the building and that had the most extensive historical series of rainfall data.
The rainfall data includes information about daily precipitation from 01/01/2000 to 12/31/2020.

3.2 Estimation of water demand

The building's consumption of potable water was estimated based on monthly
monitoring, performed through readings of the building's hydrometers and through the analysis
of consumption histories provided by the mall's administrative sector, from January 2012 to
December 2021.

The activities that consume non-potable water in the building and can use rainwater
collected from the existing rainwater collection network are garden watering, washing
bathroom floors, flushing toilets and urinals, and supplying the central cooling system. To
estimate the water consumption for garden irrigation, we considered a water consumption of 2
L/day/m?, according to criteria pointed out by Tomaz (2010). It was considered that irrigation is
performed daily, considering 30 days of irrigation per month.

To estimate the water consumption for washing bathroom floors, we also adopted a
water consumption of 2 L/day/m?, according to TOMAZ (2010). Only the floor washing of the
bathrooms used by customers and employees was considered; in this estimate, it was
considered that the floor washing would be done once a day, totaling 30 days per month.

To estimate the consumption of water to supply the demand of the cooling center, we
considered the volume of water lost and the number of days in the month that the volume of
water demanded by the cooling center is supplemented, in order to maintain the water level
pre-set by the manufacturer of the equipment. The volume of water was verified in the
replacement history provided by the administrative sector of the mall, between the period 2018
and 2021. Thus, it was considered in this work that the replacement of water in the central
cooling occurs daily. Then, the daily average of such consumption was multiplied by 30 days of
the month.

As for water consumption to supply the building's toilets and urinals, hydrometers
were installed to measure the specific water demand of each type of toilet in a model bathroom.
Thus, with the history of water consumption by type of toilet appliance, the average daily
consumption of each toilet bowl and urinal was verified, according to (GUZZO, 2017).

The volume of water demanded by a toilet in m3/day was obtained by dividing the total
volume of water measured from the toilet bowls by the number of bowls in the bathroom. As
well as, the volume of water demanded by a urinal in m3/day was obtained by dividing the total
volume of water measured from the urinals by the number of urinals in the bathroom. Then, the
daily average per type of sanitary appliance was multiplied by the total number of sanitary
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appliances in the building. Subsequently, the daily average of such consumption was multiplied
by 30 days in the month.

3.3 Dimensioning the catchment area

A study of the building typology was carried out in order to find out the roof areas that
would allow rainwater collection, considering aspects such as the layout, type, and inclination
of the roofs, as well as the existence of gutters and collectors.

The coverage area was extracted from the architectural project, made available by the
mall administration. For the purpose of calculating the catchment area, it was considered in the
work only the coverage areas, being discarded the areas of the external patios, due to the
accumulation of impurities, debris, leaked materials of vehicles, such as greases, fuels and
others. All surfaces are horizontal, being the calculation of the contribution area carried out
through NBR 10.844 (ABNT, 1989).

In the determination of the catchment area, an analysis of the cover plants of the
building and simulations in the computer program Neptune, in order to verify if the maximum
catchment area would be necessary to compose the system and meet the demand for non-
potable water of the building or only part of it.

For dimensioning the volume of rainwater to be collected, it is necessary to know the
characteristics of the contribution area and the surface runoff coefficient of the cover called
Runoff coefficient. The identification of the type of coating of the contribution area was
performed by means of on-site inspection, for later determination of the surface flow
coefficient. Considering that part of the roof of the mall is in concrete (uncovered waterproofed
slab) and part in metal tiles, a flow coefficient equivalent to 0.90 was adopted.

3.4 Dimensioning of rain water reservoir

The computer program Neptune 4.0 was used to simulate the water reservoir design.
Neptune is a computer program developed by LabEEE (Laboratory of Energy Efficiency in
Buildings) of the Federal University of Santa Catarina, which aims to determine the potential for
saving drinking water as a function of reservoir capacity, using rainwater for non-potable uses
(GHISI; CORDOVA, 2014). The Neptune enables the simulation of various capacities for the lower
rainwater reservoirs, indicating the ideal volume for maximum economy.

The input data for the program are: the catchment area, the daily historical series of
rainfall data, the initial rainfall discharge, the daily demand for drinking water, the number of
users of the building, the runoff coefficient and the percentage of total demand to be replaced
by rainwater

To define the volume of the lower reservoir, starting from the maximum volume,
simulations were performed in the Neptune computer program, with reservoir volumes varying
in intervals of 1,000 liters. For each simulation performed, the potential for drinking water
savings was verified, concluding the simulations when the tested reservoir volume reached an
increment equal to or less than 0.5% of drinking water savings over the potential generated by
the previous simulation, as proposed by (MARINOSKI, 2007).
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In a rainwater harvesting system there may or may not be an upper and lower reservoir.
For this study, the existence of both was considered, since the building has a predefined location
for the implementation of the upper reservoir, as well as exclusive existing pipes for feeding the
branches and sub-branches of the toilets and urinals, by gravity. Therefore, the volume of the
upper reservoir will be equal to the average daily rainwater demand. For both storage reservoirs,
the initial runoff disposal volume used was adopted according to NBR 15.527 (ABNT, 2019).

3.5 Analysis of monetary economics

To determine the monthly monetary savings after the implementation of the system, in
RS/month, it was considered the potential savings generated by the simulation in the computer
program Netuno and the water consumption tariff charged by the water utility company,
Pernambuco Sanitation Company - COMPESA, in its tariff structure for the year 2021 (ARPE,
2021). The annual monetary savings, in RS/year, was obtained from the monthly monetary
savings multiplied by the number of months in the year.

4 RESULTS AND DISCUSSIONS

4.1 Characterization of the enterprise and estimates of demands

The building under study is located in the city of Recife, Pernambuco - Brazil, as shown
in Figure 1. The municipality extends over 218.5 km? and is neighbor to the municipalities of
Olinda, Camaragibe and Jaboatdo dos Guararapes. Recife is located in the geographical
coordinates of latitude 08°3'15" S and longitude 34°52'53" W, at an altitude of 7 meters. Recife
is the capital of the State of Pernambuco.

Figure 1: Map of Brazil, map of the State of Pernambuco. In highlight the city of Recife
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The first shopping malls in Pernambuco, opened in 1980, the Recife Shopping Center
has a gross leasable area of 90,791 m?, total constructed area of 176,047 m?, and is inserted in
a land area of 185,301.77 m2. The building received an average of 52,300 people per day
between 2012 and 2021, has 450 stores, 5,800 parkings spaces and 14 movie theaters, with
capacity for up to 3,000 people.

4.2 Rainfall data

To input rainfall data into the Neptune Computational Program to determine the
catchment area and volume of the storage reservoir, the daily historical rainfall series from
01/01/2000 to 12/31/2020 was used, since the program requires the input of daily rainfall from
the longest possible period. Data from the climatological station of Recife, operated by the
National Institute of Meteorology - INMET, located in the neighborhood of Curado, in the city of
Recife-PE, were considered. This information was obtained from the digital platform of APAC
(Agéncia Pernambucana de Aguas e Clima).

According to the data generated by the selected pluviometric station, the monthly
precipitation averages of the region studied were analyzed and it was found that the site has
total average annual precipitation of 2,209.5 mm. The month of November with an average
monthly precipitation of 37.14 mm presents the lowest average of the year, while the month of
June presents itself as the month with the highest average precipitation with 419.50 mm. The
rainy season in the city of Recife is from March to August, as shown in Figure 2.

Figure 2: Average monthly precipitation (2000 - 2020) in the study area
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Source: Prepared by the authors from APAC data, 2022.

4.3 Determination of water demands

Because it is a shopping malls typology building, the estimate of the maximum number
of users who frequented the building was evaluated based on the histories related to the flow
of people provided by the mall. Thus, the estimate reached an average total of 1,569,017 people
per month in the entire enterprise, for the years 2012 to 2021. Between 2020 and 2021 there
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was a reduction in the total monthly average, motivated by the Covid-19 pandemic, generating
an impact on the total monthly average of the period studied. Thus, the daily total of users
corresponds to 52,300 people.

The building's water consumption was evaluated based on a monthly monitoring,
performed through readings in the building's water meter and through the analysis of
consumption histories provided by the mall's administrative sector. The building has an average
monthly water consumption equal to 20,059 m3, supplied only by the local utility company, in a
historical series for the years 2012 to 2021. The use of other sources of supply (tank cars and
wells) were discarded due to the lack of periodicity in the acquisition of tank cars and the
exclusive use of wells for garden irrigation. The total daily consumption of the enterprise was
668.63 m3,

The garden area in the development is 17,771.00 m?, thus, 35,542 L/day or 35.54 m3/day
are necessary to supply the demand for garden irrigation, according to TOMAZ (2010). For the
sizing of the rainwater reservoir, the extreme case of green area watering during 30 days a
month was adopted, with a monthly demand of 1,066.26 m*® of water to be replaced by
rainwater. A area de piso dos banheiros do empreendimento é de 1.033,94 m?, deste modo, sdo
necessarios 2.067,88 L/dia ou 2,07 m3/dia, para suprir a demanda de dgua para lavagem do piso,
conforme (TOMAZ, 2010).

The average volume for supplying the cooling center's water demand is 19,388.19 L/day
or 19.39 m3/day.

The project has 179 toilets with an average consumption of 102.36 L/day per toilet bowl
and 42 urinals with an average consumption of 31.04 L/day per urinal. The average water
consumption values per toilet bowl and per urinal were obtained by monitoring the
hydrometers of the model bathroom. Thus, 19,626.12 L/day or 19.63 m3/day are needed to
supply the water demand for flushing the toilets and urinals.

The calculated monthly water demand for non-potable purposes resulted in a water
consumption of 2,298.90 m3/month, which represents 11.46% of the total demand for potable
water of the building. For the simulation and sizing of the reservoir it was considered that 12%
of the potable water demand would be replaced by the use of rainwater, leaving a margin of
0.54% of water consumption for possible losses. The maximum daily non-potable water
demand, i.e., on a day when garden watering, washing of bathroom floors, replacement of
cooling tower water and flushing of toilets and urinals would be 76.63 m3/day. Table 1 presents
a summary of the results obtained for the non-potable water demand of the building.

Table 1: Demand for non-potable water

. Monthly
Daily demand
Use Frequency demand
(m3/day)
(m3/month)
Garden irrigation 35,54 30 days/month 1.066,20
Floor washing 2,07 30 days/month 62,10
Cooling Tower 19,39 30 days/month 581,70
Toilet bowl and urinal flushing 19,63 30 days/month 588,90
Total non-potable water demand 76,63 - 2.298,90

Source: Prepared by the authors
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4.4 Determination of the catchment area

Besides knowing the local rainfall to determine the volume of rainwater to be collected,
it is also necessary to know the characteristics of the contribution area. From the analysis of the
building's roof plan, it was found that the maximum rainwater catchment area is 52,149 m2. For
the simulation on Neptune computer program, the maximum catchment area was divided every
10,000 m? into five different catchment areas, ranging from 10,000 to 52,149 m?, in order to
verify if the whole catchment area, or only part of it, would be necessary to compose the system
and supply the building's non-potable water demand, referring to 12% of the estimated monthly
water consumption.

According to the simulations performed, whose results are presented in Table 2, it is
evident that the maximum catchment area has the capacity to meet only 76.87% of the demand
for non-potable water, considering the implementation of the 640,000 L lower reservoir. The
potential for meeting the rainwater demand for the 52,149m? area is 32.44% higher in relation
to the 10,000m? area, as well as 15.09%, 7.02% and 2.99% respectively, for the catchment areas
of 20,000 m?, 30,000 m? and 40,000 m?2.

Therefore, the potential for drinking water savings was estimated in relation to the
water demands. In summary, the results of the sizing of the volume of the lower reservoir, the
potential for drinking water savings and the daily rainwater demand for the different rainwater
catchment areas are presented in Table 2.

Thus, the area totaling 52,149m? was defined as the system's catchment area, since it
offers the closest potential for rainwater supply to fully meet the building's non-potable water
demands.

Table 2: Potential drinking water savings results for different roof catchment areas

Maximum volume of

) Rainwater demand Potential for Potable Water
Catchment area (m?) the lower reservoir L )
0 completely satisfied (%) Savings (%)
10.000 640.000 44,43 6,14
20.000 640.000 61,78 7,91
30.000 640.000 69,85 8,72
40.000 640.000 73,88 9,14
52.149 640.000 76,87 9,47

Source: Prepared by the authors.
4.5 Dimensioning of the reservoirs

The capacity of the lower rainwater reservoir was calculated using the computer
program Neptune. The flow coefficient adopted was 0.90 (90% utilization). In addition, it was
adopted as catchment area for all simulations, the area defined in item 4.4 of this work, equal
to 52,149 m?, and as initial runoff disposal, the value of 2 L/m?, as suggested by NBR 15,527
(ABNT, 2019) in the absence of data.

The simulation was performed for reservoirs with several volumes. The daily rainwater
demand is 76,630 L. The simulations were initiated with a maximum volume of 640,000 L, due
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to the availability of an area around 320 m? on the land for the implantation of a reservoir of
depth of 2 m.

The capacity of the upper rainwater reservoir is equivalent to the daily rainwater
demand, knowing that for the withdrawal of rainwater from the lower reservoir to the upper
reservoir, it was considered that first there will be withdrawal at the same time as rainwater
consumption and then, if there is still rainwater demand, and if the lower reservoir is empty and
the upper reservoir has water, there will be consumption without withdrawal. In this way,
refilling will occur when the volume in the upper reservoir was equal to or less than 50% of the
daily demand.

Volume variation was performed in 1,000 L intervals, and for each variation performed,
a new potential for drinking water savings was verified until reaching the reservoir volume that
promoted an increase equal to or less than 0.5% over the previous volume tested (MARINOSKI,
2007).

Os The results generated by the program indicated a volume for the lower reservoir
equal to 117,000 L, with a potential of potable water savings of 6.02%. Still according to the
generated results, the use of the maximum volume of 640,000 L would provide an increase in
relation to the proposed volume of 3.44% in the potential savings, which would demand a larger
investment for a reservoir of larger dimensions, with little increase in the potable water savings,
as shown in figure 3.

Figure 3: Simulation for determining the volume of the lower reservoir
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4.6 Analysis of drinking water consumption reduction

We verified a potential supply (complete and partial) of rainwater demand of 52.56% in
the building studied for the simulation of the implementation of a lower reservoir with a capacity
of 117,000 L and the supply (complete and partial) of rainwater demand of 82.56% for the
simulation of the implementation of a reservoir with a maximum capacity of 640. 000 L,
corresponding to water used for non-potable purposes, such as watering gardens, washing

10
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bathroom floors, flushing toilets and urinals, and supplying the central cooling plant, as shown
in figure 4.

The objective of performing simulations is to obtain the appropriate reservoir volume
for the rainwater harvesting system. Therefore, it is evident in figure 4 that the potable water
savings suffer low variability in relation to the reservoir capacity. This is due to the stabilization
of water supply and demand.

Figure 4: Comparison between 117m? and 640m? reservoirs
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5 CONCLUSIONS

The present study, using the collected and estimated data, obtained the volume of the
rainwater reservoir in order to partially supply the entire demand for non-potable water,
generating the greatest potential for savings of potable water as possible.

The computational program Neptune was used, as it allows the sizing of the potential
for potable water savings and the percentage of complete fulfillment of rainwater demand. In
the building under study, all simulated roof areas were insufficient to meet water demands for
non-potable use.

The maximum rainwater collection area of the development was assumed to be the total
covered area, equivalent to 52,149 m?, since the building facilities for rainwater collection and
disposal are already provided for in the construction project, and because it provides an average
of 76.87% complete service for the maximum reservoir proposed in the simulation.

The reservoir sizing performed in the Neptune computational program presented as 117
m?3 the volume for the lower reservoir, which promoted an increase of just under 0.5% of potable
water savings over the previous volume tested, generating a potential potable water savings of
6.02%.

The activity that causes the highest water consumption in the building corresponds to
garden watering, consuming 46.38% of the total non-potable water demand, followed by toilet
flushing and urinal flushing, which in turn consumes 25.62%.

After sizing the system, considering the potential savings in drinking water generated by
the Neptune Computational Program equal to 6.02%, the monetary savings generated by the
rainwater harvesting system would be R$11,556.27 per month or R$138,675.25 per year.

11
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Therefore, it can be concluded that the potential for drinking water savings justifies the
implementation of a rainwater harvesting system in a project of this size, proving to be
technically feasible, given that it is effective in the use of rainwater, generating a considerable
economic potential. The proposed upper and lower rainwater tanks can meet a significant
percentage of the demand required for watering gardens, washing bathroom floors, flushing
toilets and urinals, and supplying the central cooling system every day of the month, bringing
future environmental and financial benefits. In addition, given the scarcity of water resources,
especially considering the intensification of this problem in urban centers, such a system is of
utmost importance, due to the range of possible applications for rainwater.

However, within the specific theme of this article, it is recommended for future
studies that an economic analysis be carried out in order to evaluate the financial viability of
implementing the system.
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